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From the Editors

EIR25 2019 contains seven articles. Fulvio Lauretani and col-
leagues were invited to contribute to EIR a highly relevant
article about the role of exercise and the immune system as
modulators of intestinal microbiome, including its implica-
tions for the gut-muscle axis hypothesis. The second article,
written by Sebastian Proschinger and Jens Freese from the
Sport University Cologne, represents a state-of-the-art article
about neuroimmunological and neuroenergetic aspects in
exercise-induced fatigue. Helena Batatinha (who incidentally
received an honorary mention for ECR-award at the last ISEI
meeting in Coimbra, Portugal) and colleagues contributed an
article about specific inflammatory processes during obesity
and smoke exposure, and analyzed the differences in the anti-
inflammatory effects of exercise training for these two condi-
tions. Glenn Wong and his team from Singapore present a
comprehensive original study about the hallmarks of
improved immunological responses to vaccination of physi-
cally active elderly females. The group of Ann Stowe present
an interesting study about T and B cell subsets which differen-
tially correlate with amyloid deposition and neurocognitive
function in patients with amnestic mild cognitive impairment
after one year of physical activity. A study by Michelle Curran
and colleagues analyzed the impaired mobilization of highly-
differentiated CD8+ T cells during a single bout of acute exer-
cise in patients with type 1 diabetes. Finally, a murine study

by Almeda-Viera and colleagues presents evidence that aero-
bic exercise reduces asthma phenotype through the involve-
ment of SOCS-JAK-STAT signaling. 
In 2018, a total of 21 manuscripts were submitted to EIR,
which corresponds to an acceptance rate of about 30%. Offi-
cially, EIR has an impact factor of 7.105 (2017/18). For
EIR26 and the future we would prefer, again, most contribu-
tions to be topical review articles. In the case of original
research articles, we encourage the authors to embed their
new data into review articles. Please note that the submission
deadline for EIR26 is 31st July 2019. We hope you enjoy
reading the new issue, and we hope to see you at the 14th ISEI
symposium will be held in Shanghai, China, 8.-10th Novem-
ber 2019. 
Thank you, Rickie Simpson, Neil Walsh and Jonathan Peake,
for the continuing close, trusting and friendly teamwork.
Thank you (all ISEI members), and all members of the Edito-
rial Board for the confidence you have placed in us. Thank
you all for your ongoing support of EIR. A special thanks to
all the authors and reviewers of EIR25. 

On behalf of the Editors, 

Karsten Krüger
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ABSTRACT 

Exercise is a possible modulator of intestinal microbiome
composition, since some investigations have shown that it is
associated with increased biodiversity and representation of
taxa with beneficial metabolic functions. Conversely, training
to exhaustion can be associated with dysbiosis of the intestin-
al microbiome, promoting inflammation and negative meta-
bolic consequences. Gut microbiota can, in turn, influence the
pathophysiology of several distant organs, including the
skeletal muscle. A gut-muscle axis may in fact regulate muscle
protein deposition and muscle function. In older individuals,
this axis may be involved in the pathogenesis of muscle wast-
ing disorders through multiple mechanisms, involving trans-
duction of pro-anabolic stimuli from dietary nutrients, modu-
lation of inflammation and insulin sensitivity. The immune
system plays a fundamental role in these processes, being
influenced by microbiome composition and at the same time
contributing to shape microbial communities.  In this review,
we summarize the most recent literature acquisitions in this
field, disentangling the complex relationships between exer-
cise, microbiome, immune system and skeletal muscle func-
tion and proposing an interpretative framework that will need
verification in future studies. 

Keywords: Gut microbiota; Sarcopenia; Inflammation; Exer-
cise immunology; Sport

1. Introduction
1.1 The physiology of human intestinal microbiome
The human intestinal microbiome is composed of a complex
ecosystem of more than 1014 bacteria, viruses, fungi, Protozoa
and Archea that live symbiotically with the host in the gut
lumen (45,61,82). Although there is increasing interest in the
role of Protozoa, fungi (the “mycome”) and viruses (the
“virome”), most of the existing research has been focused
mainly on bacteria, thanks to the availability of high-through-
put sequencing techniques of bacterial DNA (16S rRNA
microbial profiling, shotgun metagenomics) and fecal
metabolomics (52,77,93,94). 
The concentration of bacteria generally increases from the
small intestine to the colon, and different bacterial populations
are harbored in different tracts of the gastrointestinal system
(123). Although recent research has shown that the fecal
microbiota composition does not completely overlap with the
intestinal mucosa-associated microbiota (134), gut microbiota
composition has been determined from fecal samples in most
studies (45,61,82,123).  
It is generally agreed that the intestinal microbiome composi-
tion is shaped during early childhood, influenced by genetic
and environmental factors. These factors include geography,
delivery mode, breastfeeding, weaning, and exposure to envi-
ronmental bacteria (34,54,78). The maturation of the gut micro-
biota towards the adult-type is reached by the age of 3 years
(128). Interestingly, this process seems to exert a great influ-
ence on the development of the immune system, promoting
immunogenic tolerance towards symbionts and immune activa-
tion against pathogens (40,50,110). Conversely, alterations in
this process may induce a shift towards unappropriated type 2
immune responses, favoring the pathogenesis of allergy or
autoimmune diseases, according to some theories (71,74). 
In adulthood, the human gut microbiota composition remains
relatively stable over time, exhibiting resilience to disruptors,
such as stress, acute diseases, or antibiotic administration
(65). This means that, after a brief exposure to disruptors, the
microbiome faces a substantial, but transient, perturbation,
followed by partial or total recovery of previous taxonomic
composition (96). 
The healthy microbiome includes a limited number of highly
represented taxa, such as Bacteroides and Prevotella spp., and
a large number (up to 2000 identified to date) of minor players
with low representation but high metabolic activity (42,65). In
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healthy subjects, microbiota composition shows a certain
degree of inter-individual differences, that can be again
explained by genetic (13) and environmental factors (28),
such as the place of living, cultural habits, diet, diseases, med-
ications, and immune system function (99). Dietary factors,
and particularly carbohydrate and protein intake, are generally
considered as the main determinants of gut microbiota com-
position (5,76,132). 
In the older age, species richness and diversity of microbiome
decline, inter-individual variability increases, and resilience to
perturbations is reduced (24,86). Thus, the microbiome com-
position shifts towards a higher representation of opportunis-
tic pathogens, and is related to increasing prevalence of mal-
nutrition, frailty, disability and multimorbidity (49,112,114). 

1.2 The intestinal microbiome in human diseases
A large body of literature has demonstrated that the presence
of acute and chronic diseases, not limited only to the gastroin-
testinal system, is associated with alterations of the gut micro-
biota composition (67,99). These alterations, globally referred
to as “dysbiosis”, include reduced biodiversity, loss of com-
mensals with possible beneficial metabolic activities and
overgrowth of opportunistic pathogens (55,60,81). Dysbiosis
implies a disruption of the mutual equilibrium between gut
bacteria and host physiology (16). As a consequence, intestin-
al permeability increases, allowing bacteria or bacterial toxins
and metabolites to enter into the host circulation and promote
subclinical inflammation (64). Dysbiosis also reduces
bioavailability of nutrients, affecting the microbial metabo-
lism of several beneficial substances (73). 
As a result, gut microbiota may exert a great influence on the
functionality and pathophysiology of several organs anatomi-
cally distant from the gastrointestinal tract.  For example, gut
microbiota dysbiosis may be involved in the pathophysiology
of dementia (17,115), Parkinson’s disease (108) (“gut-brain
axis”), chronic kidney disease (95), nephrolithiasis (113)
(“gut-kidney axis”), asthma (73) (“gut-lung axis”) and even
osteoporosis (84) (“gut-bone axis”). 
However, most of these associations linking dysbiosis with
extra-intestinal diseases have been demonstrated in studies
with a cross-sectional design. Longitudinal studies, demon-
strating a causal relationship between microbiota composition
and disease onset and course, are still lacking (99). Thus, the
real clinical implications of gut microbiota dysbiosis and
interventions targeted at modifying gut microbiota composi-
tion are still poorly understood. 

2. Exercise and gut microbiota: the yin and yang
2.1 Beneficial effects of exercise on gut microbiota
Exercise is considered as one of the main environmental fac-
tors possibly influencing gut microbiota composition (99).
The complex relationship between exercise and microbiome,
and its possible implications for athletic performance have
already been reviewed elsewhere (10,27,87). However,
research in this field has made substantial improvements in
the last few years, and some recent acquisitions deserve to be
mentioned and discussed. 
Exercise is generally considered a positive modulator of gut
microbiota biodiversity. This concept has been supported by
investigations performed in animals (8,18,57,75), and then
confirmed in human studies. 

In a case-control study, microbial diversity was much higher
in a group of professional rugby players than in age-, sex- and
body size-matched controls not performing sports (26).
Recently, shotgun metagenomics analyses of the fecal sam-
ples from the same groups highlighted that athletes had a dif-
ferent microbiome composition also from a functional point
of view, with increased microbial representation of genes
involved in carbohydrate and amino acid metabolism, and
short-chain fatty acid (SCFA) production (7). In another
study, the average abundance of taxa involved in energy and
carbohydrate metabolism, including Prevotella and Methano-
brevibacter smithii, resulted significantly higher in profes-
sional than amateur cyclists, and was correlated with the fre-
quency of training (89). However, these studies could not
fully disentangle the contribution of exercise and diet in deter-
mining different microbiota compositions in different groups,
since participants followed a wide range of dietary regimens. 
The intensity of training is also important: light exercise pro-
grams induce only subtle modifications of gut microbiota
composition in sedentary subjects (31). Therefore, the find-
ings of studies performed in athletes should not automatically
be transferred to all subjects undertaking non-competitive
exercise. 
According to three different studies (37,38,127), fecal micro-
biota biodiversity is correlated with cardiorespiratory fitness
in adult subjects. However, in one of these studies, performed
in 71 premenopausal Finnish women, this relationship was
mediated by body composition (127). Another study, per-
formed in 19 active and 21 sedentary women aged ≤40 years
old, confirmed that the microbiome abundance of several bac-
terial taxa was significantly correlated with the body fat or
lean mass percentage (15). Thus, the possible association
between exercise and microbiota should be further investigat-
ed, carefully taking into account possible confounders, such
as dietary habits, nutrient intake, and parameters of body com-
position. 
The influence of body composition on microbiota was empha-
sized also by the findings of one intervention study, where
two groups of sedentary subjects, one lean and one obese,
underwent a 6-week structured exercise program, followed by
a 6-week washout period (2). After exercise training, both
lean and obese participants experienced a change in gut
microbiota composition, but the overall representation of
species with known anti-inflammatory properties and the
microbiome capacity of producing SCFA was higher in lean
subjects, highlighting a body mass index (BMI)-dependent
response to training. However, all the changes reversed
towards the baseline status after the washout period (2). Inter-
estingly, in exercised healthy young males undergoing a peri-
od of forced inactivity, cessation of exercise was associated
with changes in gastrointestinal physiology (i.e. reduction of
bowel movements and increased consistency of feces) before
alterations of gut microbiota composition and function could
be detected (103,104,105). These circumstances suggest that
the microbiome is resilient to acute changes in exercise habits,
and that maintenance of exercise is needed to induce long-
lasting modifications of intestinal microbial ecosystem. 
The modifications of intestinal microbiome composition
induced by exercise can exert beneficial effects on the whole
organism, modulating pathological processes. For example,
exercise-induced microbiota changes are able to attenuate the
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clinical course and outcome of experimental models of
myocardial infarction or chemically-induced colitis, especial-
ly by modulating the inflammatory response (1,63). The key
mediators in these processes may be SCFA, and particularly
butyrate, whose production by gut microbiota has been shown
to increase after exercise in humans (2). 

2.2 Negative effects of exercise on gut microbiota
Despite the findings of the studies discussed above, other
investigations have questioned the concept that the exercise-
induced changes in gut microbiota composition are always
favorable for the host physiology. Endurance high-intensity
exercise, especially if not proportioned to training level, may
in fact represent a huge stressor for the organism. These con-
ditions can induce ischemic events in the gut mucosa, associ-
ated with acute gastrointestinal symptoms including abdomi-
nal pain, nausea, and diarrhea (32). From a gut microbiota
perspective, these phenomena may be associated with
increased intestinal permeability allowing several bacteria and
their toxic products to enter systemic circulation and activate
systemic inflammation (51,97). A basic mediator in these
processes is represented by microbiota-derived lipopolysac-
charide (LPS) (97), exerting a wide range of pathological
actions on the host (4). 
Moreover, the high-intensity exercise-
induced dysfunction of the intestinal
mucosa may promote profound and rapid
changes in microbiota. For example, in a
group of soldiers, a 4-day military training
program of Arctic cross-country ski-march
resulted in deep changes in fecal microbio-
ta composition and functionality. Namely,
there was an expansion of a large number
of taxa, including opportunistic pathogens,
at the expense of dominant taxa, such as
Bacteroides, and taxa with known produc-
tion of anti-inflammatory mediators (51).
In amateur athletes, the fecal microbiome
functionality acutely changed after a half-
marathon race, exhibiting a pro-inflamma-
tory profile with a completely different
fecal metabolome (131). Similar changes
have also been demonstrated in animal
models (129). Interestingly, the administra-
tion of probiotics or prebiotics seems to
attenuate these unfavorable changes of gut
microbiota after exercise to exhaustion
(22,48,97), although the benefits are uncer-
tain in case of lower intensity of exercise
(118,119).  
In summary, regular exercise training
seems to be associated with higher biodi-
versity and beneficial functions of intestin-
al microbiome. The microbiota may thus
represent a mediator of the exercise-
induced health benefits, although diet and
body composition may play a relevant role
in this association. On the other side, there
are also some studies supporting that exer-
cise to exhaustion may be associated with
detrimental consequences for the microbio-

me. The effects of exercise on the intestinal microbiome may
thus depend on its intensity and timing, and future studies
should help to disentangle this relationship.  

3. Can the microbiota influence muscle pathophysiology?
The gut-muscle axis hypothesis in age-related sarcopenia

Recently, several research groups have independently hypoth-
esized that the gut microbiota composition may influence the
emergence of sarcopenia, i.e. the loss of muscle mass and
function occurring with aging (33,44,83,90,112,116). A study
performed on rat models of sarcopenia has actually demon-
strated that age-related muscle mass wasting is associated
with a distinct fecal microbiota composition, with reduced
representation of several taxa with purported anti-inflammato-
ry and pro-anabolic actions on the host tissues, including Clo-
stridium XIVa cluster, Butyricicoccus, Sutterella, Coprococ-
cus and Faecalibacterium (102). Sarcopenic rats also exhibit-
ed a different fecal microbiota functionality, with rearrange-
ments in the expression of bacterial genes involved in nutrient
biosynthesis and catabolism (102).
To date, no studies have investigated the composition and
functionality of fecal microbiota in older humans with sar-

Table 1: Overview of the possible pathophysiological mechanisms involved in the gut
microbiota-mediated regulation of skeletal muscle function (gut-muscle axis) and of the
corresponding effects in case of gut microbiota dysbiosis.
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copenia (116). However, there is some indirect evidence sup-
porting the hypothesis of a gut-muscle axis, in which the
intestinal microbiota composition can influence muscle mass
anabolism and functionality. 
The physio-pathological substrates of sarcopenia are repre-
sented by reduced muscle capillarity, reduced insulin sensitiv-
ity, and increased subclinical inflammation, resulting in
altered mitochondrial biogenesis and function, and altered
anabolic/catabolic balance of muscle protein synthesis
(14,69,70). From a clinical point of view, muscle mass loss
may also be favored by several conditions that are frequently
found in geriatric patients, including malnutrition, low dietary
protein intake, intestinal malabsorption, altered digestion and
subclinical cognitive deficits (58,83). 
In this context, the intestinal microbiota composition may
influence the onset of sarcopenia at multiple levels. The pres-
ence of gut microbiota dysbiosis is in fact associated with sev-
eral metabolic alterations, involving protein synthesis, release
of pro-anabolic mediators, inflammation and insulin sensitivi-
ty. All these elements can modulate skeletal muscle physiolo-
gy, as summarized in Table 1. 
First, a dysbiotic intestinal microbiota can reduce the
bioavailability of dietary proteins (102) and particularly of
some amino acids, like tryptophan, involved in modulation of
inflammation and promotion of muscle protein synthesis
(21,36,62). Gut bacteria are also involved in the synthesis of
many vitamins, including folate, vitamin B12 and riboflavin,
exerting several beneficial and pro-anabolic effects in skeletal
muscle cells, ranging from amino acid biosynthesis to oxida-
tive stress neutralization during exercise (59).
Moreover, a healthy intestinal microbiota can effectively
transform some dietary nutrients into metabolic mediators
that, once absorbed into systemic circulation, can exert bene-
ficial effects on inflammation, insulin sensitivity, anabolism,
and antioxidant capacity. Conversely, a dysbiotic microbiota
may lack these functions, with some negative consequences
on muscle health. Polyphenols, including resveratrol, and
ellagitannins contained in pomegranates and berries represent
the most relevant examples of nutrients that, after microbial
metabolism, enter systemic circulation and exert beneficial
effect for the muscle (98,107). Interestingly, endurance train-
ing seems to enhance the bioavailability of dietary polyphe-
nols, probably through its beneficial modulations of intestinal
microbiota (88).  
Moreover, the age-related alterations of gut microbiota com-
position (24), occurring independently from the level of exer-
cise training, can promote gut mucosa dysfunction, with
increased permeability. This phenomenon may result in the
systemic absorption of microbial byproducts and toxins,
including LPS (20). In skeletal muscle cells, circulating LPS
can contribute to activate Toll-Like Receptors (TLR) 4 and 5,
promoting NF-kB pathway activation, with reduced insulin
sensitivity, enhanced protein catabolism and inflammatory
cytokine production (72,106). In animal models, TLR4 activa-
tion determines muscle atrophy (35). In aging human beings,
TLR4 activation is associated with metabolic endotoxinemia,
decreased insulin sensitivity and reduced quadriceps muscle
strength and volume (41). 
But probably the most studied mechanism involved in gut
microbiota modulation of muscle function is the bacterial pro-
duction of metabolic mediators, including bile acids and

SCFA (20,25). A healthy gut microbiota can produce second-
ary bile acids, that are well known activators of farnesoid X
receptor stimulating myocyte anabolism (53). SCFA, and par-
ticularly butyrate, are generally synthetized by a large number
of gut bacteria, including Faecalibacterium, Butyricimonas,
and Succinivibrio, highly represented in healthy subjects but
with reduced abundance in older individuals (19). These
mediators have several beneficial metabolic activities, sum-
marized in Table 2, ultimately influencing skeletal muscle
protein deposition through modulation of the systemic anabol-
ic/catabolic balance (6,19). The administration of butyrate and
probiotics with similar functionality to animal models of mus-
cle wasting resulted in massive improvements in muscle mass
(120,125). Unfortunately, human studies on this topic are still
lacking to date. 
The metabolic action of gut microbiota was however con-
firmed in a study by Blanton and colleagues, where the trans-
plantation of the dysbiotic fecal microbiota from malnour-
ished African children to germ-free mice resulted in mouse
failure-to-thrive (12). 
Furthermore, the administration of rifaximin to mouse models
of hepatic encephalopathy surprisingly resulted in improved
skeletal muscle mass and function (56). Rifaximin is able to

Table 2: Summary of the main physiological functions of short-chain
fatty acids (butyrate, acetate, propionate) produced by the intestinal
microbiota (6,19,118,123). The most relevant functions possibly
involved in the gut-muscle axis are shown in italics.
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selectively kill pathobionts, favoring the expansion of bacteri-
al populations with purported beneficial activities, such as
Bifidobacteria or Lactobacilli (91). The observed effects on
mice may depend on its capacity to reduce the gut microbiota
dysbiosis associated with hepatic encephalopathy. 
In summary, the results of several pre-clinical studies support
the hypothesis that gut microbiota dysbiosis may be associat-
ed with muscle wasting, especially in age-related sarcopenia.
However, confirmation of this possible gut-muscle axis in
human studies is still lacking, and the clinical relevance of
these supposed mechanisms is still uncertain.  

4. Exercise and the gut-muscle axis
Although studies on humans are lacking, several preclinical
studies support the hypothesis that the intestinal microbiota
can modulate skeletal muscle physiology not only in age-
related sarcopenia, but in all ages and physiological states
(20,25). In this context, exercise may represent a strong mod-
ulator of gut microbiota composition. Thus, the gut-muscle
communication in human pathophysiology may be bidirec-
tional (25), with gut microbiota representing a “cross-road”
among environment, lifestyle, and skeletal muscle (112). 
In this scenario, some authors have hypothesized that many of
the well-known positive health effects of exercise may be
mediated by its beneficial modifications on the gut microbiota
(23,79,80). However, when there is an exercise overload,
these possible beneficial effects are overweighed by increased
intestinal permeability and oxidative stress, promoting
inflammation and a catabolic state that negatively impacts the
functionality of skeletal muscle (29). Moreover, the harmful

effects of inactivity on the muscle and vascular system may be
at least partly mediated by negative changes of the gut micro-
biota towards dysbiosis (23,109). 
In healthy subjects who regularly perform physical activity, a
homeostatic equilibrium between intestinal microbiota and
skeletal muscle may be present, with exercise promoting
healthy microbiota composition, and microbiota favoring
muscle health. This equilibrium may be disrupted by seden-
tary lifestyle or excessive exercise, resulting in dysbiosis of
the gut microbiota. Other factors promoting dysbiosis, such as
drugs or acute illnesses, may also be associated with reduced
muscle mass and function. In fact, dysbiosis influences gut
permeability, systemic inflammation, anabolism and nutrient
availability. All these mechanisms are involved in muscle
physiology and represent the substrates of the gut-muscle
axis, as depicted in Figure 1.
In summary, the gut-muscle axis may be two-way, with
microbiota influencing the muscle, and exercise contributing
to shape microbiota composition. The intensity and frequency
of exercise may have great importance in determining which
way of the axis is prevalent, and its physio-pathological con-
sequences. 

5. Immune system and the gut-muscle axis: virtuous and
vicious cycles

A healthy gut microbiota has a fundamental role in shaping
local and systemic immune response to gut bacteria through
the whole lifespan, favoring the maintenance of tolerance
towards antigens from commensals and activation against
antigens from pathogens (40). On the other side, gut micro-

Figure 1: Representation of the hypothetical conceptual framework connecting exercise, intestinal microbiome, inflammation, immune system
function and skeletal muscle pathophysiology at the current literature state of art. 
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biota dysbiosis favors the loss of immunolog-
ic tolerance to commensals, the impairment
of epithelial barrier function and an inbalance
in the activation of anti-inflammatory Treg
lymphocytes and pro-inflammatory Th17
lymphocytes (43,60). These phenomena may
contribute to the onset of several infectious,
inflammatory and autoimmune diseases,
including inflammatory bowel diseases, type
1 diabetes and multiple sclerosis, with gut
microbiota playing an active pathogenic role
(9). 
However, besides this “outside-in” relation-
ship, there is also an important “inside-out”
control of immune system over gut microbio-
ta (47,117). The immune system is in fact
able to influence the gut microbiota composi-
tion at multiple levels. Both innate and adap-
tive immunity are involved. The possible
mechanisms are synthetized in Table 3, and
include production of antimicrobial peptides
from intestinal cells, mucus secretion,
immunoglobulin A (IgA) activation, toll-like
receptor (TLR) activation, lymphocyte trans-
fer and differentiation, presence of invariant
natural killer T cells (iNKTC)
(47,60,68,101,130). The presence of specific
inbalances in each one of these pathways
may be associated with the emergence of gut
microbiota dysbiosis (47,68). 
In fact, human beings infected with the
Human Immunodeficiency Virus (HIV)
exhibit deep changes in the structure and
functionality of the intestinal microbiome,
with increased biodiversity due to over-
growth of opportunistic pathogens and
decreased representation of taxa with anti-
inflammatory properties (121,122,133). Sim-
ilar alterations of gut microbial community
structure have been detected also in patients
with IgA deficiency (39). These findings sup-
port the concept that the immune system
functionality influences gut microbiota com-
position. 
Conversely, the presence of specific func-
tionalities in the gut microbiome, related to
fatty acid metabolism, PPAR-signaling, lipid
biosynthesis and kynurenine pathway of
tryptophan metabolism, may enhance systemic immunity acti-
vation and promote control of HIV infection (124). Therefore,
a complex interplay between microbiome and immunity
exists, and the physio-pathological consequences depend on
the type of equilibrium reached (117).    
Some metabolic mediators, such as bile salts, may play a rele-
vant role in this equilibrium. In the gut lumen, bile salts can in
fact undergo metabolic transformations into compounds with
immunoregulatory and anti-inflammatory properties, particu-
larly on Kupffer cells and intrahepatic lymphocytes (100).
Bile salts have also the capacity of selecting specific subpopu-
lations of the gut microbiota that are able to metabolize them,
contributing to shape the intestinal microenvironment (100). 

Whatever the mediators involved, the equilibrium between
immune system and microbiome may be strongly influenced
by environmental factors. Positive modulators of gut micro-
biota composition, including regular exercise, may induce a
beneficial equilibrium with the immune system, resulting in a
virtuous cycle helping to maintain health (27,85). Conversely,
factors that disrupt gut microbiota composition, such as exer-
cise to exhaustion, illness and aging, may cause a perturbation
of the equilibrium between microbiome and immune system.
As a result, systemic inflammation is chronically activated,
sustaining further alterations of the microbiota towards dys-
biosis promoted by the altered immune system regulation
(30,46). So, a vicious circle arises. 

Table 3: Overview of the mechanisms involved in immune system control of gut micro-
biota composition (47,60,68,100,128). 

Table 4: Summary of the main features of aging immune system involved in increased
gut mucosa permeability and in age-related gut microbiota dysbiosis (11,66,124).
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These postulated mechanisms are highlighted in Figure 1.  
A healthy gut microbiota, and a positive interaction with the
immune system, may be crucial for the gut-muscle axis, and
may influence the maintenance of muscle mass and function-
ality, especially in exercised subjects (29). Conversely, dys-
biosis resulting from a negative interaction with the immune
system may influence muscle wasting disorders, particularly
during aging (112).  
Age-related gut microbiota dysbiosis is associated with
increased gut mucosa permeability in both animal models and
humans (92,111). The reduced intestinal epithelial barrier
function is accompanied by several alterations in immune sys-
tem, involving both innate and acquired immunity (Table 4)
(11,66,126). These alterations ultimately promote local and
systemic inflammation, with overproduction of the pro-
inflammatory cytokines TNF-α, IL-1β and IL-6 (66,126).
Inflammation negatively impacts the gut-muscle axis and is
involved in the pathogenesis of several age-related conditions,
including not only sarcopenia and frailty (126), but even can-
cer (11). Moreover, IL-1β further stimulates intestinal epithe-
lial tight junction permeability and promotes local dysbiosis
(3), in a vicious cycle supporting skeletal muscle wasting and
loss of function. 
In summary, the relationship between intestinal microbiome
and immunity may be two-way, and the resulting equilibrium
may exert important functions on the functionality of the gut-
muscle axis and on muscle health. More research is however
needed to disentangle these complex relationships, and to
reveal their actual relevance from a clinical perspective. 

6. Conclusions
The relationship between exercise, immune system, gut
microbiota, and skeletal muscle pathophysiology is very com-
plex and not completely elucidated at the current state of the
art. In Figure 1, we present a possible interpretative frame-
work, showing that the gut microbiota is at the cross-road
between environmental stimuli and host physiology, undergo-
ing a continuous interplay with the immune system and the
skeletal muscle. 
Future studies should clarify whether gut microbiota dysbiosis
is pathophysiologically associated with muscle wasting disor-
ders, and if exercise may positively influence this putative
gut-muscle axis. Furthermore, the influence of the microbio-
me-immune system interplay on skeletal muscle mass and
functionality should be investigated in both experimental
models and human beings. 
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ABSTRACT

Feelings of fatigue not only occur in chronic and acute dis-
ease states, but also during prolonged strenuous exercise as a
symptom of exhaustion. The underlying mechanisms of fatigue
in diseases seem to rely on neuroinflammatory pathways.
These pathways are interesting to understand exercise-
induced fatigue regarding immune system to brain signaling
and effects of cerebral cytokines. Activation of the immune
system incurs a high-energy cost, also in the brain. In conse-
quence immune cells have high energetic priority over other
tissues, such as neurons. A neuronal inactivation and corre-
sponding changes in neurotransmission can also be induced
by end products of ATP metabolism and elicit feelings of
fatigue in diseases and after intensive and prolonged exercise
bouts. Since there are no existing models of exercise-induced
fatigue that specifically address interactions between neu-
roimmunologic mechanisms and neuroenergetics, this article
is combining scientific evidence across a broad range of disci-
plines in order to propose an inflammation- and energy-based
model for exercise-induced fatigue.

Keywords: exercise-induced fatigue, neuroinflammation,
neuroenergetics, adenosine, cytokines.

1. Introduction

To study exercise-induced fatigue for many years, priority was
given to muscles over the brain as a regulatory factor. Already in
1915, Alessandro Mosso postulated that both, the will (central
component) and the muscular work (peripheral component), have
to be taken into account when considering the resulting impair-
ment of exercise performance. Mosso distinguished the diminu-
tion of the muscular force and the sensation of fatigue (1). As a
result of the upcoming knowledge of the bi- and multidirectional-
ity of biological systems, the paradigm shifted to the inclusion of
cerebral processes in order to guarantee homeostasis in all sys-
tems during exercise by modulating athlete´s behavior (2,3).

Since proinflammatory cytokines induce changes in behavior
during acute infection by provoking feelings of fatigue (4,5),
it is reasonable that the remarkable rise in circulating proin-
flammatory signals during prolonged strenuous exercise (6)
may also contribute to exercise-induced fatigue. In this
regard, the neuromodulatory properties of myogenic/neuronal
Interleukin 6 (IL-6) and cerebral immune cell-derived Inter-
leukin 1 (IL-1) have recently been discussed as major factors
in exercise-induced fatigue (7,8). 
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According to the selfish immune system theory (9), high syn-
thesis rates of cytokines indicate high energy turnover of
immune cells and with that, higher energetic needs of those.
In the case of an increasing brain macrophage activity, energy
substrates may be shifted away from neurons to these immune
cells to maintain their activity (8,10). Because decreasing neu-
ronal activity seems to induce feelings of fatigue also during
exercise, a compromised energy provision to neurons due to
increasing brain immune cell activity could account for the
decline in exercise performance (11,12). 

The initially increasing neuronal and glial energy turnover
during prolonged strenuous exercise (11,12) may favor the
generation of the nucleoside adenosine (ADO) (13), which
negatively mediates exercise performance in a concentration-
dependent manner by modulating dopamine neurotransmis-
sion in the basal ganglia (14,15).

Here, we propose that (neuro-)immunological mechanisms
influence neuroenergetics, with both proinflammatory signals
and end products of energy turnover inducing feelings of
fatigue during prolonged strenuous exercise and ultimately
provoking exercise termination.

2. Peripheral and central fatigue

Already in the late nineteenth century, the physiologist Angelo
Mosso postulated that “muscular fatigue also is at bottom an
exhaustion of the nervous system” (2). In the context of exer-
cise-induced fatigue, central or supraspinal fatigue appears to
originate in regions of the brain and is defined as the inability
of the CNS to drive motor neurons efficiently during the per-
formance of intermittent or prolonged aerobic exercise (16),
whereas peripheral or muscle fatigue is the result of biochemi-
cal changes in the exercising limb muscles (17).

2.1 Lactate accumulation
According to the lactate theory of exercise fatigue, the exer-
cising muscles stop working due to a massive intracellular
lactate accumulation as a consequence of an insufficient sup-
ply of oxygen and the upregulation of the muscle cell´s anaer-
obic metabolism (17). 

However recent findings challenge the correctness of the lac-
tate theory (Robergs, 2004) and emphasize the significance of
lactate as energy substrate in other metabolic processes
(18,19). Via intracellular monocarboxylate transport proteins,
lactate is used as an additional energy substrate both by con-
tracting and adjacent inactive muscle fibers. During strenuous
exercise, a reciprocal brain-muscle energy exchange occurs in
which the brain favors muscle-derived lactate in order to pro-
vide enough circulating glucose to type-2 muscle fibers as its
primary energy substrate (20-22).

The energetic capacity of exercising muscles does not
decrease significantly to promote peripheral fatigue, since
muscles are still capable to generate power at exhaustion (23).
Because neither lactate accumulation in exercising muscles
nor associated muscle acidification cause peripheral fatigue
(23), these findings underline the assumption of exercise ter-
mination forced by central mechanisms. 

2.2 Neurotransmission
Neurotransmission of monoamines plays a crucial role in
exercise-induced fatigue. The central fatigue hypothesis pos-
tulated by Newsholme et al. (24) states that exercise-induced
synthesis of cerebral serotonin (5-HT) provokes the onset of
fatigue symptoms. Since 5-HT can not cross the blood-brain
barrier (BBB), brain cells rely on the uptake of tryptophan as
its precursor. Animal studies (25) have shown that tryptophan
injections in the cerebral ventricle of rats were associated with
the onset of exercise-induced fatigue, while inhibition of the
conversion of tryptophan to 5-HT could improve running time
to fatigue. However, others have proven a reduction in plasma
tryptophan in humans after exhaustive aerobic exercise (26),
which seems contradictory to the aforementioned findings.
Strasser et al. conclude that there is limited availability of
tryptophan for 5-HT biosynthesis in the brain after the enzy-
matic conversion to kynurenine in the periphery. 

Recent findings provide evidence that dopaminergic neuro-
transmission in striatopallidal neurons increases exercise per-
formance by maintaining motivation and motor regulation
(27,28). A blockage of central dopaminergic D1/D2 receptors
results in a significant decrease in endurance performance and
maximal oxygen uptake (29).

2.3 Cytokines
Many systemic inflammatory and neuroinflammatory disor-
ders, i.e. chronic fatigue syndrome (CFS), depression or mul-
tiple sclerosis, are frequently accompanied by high amounts
of circulating cytokines and a persistent state of mental and
physical fatigue (30). Neuroimaging studies have suggested
the presence of neuroinflammation in the midbrain of CFS
patients (31). Furthermore, CFS patients achieve volitional
exhaustion significantly faster and consistently report a higher
rate of perceived exertion during an exercise task, assuming
that CFS, in part, is mediated centrally (32). Chronic fatigue
in athletes suffering from overtraining/athlete burnout may
also result from circulating proinflammatory cytokines and a
neuroinflammatory state (33,34).

Vargas & Marino (35) proposed a neuroinflammatory model
for acute fatigue during exercise. The authors suppose a
potential interaction between cytokine release during pro-
longed strenuous exercise and their effects on afferent feed-
back signalling to the brain that might lead to feelings of
fatigue. In particular, the extraordinary increase in plasma IL-
6 concentration is proposed to be a major fatigue-inducing
factor due to its receptor-mediated signal transduction in neu-
ronal afferents and circumventricular organs (CVO). 

Already in 2000, the influence of muscle-derived IL-6 was
considered to play an important role in the development of cen-
tral fatigue (36). Subcutaneous administration of a low dose of
recombinant IL-6 to athletes increase their sensation of fatigue
at rest and significantly impairs athletic performance during a
10-km running time trial (37). Because of its autocrine,
paracrine or endocrine effects, muscle-derived IL-6 may also
function as an energy sensor and a hormone-like molecule that
increases energy substrate mobilization (38-40), possibly by an
intensity-dependent upregulation of cortisol (41,42). Therefore,
high IL-6 levels could represent the need for energy substrates.
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After an eccentric exercise bout, the concentration of IL-1
increases significantly in rat brain regions responsible for
movement, coordination, motivation, perception of effort, and
pain. Its levels correlate significantly with both post-exercise
delayed recovery and decreased performance in a subsequent
task (43). Further, intracerebroventricular injection of IL-1
significantly decreased wheel running activity in uphill run-
ning mice, whereas IL-1ra improved wheel running in down-
hill running mice (44). Another study identified perivascular
and meningeal macrophages as the major producer of brain
IL-1 during exercise (8). 

There is vast evidence that microglia, another mononuclear
phagocytic cell type in the CNS and the main actor in neuroin-
flammation, synthesize both IL-1 and TNF in high amounts
after activation. Furthermore, the decrease in symptoms of
depression and fatigue is accompanied by a reduced TNF
secretion in the CNS through modulation of neuroinflamma-
tion (31,45,46).

3. Systemic inflammatory response during exercise –  
muscle damage, leukocytosis and endotoxemia

Via the production of IL-6 and reactive oxygen species
(ROS), both exercise-induced muscle damage (47,48) and the
intensity-dependent rise in circulating T-lymphocytes and
neutrophils (49,50) significantly contribute to the exercise-
induced systemic inflammation (51,52). The rise in serum
neopterin during exhaustive aerobic exercise suggests an
increased activation of peripheral macrophages (26). Howev-
er, results from Ostrowski et al. (53) reveal an increase of the
anti-inflammatory cytokines IL-10, IL-1 receptor antagonist
and soluble TNF receptors during and after strenuous exer-
cise, possibly due to the massive increase in IL-6 (41,54).

Lymphocyte-derived extracellular heat shock proteins are
known to increase during high-load exercise and are further
proposed to promote fatigue sensation via marked influence
on motor neurons and deeper structures of the CNS (55).
These molecules also promote inflammation by acting as a
danger signal from the immune system. Bårdsen et al. (56)
suggest that the significant increase in extracellular heat shock
proteins in CFS patients might signal to the brain and con-
tribute to the state of fatigue. 

The observation that prolonged strenuous exercise favors a sys-
temic inflammatory state was discussed by John Marshall,
assuming that the exercise-induced increase in intestinal perme-
ability and lipopolysaccharide (LPS)-induced endotoxemia may
be the underlying cause (57). LPS is a gut-derived proinflamma-
tory fragment of the outer membrane of gram-negative bacteria
and a pathogen-associated molecular pattern (PAMP). Pals et al.
(58) showed that the degree of the intestinal permeability
depends mainly on exercise intensity and correlates with body
core temperature. In fact, human studies show that the severity
of endotoxemia seems highly dependent on the environmental
temperature (59,60), but also on the composition of the gut
microbiota (61). In this regard, the supplementation of probiotics
over a period of 4 weeks displays a tendency to decreasing intes-
tinal permeability and reducing LPS in the bloodstream (62).

After an ultramarathon, 81% of the participants showed plas-
ma LPS levels > 0.1 ng/ml (endotoxic), while 2% even had a
plasma concentration of 1 ng/ml (potentially lethal) despite
moderate environmental temperatures (20,3°C-22,3°C) (63).
Both exercise-induced functional splanchnic hypoperfusion
and translocation of LPS are damaging the protein-barrier
complex between enterocyte membranes via temperature-
dependent and immune-mediated mechanisms (64-66). This
contributes to an endotoxic state.

4. Communication interfaces between periphery and 
central nervous system

A systemic inflammatory response has been shown to affect
the activity of immune cells in the brain. The growing impor-
tance of the bidirectionality between the periphery and the
central nervous system (CNS) and the impact of neuroim-
munomodulatory mechanisms (67) puts the interplay of
endocrine, neuronal and immunological mechanisms in the
forefront of exercise regulation (3). Due to acute or chronic
immune stressors, dysregulation at periphery-CNS interfaces,
i.e. the BBB, CVO, and afferent nerve fibres (68), is associat-
ed with pathological conditions in which fatigue is a common
feature (69). As prolonged strenuous exercise represents a
huge physiological stressor accompanied by immune activa-
tion, interface-specific cells could get regulated in order to
induce systemic adaption and maintain homeostasis in all sys-
tems during exercise (2,70).

Some cytokines use specific mechanisms to access the brain
parenchyma by bypassing its saturable transport mechanisms
(71). The serum level of the S100 calcium-binding protein
(S100) which provides information about the severity of the
BBB´s permeability, increases during strenuous exercise (72).
Both duration and intensity of an exercise bout (73) and
game-related activities or events (74) seem to determine the
rise in S100 plasma concentration. Furthermore, S100 is the
most frequently assessed biomarker in studies investigating
sport-related concussion which is known to induce BBB dis-
ruption (75). According to the severity of concussion, the
post-injury neuroinflammatory state promotes metabolic dys-
function and neuronal impairment (76), often followed by per-
sistent feelings of fatigue, without regard of traumatic brain
injury severity (77,78). A correlation between the onset of
exercise-induced fatigue and the number or magnitude of
impacts to the head is possible, but experimental data are
lacking.

Although LPS is able to alter transport rates for many peptides
across the BBB (79), LPS acts on receptors outside the BBB
rather than directly on BBB´s structures to modulate its
integrity (80,81). Peripheral administration of subseptic doses
of LPS initiates the synthesis of IL-1 and tumor necrosis fac-
tor-alpha (TNF) messenger RNA at the CVO, but not at the
BBB (82). Since plasma LPS concentration can rise signifi-
cantly during prolonged strenuous exercise (63), CVO could
play a decisive role in neuroimmunological modulation.
Recent studies show that communication between peripheral
immune cells and brain structures predominantly occurs at the
sensory CVO (83). Their unique structure enables them to
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monitor and transmit blood- and cerebrospinal fluid-derived
information from circulating substances that do not readily
cross the BBB. 

During a systemic inflammatory response, concentrations of
the IL-6 receptor and the IL-6 signal transducer glycoprotein
130 are highest in the sensory CVO. The synthesis rate of
both increase significantly in accordance with circulating IL-6
(84), thereby enforcing its neuroimmunomodulatory proper-
ties. The huge rise in serum IL-6 during prolonged strenuous
exercise may increase levels of soluble IL-6 receptor and gly-
coprotein 130 in the sensory CVO. A systemic inflammatory
response upregulates IL-1 receptor and TLR (Toll-like recep-
tor) 4 in the sensory CVO as well, both changing the activity
of neurons and inducing gene expression of proinflammatory
cytokines (85-87). The IL-1 receptor and TLR4 is expressed
by microglia and by brain macrophages. After a single sys-
temic administration of LPS, microglia show increased prolif-
eration in the sensory CVO compared with other regions of
the brain (88), presumably compensating for the lack of a pro-
tecting BBB.

Receptors for cytokines and LPS are also expressed at the ter-
minal nerve endings of the vagus nerve, suggesting a crucial
role in immunomodulation and sickness behavior via sig-
nalling from nucleus tractus solitarius to brainstem, hypothal-
amus and higher brain centers (89-91). Once these receptors
become activated, the vagus nerve is stimulated in a dose-
dependent relationship (92,93). 

Since the afferent activity of the hepatic vagus nerve seems to
contribute to the orchestration of the metabolic and hormonal
responses to exercise, cytokine-induced stimulation of the
vagus nerve could influence exercise performance in a dose-
dependent manner (94). Similarly, activation of glial cells in
the spinal cords of mice during eccentric exercise alters their
gene expression due to the emerging skeletal muscle inflam-
mation (95), provoking exercise-induced muscle hyperalgesia
by IL-6 signalling on primary afferent nociceptors (96).
Enhanced glial cytokine synthesis in the spinal cord is also
shown during acute and chronic pain states and in inflamma-
tory muscle disease (97,98) with fatigue and pain pathways
being quite similar regarding cytokine signalling (99).

5. Neuroinflammation and fatigue

Since the perception of fatigue as a hallmark of sickness
behavior seems to be cytokine-driven (4,5), fatigue is wide-
spread in people suffering from neurodegenerative and chron-
ic inflammatory diseases (30). Both direct and indirect meas-
urement methods revealed an increased intestinal permeabili-
ty, higher circulating LPS levels and a region-specific rise in
neuroinflammation (100-104). Therefore, a causal relation-
ship between intestinal permeability, neuroinflammation and
the perception of fatigue is reasonable. 

Rats exposed to either an immunological or a physical stressor
show symptoms of sickness behavior in a time-dependent
manner. However, when IL-1 receptor antagonist is injected
intracerebroventricularly prior to the physical stress exposure,

symptoms do not appear (105). Indeed, IL-1 and IL-6 may
function as immunological correlates of human sickness
behavior. During infection, levels of IL-1 and IL-6 sponta-
neously released from peripheral blood mononuclear cell cul-
tures were consistently correlated with reported manifesta-
tions of acute sickness behavior including fever, malaise,
pain, fatigue, mood and poor concentration (106).

An animal study showed that the administration of anti-
inflammatory omega-3 fatty acids significantly inhibit LPS-
induced neuroinflammation in the prefrontal cortex, hip-
pocampus and hypothalamus and reverses depression-like
behavior (46). Moreover, supplementation of the omega-3
fatty acid eicosapentaenoic acid in the course of 16 weeks
promotes symptom remission and structural brain changes in
patients with CFS (107).

6. Energetic regulation – is there a selfish immune system
in the brain? 

From an ecoimmunological point of view, an acute inflamma-
tory response is metabolically extremely costly according to
its allostatic load (108). As allostasis is an evolutionarily con-
served and energy-intensive response to resume local home-
ostasis, the allostatic load indicates the severity of the homeo-
static disruption (109). Based on in vitro O2-consumption
rates (24), activated macrophages turn over ATP ten times
faster per minute compared to the inactivated state. The
favored aerobic glycolysis of activated immune cells makes
glucose their primary energy substrate (110), using strategies
to redistribute energy to themselves to keep their metabolism
running (9). New insights indicate that these characteristics
can also be observed in microglia depending on their polariza-
tion state (10,88,111).

Assuming that brain macrophages become overactive during
prolonged strenuous exercise (8), their energy needs could
reduce energy provision to neurons, thereby promoting the
occurrence of fatigue symptoms. In patients with tuberculous
meningitis, the infection with Mycobacterium tuberculosis
represents a huge allostatic load indicated (112). The infection
is accompanied by microglial activation and the allocation of
astrocytic lactate to microglia via astrocyte-microglia lactate
shuttles, thereby providing an adequate energy supply activat-
ed microglia. As a result, the allocation of lactate to neurons
decreases significantly, which leads to neuron inactivation
(10). Similarly, when lactate shuttling from astrocytes to neu-
rons decreases during strenuous exercise, neurons are not able
to maintain their metabolism (11,113). In consequence, exer-
cise performance declines.

Acute bouts of strenuous exercise mobilize highly differenti-
ated T-cells from peripheral tissues into the blood stream
(49,114) referring to exercise-induced leukocyte demargina-
tion (115). Since a high differentiation level is associated with
decreased mitochondrial content and function, these immune
cells mainly rely on the glucose-consuming anaerobic metab-
olism (116). The trafficking rate depends on the aerobic fit-
ness level with untrained people showing higher redistribution
of these energy consuming immune cells into the blood
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stream (117,118), potentially contributing to the earlier onset
of exercise-induced fatigue in this population.

A high energy turnover induces ATP breakdown to ADO.
ADO is secreted by ATP-depleted tissues or is extracellularly
generated from ATP, which is released from metabolically
stressed cells (119). In a Drosophila infection model, ADO
induces energy reallocation by enhancing uptake of glucose in
immune cells at the expense of other glucose-dependent tis-
sues, including the brain (120). Consequently, ADO is consid-
ered being a signalling molecule whose effects could increase
fatigue in relation to the energetic demand of activated
immune cells (121). It is important to note that ADO regulato-
ry and signaling network in Drosophila is similar to mam-
malian systems (121). Since high levels of ADO accumulate
in the brain after prolonged strenuous exercise (13), it is rea-
sonable that there could be similar mechanisms of action. 

7. Purinergic regulation of neuroinflammation and neuro-
transmission in the basal ganglia

New insights into mechanisms of action of purines in the CNS
with respect to neuroinflammatory processes and behavioral
regulation emphasize their neuromodulatory effects, although
most results are from animal studies (122). A rise in extracel-
lular ADO favors neuroinflammatory signalling through
upregulation of the high-affinity A2A adenosine receptor (123).
As high amounts of extracellular ATP are considered to be
evolutionarily conserved danger-associated molecular pattern
(DAMP) (124), it initiates inflammation via stimulation of the
TLR4-dependant cytosolic inflammasome in microglia (125).
While both ADO and ATP are able to enhance the production
of IL-1 (126), IL-1 in turn promotes ATP and ADO release
from neurons (127). Experimental data in mice suggest a
potentiation of nitric oxide release by activated microglia after
interacting with the A2A adenosine receptor, thereby increasing
ROS and reactive nitrogen species (RNS) production (128-
130). In addition, the stimulation of the ATP-purinoceptors
P2X7R and P2X4R favors synthesis of IL-6 and TNF, what
further promotes neuroinflammation (131). 

ADO directly influences behavior by decreasing dopaminer-
gic neurotransmission through conformational changes of
D2R binding sites at a shared A2A/D2- and A2A/D2/mGlu5-
receptor complex on rat striatopallidal GABA neurons
(15,132,133). As dopamine is an important neurotransmitter
in exercise regulation, ADO may negatively influence exer-
cise performance in rats (134). In contrast, the ADO antago-
nist caffeine delays run time to fatigue in rats by 52%, pre-
sumably by increasing dopamine release through an antago-
nism at the A1 and A2A adenosine receptors in the striatum, the
nucleus accumbens and the nucleus caudatus (135) or the pre-
optic area and the anterior hypothalamus (136). However, no
effect of caffeine on exercise performance was seen in
humans exercising in high ambient temperature (137).

8. Neuroinflammation-induced energy reallocation during
exercise – a new paradigm?

Not only exercise-induced muscle damage, endotoxemia and
leukocytosis contribute to the systemic inflammatory
response in exhausted athletes, but also the release of
ROS/RNS and, to a lower extent, cytokine-dependent apopto-
sis of leukocytes and neutrophils immediately after prolonged
strenuous exercise (138,139). Although circulating lympho-
cytic subpopulations contain a high antioxidant capacity
(140), it is conceivable that leukocytes whose capacity has
already been exhausted during prolonged strenuous exercise
could undergo apoptosis even before exercise termination.
Cells that are not immediately phagocytosed after apoptosis
become “leaky” (secondary necrosis). They release DAMPs
and stimulate a host response by secreting more proinflamma-
tory signals (141).

Exercise-induced rise in serum LPS concentration may induce
changes at the BBB and favors microglia proliferation at the
CVO, thereby inducing neuroinflammation (80,88). If gut-
derived LPS accumulates in the liver by overwhelming the
capability of the liver´s reticulo-endothelial system (63), the
resulting stimulation of Kupffer cells may force the secretion
of cytokines. Binding of LPS and IL-1 to receptors on termi-
nal nerve endings of the hepatic vagus nerve may activate
microglia (69,142).

There is some evidence that IL-6 acts as a major factor and is
contributing to exercise-induced fatigue (7,36,37). Results
from prolonged (marathon) and highly prolonged (spar-
tathlon) endurance exercise show a 128-fold and respectively
8000-fold increase in IL-6 plasma levels, peaking at exercise
termination and rapidly normalizing afterwards (53,143). This
outcome may support the fatigue-inducing character of IL-6
instead of being a proinflammatory cytokine in the context of
exercise. However, as energy availability declines drastically
due to the physical strain in such events, muscle-derived IL-6
may also work in its hormone-like fashion by increasing ener-
gy substrate mobilization (38-40).

Since increased neuronal metabolism alters microglia func-
tioning, neurons can be regarded as key immune modulators
in the brain (144). As neuronal metabolism and extracellular
levels of ‘neuron-microglia signalling factors’ rise, they func-
tion as "On" signals (Fig. 1: right box, dark blue arrows) by
recruiting microglia which then support the neuron´s metabo-
lism (Fig. 1: microglia-astrocyte-neuron lactate shuttles =
right box, purple arrow). Already before, astrocytes begin to
serve the energy needs of the neurons through cellular lactate
transfer (Fig. 1: astrocyte-neuron lactate shuttles = light blue
arrow). 

The rise in extracellular ADO due to the high glial and neu-
ronal ATP turnover may increase astrocyte proliferation and
activation (145). The significant increase in brain ADO during
strenuous exercise (13), could, therefore, aim to enhance
astrocytic lactate production to supply the cells in need (Fig.
1). Furthermore, cerebral ADO modulates BBB permeability
through stimulation of endothelial A2AR and A1R (146). An
enhanced uptake of blood lactate may be the consequence, as



Neuroimmunology of exercise •   25

EIR 25 2019

a moderately increased permeability of the BBB is regarded
as a functional mechanism during exercise by serving neu-
ronal metabolism (27). Marked changes, however, could may
limit the individual’s capacity to perform optimally by allow-
ing the accumulation of unwanted substances in the CNS (27). 

Because almost all metabolic processes show a dose-response
relationship during stress exposure with both beneficial and
detrimental outcomes (147), exercise above a certain thresh-
old can cause mal-adaptations as well (148). Regarding pro-
longed strenuous exercise, the exercise-related dose response
induces an inflammatory state (Fig. 1) and may also provoke
an acute neuroinflammatory response (8) due to the high allo-
static load on brain cell metabolism. However, experimental

data are lacking to make clear conclusions about brain metab-
olism during exercise and its relation to neuroinflammation.
But to integrate the existing knowledge about exercise-related
dose response into the concept of neuroinflammation, we pro-
pose a model of continuum in which the astrocyte-neuron lac-
tate shuttle expands to the microglia-astrocyte-neuron lactate
shuttle (149) when energy demand of neurons increase during
exercise (Fig. 1, right box). Both, the intensity-dependent sys-
temic inflammatory response and brain cell-derived purines
may switch the microglial phenotype from the M2/anti-
inflammatory form to the M1/proinflammatory form, thereby
making them more “energy-craving”. That is followed by a
step-by-step inactivation of neurons through astrocyte-
microglia lactate shuttles (10) (Fig. 1: right box, red arrow).

Figure 1: Hypothetical integrative model showing how neuroimmunological and neuroenergetic mechanisms induce feelings of fatigue during
prolonged strenuous exercise, ultimately provoking exercise termination. 
Strenuous exercise favors exercise-induced muscle damage, gut-derived LPS translocation and immune cell expansion (leukocytosis) [1]. At the
same time, the exercise-induced and intensity-dependent increase in neuronal metabolism favors the release of neuronal ‘On’-signals, which
induce lactate transfer from glial cells to neurons, beginning with the astrocyte-neuron lactate shuttle [2] and extending to the microglia-astro-
cyte-neuron lactate shuttle in order to serve the increasing energy needs of the neurons [3]. Microglial autoactivation through microglia-derived
IL-1β and extracellular ATP may promote a switch to the M1/proinflammatory form. As strenuous exercise continues, that leads to a proinflam-
matory state characterized by high circulating amounts of LPS, DAMPs (e.g. HSPs), IL-6 and ROS-damaged immune cells. These proinflamma-
tory signals act either on the BBB, CVOs and VN which then signal to the CNS or they act directly on the CNS by passing the BBB or CVOs [4].
In doing so, these signals may stimulate microglia/brain macrophages through TLR-4 and IL-1β receptors [5] which then continuously shut
down the lactate transfer from astrocytes to neurons through a yet unknown (“selfish”?) mechanism in order to benefit most from astrocytic lac-
tate [6]. Further, the degradation of ATP and AMP through endo- and ectonucleases favor accumulation of extracellular adenosine that impairs
dopaminergic neurotransmission by acting on the A2A/D2/mGLU5 receptor complex on striatal neurons [7]. A possible contribution of IL-1β to
adenosine signalling may further enhance the down regulation of dopaminergic neurotransmission. The resulting neuronal inactivation [8] leads
to a decline in cognition, vigilance and neuromuscular activation, ultimately inducing exercise-induced fatigue [9]. 
A2A: adenosine A2A receptor; D2: dopamine D2 receptor; mGLU5: metabotropic glutamate receptor 5; IL-1β: interleukin 1β LPS: lipopolysaccha-
ride; IL-6: interleukin 6; DAMP: danger-associated molecular patterns; BBB: blood-brain barrier; CVO: circumventricular organs; VN: vagus
nerve; AMP: adenosine monophosphate; ATP: adenosine triphosphate; TLR-4: toll-like receptor 4; HSP: heat shock protein; CNS: central nerv-
ous system.
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This microglial polarization is often accompanied by a shift
from oxidative phosphorylation to aerobic glycolysis for ener-
gy production due to increasing concentrations of nitric oxide
by inducible nitric oxide synthetase which reversibly inhibits
mitochondrial respiration (111). With that, ROS and RNS pro-
duction is increased which, in turn, activates downstream sig-
naling pathways resulting in the up-regulation of a variety of
proinflammatory proteins and more ROS/RNS. 

Whether there is a similar mechanism of energy reallocation
from neurons to activated microglia/brain macrophages dur-
ing non-infectious stress is unknown. However, haemody-
namically stressed microglia express monocarboxylate trans-
porter-1 and -2 (150), which may enable them to utilize astro-
cytic glycogen-derived lactate. Since there is remarkable cere-
bral haemodynamic stress during prolonged strenuous exer-
cise (151), expression of monocarboxylate transporters may
promote the uptake of astrocytic lactate in microglia or brain
macrophages.

Although the amount of LPS crossing the BBB is low (80,81),
some athletes show plasma concentration of 1 ng/ml after an
ultramarathon (63). If LPS crosses the BBB at that concentra-
tion is unknown, but conceivable since the BBB becomes
leakier during strenuous exercise. As LPS-TLR4 interactions
resemble proinflammatory pathways induced by Lipoarabino-
mannan, the major cell wall component of mycobacterium
tuberculosis (152,153), high amounts of LPS in the brain may
be able to induce the expression of astrocyte-microglia lactate
shuttles. Further, cerebral DAMPs may promote astrocyte-
microglia lactate shuttles in a similar fashion by triggering the
microglial TLR4 (Fig. 1). 

Heck et al. (55) propose that the exercise-induced increase in
circulating levels of extracellular 70-kDa heat shock proteins
from lymphocytes promote fatigue via marked influence on
motor neurons and deeper structures of the CNS. Although
specific receptors for heat shock proteins in brain tissue have
not been identified yet, their ability to induce proinflammato-
ry signalling in TLR4/2-expressing cells is well established
(154,155). 

Because lactate does not accumulate in cerebrospinal fluid
after an exhaustive exercise task (156), unlike during tubercu-
lous meningitis (157), we do not know whether it is appropri-
ate to think of the astrocyte-microglia lactate shuttles as a rel-
evant mechanism in exercise-induced fatigue. Further it is
unknown whether extracellular ADO reallocates energy sub-
strates to demanding cerebral immune cells and thereby shut-
ting down the less relevant neuronal metabolism as shown in a
Drosophila infection model on the peripheral level. Extracel-
lular ADO definitively compromises exercise performance in
animals due to its inhibitory effect on dopaminergic neuro-
transmission (134,135). To connect the potential fatigue-
inducing property of ADO, Hanff et al. (158) assume that it
plays an important role in the induction of sickness behavior
via the A2A/D2/mGLU5-receptor-complex (Fig. 1). In fact,
LPS-induced swim deficits is reversed by systemic adminis-
tration of an A2A receptor antagonist (159). A similar recep-
tor-ligand interaction appears to be relevant in the induction
of sleep (160). The stimulation of A2AR and mGLU5R

inhibits the activity in vigilance-regulating brain areas by
presynaptic inhibition, postsynaptic hyperpolarization and
amplifying GABAergic projections (161,162). Increased
dopamine release in the ventral tegmental area reduces the
inhibitory activity in the nucleus accumbens and is promoting
vigilance. 

Dopaminergic neurotransmission in the substantia nigra pars
compacta inhibits neuroinflammation by activating astrocytic
D2-receptors (163). Based on the assumption that IL-1 may
contribute to motivational and vigilance regulation via an
important interaction with ADO signalling in the CNS, i.e.
activation of A2A receptors in the striatum (158) (Fig. 1), the
attenuated dopamin-induced anti-inflammatory effect could
promote synthesis of IL-1. Both, inflammation- and exercise-
induced peripheral hyperammonaemia promote cerebral syn-
thesis of ADO (164,165), which may force exercise-induced
fatigue by altering cognition (165). The increasing impair-
ment of the fronto-striatal network down-regulates cognition
and motivation, which makes exercise termination rather a
relative than an absolute event due to the athlete´s volitional
and forced conscious decision (see Fig. 1) (3,166,167). The
impact of peripheral cytokine signalling and central
microglia/brain macrophage activation on this fronto-striatal
network should be taken into account (69).

CONCLUSION

Exercise-induced fatigue does not emerge from a single
peripheral or central mechanism, but rather result of a syner-
gistic effect of various mechanisms involving both peripheral
and central aspects. As an evolutionary conserved protective
mechanism, neuron inactivation and the concomitant increase
in feelings of fatigue are extremely useful to maintain sys-
temic homeostasis at all bodily levels, also during exercise. If
the immune system is even selfish in the brain,
microglia/brain macrophage-derived extracellular ADO could
mediate the metabolic switch and energy reallocation, thereby
inducing neuron inactivation, feelings of fatigue and ultimate-
ly exercise termination. Due to the impact of IL-1 on feelings
of fatigue and behavior modulation, the synthesis of IL-1
from perivascular and meningeal macrophages during strenu-
ous exercise has to be considered when approaching the com-
plexity of exercise-induced fatigue. Changes in cerebral
haemodynamics are not investigated in this article but should
be subject of further studies about the regulation of exercise
performance. In order to get deeper insights into the brain
metabolism during prolonged strenuous exercise and its rela-
tion to neuroinflammation, the hormesis-like dose response of
brain macrophage activation during exercise should be inves-
tigated in future studies.

As presented here, the majority of aspects concerning neu-
roimmune-neuroenergetic interactions in sports performance
are not very well established and need to be evaluated in the
future. Therefore, it is inevitable to improve interdisciplinary
research in this field.
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ABSTRACT

Many lifestyle-related diseases, such as obesity and cigarette
smoke-induced pulmonary morbidities, are associated with
chronic systemic inflammation, which has been shown to con-
tribute to the disease initiation and progression, and also for
co-morbidities of these diseases. While the source of inflam-
mation in obese subjects is suggested to be mainly the visceral
adipose tissue, smoke-induced inflammation originates in the
pulmonary system. Here, chronic cigarette smoking induces
oxidative stress, resulting in severe cellular damage. During
obesity, metabolic stress pathways in adipocytes induce
inflammatory cascades which are also accompanied by fibrot-
ic processes and insulin resistance. In both diseases, local
inflammatory signals induce progressive immune cell infiltra-
tion, release of cytokines and a subsequent spill-over of
inflammation to the systemic circulation. Exercise training
represents an effective therapeutic and immune regulating
strategy for both obese patients, as well as for patients with
smoke induced pulmonary inflammation. While the immune-
regulating impact of exercise might primarily depend on the
disease state, patients with pulmonary inflammation seem to
be less responsive to exercise therapy. The current review tries
to identify similarities and differences between inflammatory
processes, and the consequences for the immunoregulatory
effects of exercise as a therapeutic agent. 

Keywords:immune system, cytokines, physical activity,
 adipose tissue, cigarette smoking 

1. INTRODUCTION

Many lifestyle-related diseases⎯such as diabetes type II,
coronary heart disease (CHD), cancer, obesity or chronic
obstructive pulmonary disease (COPD)⎯are associated with
chronic systemic inflammation. Beyond mutual association,
systemic inflammatory processes have been shown to con-
tribute to the initiation and progression of these diseases (1),
and are suggested to be an important reason for their shared
comorbidities. Most of these diseases share some similarities
in their inflammatory genesis, while other related processes
are distinctly different. A combination of two or more of these
diseases has been shown to further aggravate morbidity and
mortality (2). Exercise is known to be an effective treatment
for most of these diseases, at least partly due to its immune-
regulating properties (3).

In this regard, it has been shown that patients with specific
diseases, such as chronic obstructive pulmonary disease
(COPD), are less responsive to exercise therapy compared
with other diseases, such as obesity (4). However, until now,
there are few data available to prescribe different exercise
guidelines for specific disease conditions characterized by a
dysregulated immune system. In order to better understand
the inflammatory pathophysiological genesis of lifestyle-
related diseases, the current review tries to compare the
inflammatory processes at work in two examples of highly
prevalent life style-related diseases: obesity and long-term
cigarette smoking. Knowing the specific cellular and molecu-
lar mechanisms of inflammation initiation and progression
will enable more precise and safe application of exercise ther-
apy for each disease and individual case.

2. SYSTEMIC LOW-GRADE 
INFLAMMATION DURING OBESITY 

Obesity is a major global health issue. The World Health
Organization (5) update (2016) showed that around 39% of
people over 18 years were overweight (BMI >25 kg/m2),
while 13% were obese (BMI >30 kg/m2). Obesity increases
the risk of mortality (6,7) through its strong association with
other comorbidities, such as Type 2 diabetes mellitus
(T2DM), cardiovascular diseases, insulin resistance, non-
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alcoholic fat liver disease (NAFLD), osteoarthritis, and
autoimmune diseases (7,8). In addition to their personal bur-
den, these disease have deep economic and social impacts on
Western society (9).

Obesity development depends on different factors, including
genetic, epigenetic, physiological, and environmental factors
(10). The link between obesity and these associated comor-
bidities is, at least partly, the chronic low-grade inflammation
that represents one of the hallmarks of obesity (11). Excepting
a small subgroup of apparently metabolically healthy obese
individuals, most obese patients develop chronic low-grade
inflammation. This leads to metabolic and physiological per-
turbations that ultimately result in immunometabolic alter-
ations in organs and tissues such as liver, brain, skeletal and
cardiac muscle, blood vessels, lung, kidney, gut, and immune
systems (12,13).

2.1. Sources of inflammation 
The low-grade systemic inflammation in obese subjects origi-
nates in visceral adipose tissue, caused by the hypertrophy of
adipocytes and cellular stress signals. These signals dysregu-
late adipokine production, and increase the release of pro-
inflammatory adipokines, cytokines, phase acute proteins, and
chemokines (14) (Figure 1).

Over the past decade, adipose tissue has been studied as an
active metabolic and endocrine organ that mainly regulates
energy expenditure and glucose homeostasis through
adipokine production. It is a complex organ, composed of
adipocytes, fibroblasts, endothelial cells, and a wide-range of
immune cells, giving it an important immune-modulator func-
tion (15).

Adiponectin and several other cytokines are released by lean
adipose tissue. These adipokines play a role in maintaining an
anti-inflammatory status. Adiponectin induces interleukin
(IL)-10 and IL-1ra in macrophages, together with polarization
of alternatively-activated macrophages (M2) (16). Moreover,
the adipokines mitigate the production of the pro-inflammato-
ry cytokines in adipocytes and macrophages stimulated by
lipopolysaccharide (LPS) (17,18). Furthermore, lean
adipocytes release anti-inflammatory cytokines IL-4, IL-5,
IL-10, IL-1ra, IL-13, and IL-33, recruiting and polarizing
infiltrated immune cells to an anti-inflammatory phenotype
(19,20). 

The increase in energy intake (usually the result of a high-fat
diet) and decrease in energy expenditure (usually the result of
a sedentary lifestyle) leads to a positive energy balance and fat
accumulation in the adipocytes, which is caused by the dys-
regulation of the lipolysis/lipogenesis ratio (21). This hyper-
trophy of the adipose tissue plays a key role in the develop-
ment of obesity-induced local inflammation (10). 

Hypertrophic adipocytes activate stress-sensing pathways in
response to metabolic and oxidative stress, increasing the
phosphorylation of intracellular kinases as p38MAPK, Jun N-
terminal kinase (JNK), and inhibitory-κB kinase (IKK) (22).
Adipocyte size and p38MAPK, as well as JNK phosphoryla-
tion in the visceral fat of obese humans have been positively
correlated with adipose tissue inflammation and whole-body
insulin resistance (23,24). JNK and IKK phosphorylation acti-
vates activator protein-1 (AP-1) and nuclear factor kappa B
(NF-κB) transcription factors (25). This increases the gene
expression of many pro-inflammatory cytokines. The NLRP3
inflammasome also plays a key role in adipocyte-hypertro-

Figure 1: Overview about how obesity induces local and systemic inflammation and its manifestations in blood, liver, muscle, and gut. (PAMPs
= pathogen-associated molecular patterns, FFAs= free fatty acids, IKK = inhibitor of κ kinase; JNK: c-Jun N-terminal kinase; TLR4 = Toll-like
receptor-4, AP-1: activator protein-1, NF-kB= nuclear factor kappa B, LPS= lipopolysaccharide)
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phy-induced inflammation. It is activated in response to intra-
cellular danger-associated molecular patterns (DAMPs), such
as adenosine triphosphate (ATP), uric acid, an accumulation
of palmitate, and advanced glycation end-products, which are
all known to be increased in obesity (26) (Figure 1).

After this signal processing, fat adipocytes increase the pro-
duction of pro-inflammatory cytokines, as monocyte
chemoattractant protein (MCP)-1, IL-1β, IL-6, and tumor
necrosis factor (TNF)-α. This is accompanied by a reduction
of adiponectin and other anti-inflammatory cytokines. Thus,
an imbalance of the inflammatory mediators results that is tilt-
ed toward a pro-inflammatory response, recruiting and polar-
izing immune cells to a pro-inflammatory phenotype.

2.2. Local and systemic effects
Adipocytes express surface stress ligands that are recognized
by natural killer (NK) cells. The activation of NK cells leads
to higher production of interferon-gamma (IFN-γ), which is
essential for polarizing macrophages towards a pro-inflamma-
tory phenotype (M1) (18). Macrophages represent up to 60%
of all immune cells in the vascular stromal portion of adipose
tissue (27). Adipose tissue macrophages are the major players
in pro-inflammatory cytokine production in obese adipose tis-
sue (28,29). It was previously postulated that all adipose tis-
sue macrophages were driven by circulating monocytes,
which infiltrate and differentiate to macrophages. However, in
2014, Amano and collaborators showed that macrophages
from visceral adipose tissue were able to proliferate during
obesity, and monocyte depletion had no significant impact on
the number of adipose tissue macrophages (30). They also
elucidated that macrophage proliferation was MCP-1 depend-
ent. Interestingly, these adipose tissue macrophages express
the molecule CD11c, which is mainly known to be expressed
by dendritic cells. Wouters and his group (31) found a positive
correlation between CD11c+ adipose tissue macrophages
from visceral depots and classical monocytes numbers in the
circulation, suggesting that the classic macrophages originat-
ing from monocytes may also play a role in this obesity-
induced adipose tissue macrophage  phenotype.

CD11c+ adipose tissue macrophage cells play a key role in
the development of insulin resistance. Depleting these cells
from obese mice can restore insulin sensitivity and decrease
local and systemic pro-inflammatory cytokine production
(32). Moreover, recent findings indicate that numbers of
CD11c+ adipose tissue macrophages from visceral depots are
directly correlated with non-alcoholic steatohepatitis (NASH)
development.  These cells appear to induce macrophage and
neutrophil accumulation in the liver (33).

CD11c+ adipose tissue macrophages accumulate in visceral
adipose tissue during obesity, forming crown-like structures
(CLS) and producing great amounts of pro-inflammatory
cytokines. They are therefore important contributors to the
metabolic syndrome development. Toll-like receptor 4 (TLR-
4) has been proposed to play a key role in this process. TLRs
recognize pathogen-associated molecular patterns (PAMPs)
and DAMPs, and induce a downstream signaling to activate
NF-κB (34), and then induce pro-inflammatory cytokine tran-
scription. Furthermore, TLR-4 seems to have a direct impact

on obesity-induced accumulation of CD11c+ adipose tissue
macrophages and adipose tissue pathology. Knockout mice
for TLR-4 showed low activation of CD11c+ adipose tissue
macrophages after a high-fat diet, followed by a decrease in
adipose tissue fibrosis (35). Moreover, wild-type mice inject-
ed with bone marrow from TLR-4 -/- mice presented low adi-
posity, improved glucose tolerance, and reduced accumulation
of CD11c+ adipose tissue macrophages in visceral adipose
tissue (36). This suggests that the expression of TLR-4 in
myeloid cells is necessary for monocyte recruitment and
CD11c+ adipose tissue macrophage accumulation. In addi-
tion, both TLR-4 and MyD88 full body knockout mice
showed the same adipocyte hypertrophy as wild-type animals,
however they exhibited much lower CD11c+ adipose tissue
macrophage percentages, crown-like structure formations and
fibrosis (36), indicating that the TLR-4/MyD88 pathway is
necessary for obesity-induced adipose tissue pathology.

During the past few years, it was established that saturated
fatty acids (especially palmitate) could activate TLR-4 and
then contribute to obesity-induced metabolic syndrome.
Cameron Griffin and collaborators (2018) found that obese
TLR-4 and MyD88 knockout mice generate fewer myeloid
colonies compared to wild-type mice (36). These animals also
failed to develop a palmitate or LPS-induced myeloid colony
formation. Increased numbers of myeloid progenitors are
observed in high fat diet-induced obesity and inflammatory
macrophages mostly originate from these progenitors (37). In
addition, TLR-4 expression in myeloid cells are necessary for
insulin resistance and adipose tissue inflammation during obe-
sity (38). These findings suggest that TLR-4 is required for
diet-induced inflammation.

Other work has shown that TLR-4 knockout mice are protect-
ed from saturated fatty acid-induced inflammation (39,40). In
this regard, Lancaster’s group (41) identified that saturated
fatty acids are not TLR-4 agonists, they are not able to form a
TLR-4/MD-2 dimer and induce its downstream signaling.
They also found a protection from saturated fatty acid-
induced inflammation in those mice who lack TLR-4 (41).
Finally, they discovered that saturated fatty acids cannot bind
directly to TLR-4, but they play a secondary role in activating
inflammatory signaling after an initial TLR4-dependent prim-
ing signal.

One of the most effective ways to activate TLR-4 signaling is
through LPS stimulation. LPS is present at the membrane of
gram-negative bacteria and is increased in the circulation dur-
ing obesity. Intestinal permeability plays an important role in
obesity-induced endotoxaemia. Many studies have reported a
positive correlation between dietary fat consumption and plas-
ma LPS concentration (42). Moreover, a recent investigation
with non-obese and obese patients revealed that obese people
had higher levels of markers for altered gastrointestinal barri-
er function in the serum, and showed a positive correlation
between intestinal permeability and inflammatory markers
(43). In addition, when the jejunum samples were challenge
with lipids, both obese and non-obese samples presented
increased intestinal permeability. However, samples obtained
from the obese group had a 2-fold higher increase in perme-
ability than the non-obese group, and took much longer to
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restore the barrier function. Putting this all together, these data
demonstrate that acute fat ingestion directly influences intes-
tinal permeability, and chronic fat consumption may play a
role in increasing intestinal and systemic inflammation (43).

2.3. Effect of obesity on other organs and tissues
Free fatty acids are toxic for several organs. The first step in
the metabolism of lipids after digestion and absorption is reg-
ulated by the liver. Thus, nonalcoholic fatty liver disease
(NAFLD) has reached alarming proportion in contemporary
society (44). The trigger of NAFLD is the accumulation of tri-
acylglycerol in hepatic parenchyma due to an imbalance
between fatty oxidation and fatty storage (45). Interestingly,
these two opposite pathways are regulated by the family of
peroxisome proliferator-activated receptors (PPARs) (46).
NAFLD can progress to NASH, cirrhosis, and hepatocellular
carcinoma. This progression is dependent on hepatic inflam-
mation, which is caused by Kupffer cells and an enhanced
inflammatory response of hepatocytes (47). Furthermore,
Ogawa et al (2018) showed that the increase in gut-derived
endotoxin is necessary for the progression of NAFLD by
inducing fibrosis and immune cells recruitment (48). 

Excess fatty acid accumulation in hepatocytes leads to intra-
cellular stress, (oxidative and endoplasmatic reticulum (ER)
stress) inducing cell apoptosis (49). This internal signaling,
associated with extracellular-induced TLR-4 activation by
LPS, leads to a chronic and harmful inflammatory signal (50)
(Figure 1). In NAFLD, the classical pro-inflammatory
cytokines are increased (TNF-α, IL-6 and IL-1β), with an ele-
vation of monocyte infiltration in the liver and macrophage
differentiation to the M1 subset (i.e., higher expressions of
CD11c, CD86) (51). The progression of NAFLD to NASH is
characterized by the exacerbation of chronic inflammation
and fibrosis, increasing fatty acid synthase (FAS), death
receptor 5 (TRAILR-2), and TNF receptors, and a consequent
increase in cytotoxic T lymphocytes (51).

In endothelial cells, higher levels of circulating free fatty
acids, especially palmitate, induce a decrease in nitric oxide
production, and increase the inflammatory response stimulat-
ed by LPS (52). The stressed endothelial cells increase the
synthesis of integrins and selectins, thereby promoting
immune cell infiltration in the vascular wall (53). Thus,
monocytes and lymphocytes that have infiltrated into the vas-
cular wall potentiate the inflammatory response, releasing
pro-inflammatory cytokines (IL-1, TNF and IL-6) and
chemokines (RANTES, IL-8 and MCP-1). The atherosclerotic
plaque formation occurs when monocytes-derived
macrophages phagocytize the lipid particles and induce foam
cells (54) (Figure 1).

Skeletal muscle is a very important tissue for the maintenance
of metabolic homeostasis. Elevated consumption of high-fat
foods also induces lipid storage in the muscle, which increas-
es diacylglycerol and ceramide accumulation inside myocytes
(55). Both responses are related to increased cellular stress,
observed by ER stress, together with enhanced unfolded pro-
tein response and mitochondria dysfunction, in turn causing
oxidative stress (56). Additionally, the PAMPs and DAMPs
that arise from lipid overload in obesity activate the TLR-4

pathway, triggering MAPK and NF-κB pathways (57). Pro-
inflammatory cytokines and chemokines (MCP-1, IL-1β, IL-6
and TNF-α) are produced and released into circulation, lead-
ing to autocrine, paracrine, and endocrine effects (58) (Figure
1).

3. CIGARETTE SMOKE AS A BURDEN OF
INFLAMMATION AND DISEASE 

Tobacco smoking is a significant cause of morbidity and mor-
tality, with approximately 5 million deaths caused by direct
tobacco use and more than 600,000 deaths due to passive
smoking worldwide every year. While in many countries
intensified tobacco control efforts have resulted in a reduced
prevalence of smoking, in other countries the number of
smokers is steadily increasing. Cigarette smoking represents
an important risk factor for cardiac infarction, stroke, and is
the central risk factor for the development of bronchialcarci-
noma, COPD, and smoking associated lung fibrosis. Smoke
associated diseases, such as COPD, are today classified as
systemic inflammatory diseases because sustained inflamma-
tory processes seem to be main drivers of co-morbidities, such
as muscle wasting, vascular diseases, heart diseases, and
stroke (59,60).

3.1. Sources and origins of inflammation 
Cigarette smoke contains a multitude of immunomodulatory
chemicals and gases, making it complex to discern a clear ori-
gin of the associated inflammation. However, it is suggested
that the repeated contact of airway cells with specific noxious
gases and particles leads to repetitive stress signals and
inflammatory insults that are followed in the long-term by a
chronic and progressive activation of the immune system
(61). Accordingly, inflammatory processes originate in the
pulmonary system, where the regular contact with toxic sub-
stances disturb the barrier function of the respiratory epitheli-
um. Studies that have analyzed the bronchoalveolar lavage
fluid (BAL) or and breath condensate of acute or chronic
smokers proved that oxidative stress is an important factor for
tissue damage. This is indicated by an accumulation of prod-
ucts of lipid peroxidation and extracellular matrix proteins
(62,63). Airway epithelial cells, which represent a first line of
defense against inhaled toxicants, are an important inducer of
these inflammatory processes. In smokers, airway epithelial
cells show characteristics of cellular damage, followed by the
release of DAMPs. These molecules act in a paracrine fashion
by activating pattern recognition receptors, such as TLR4,
expressed by airway epithelial cells and other cells in the pul-
monary system. In addition, the inhalation of smoke particles
might also directly activate pattern recognition receptors (64).
Consequently, TLR4 expression is significantly upregulated
on airway cells of smokers (Figure 2).

In response to TLR4 activation, a role for heat shock protein
70 (HSP70), a known TLR4 agonist, has been shown, which
is induced in airways upon smoke exposure followed by the
activation of the innate immune system through
TLR4/MyD88. Subsequently, NF-κB is translocated into the
nucleus, inducing the secretion of a variety of pro-inflamma-
tory cytokines. Cigarette smoke exposure has also been
shown to induce ER stress in airway epithelial cells and
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mouse lungs, which is suggested to amplify the inflammatory
processes (65). Similarly, excessive activation of the inflam-
masome has also been shown to play a critical role in the
innate immune response against cigarette smoke-induced nox-
ious stimuli in the lung tissue (66). Consequently, increased
levels of various cytokines (such as IL-1β, IL-6, IL-8, MCP-
1), macrophage inflammatory protein (MIP) 1α, regulated on
activation normal T-cell expressed and secreted (RANTES),
TNF-α, IL-12(p40), and IL-17 can be found in the BAL of
long-term smokers (67). In addition, extracellular signal-regu-
lated kinase signaling and increased p38MAPK in airway
epithelial cells induces the expression of a variety of metallo-
proteases (MMPs), such as MMP9 and MMP12, and surfac-
tant protein D, which can be also found in higher quantities in
the lungs of long-term smokers (68,69) (Figure 2).

Cell damage, DAMP release, and the expression of
chemokines are all triggers of immune cell invasion into the
pulmonary system. Consequently, tissue resident or circulat-
ing macrophages, neutrophils, dendritic cells, and lympho-
cytes are activated and infiltrate the alveolar tissue. In particu-
lar, alveolar macrophages play a key role in the progression of
lung inflammation by producing cytokines and various
MMPs, such as MMP-1, MMP-2, MMP-9, MMP-12, and
MMP-14 (68,70). CD4+ and CD8+ T cells increase dramati-
cally in the lungs of long-term smokers. Shifting toward a
type 1 profile, these cells produces large amounts of IFN-γ,
and release perforins and granzyme. In response to the mas-
sive accumulation of leukocytes, various inflammatory
cytokines, such as IL-1α, IL-5, IL-6, and IL-18, as well as the
chemokine monocyte chemotactic protein-1 and -3,

macrophage inflammatory protein-1α, MIP-1β, MIP-1γ, MIP-
2, MIP-3β, macrophage defined chemokine, granulocyte
chemotactic protein-2, and interferon-γ–inducible protein-10
are increased in lung tissue of smoke-exposed mice (69,71).
As a response, the accumulation of FoxP3 T regulatory cells
in lungs is suggested to be a countermeasure to control the
inflammation. Beside this direct disturbance of the pulmonary
immune equilibrium, cell damage and the chronically activat-
ed immune system lead to a compromised immune status that
is amplified by an increased mucosal permeability (69). Con-
sequently, opportunistic pathogens cause infections in smok-
ers, forcing inflammatory processes. In the long run, cellular
damage leads to small airway remodeling in long-term smok-
ers, which is characterized by mucus cell hyperplasia and
peribronchiolar fibrosis, as well as increased airway smooth
muscle mass (72).

Regarding the systemic inflammation of long-term cigarette
smokers, it is hypothesized that these primarily local inflam-
matory processes in the pulmonary system tend to spill-over
into the systemic circulation that serves as a mode of transit
for inflammatory signals throughout the body. Thus, inflam-
mation is suggested to be the main driver of pathophysiologic
and degenerative processes in other tissues (Figure 2). In
addition, smoke pollutants have been shown to directly cross
through the alveolus-capillary interface. The particulate phase
of cigarette smoke contains various lipophilic components,
which are able to pass the lipid bilayer of the respiratory
membranes, and therefore spread through the systemic blood-
stream. Hence, these particles directly target specific organs
where they might be recognized by receptors of the innate

Figures 2: Illustration about cigarette-induced induction of oxidative stress and inflammation in airway epithelial cells (AECs) and the character-
istics of extrapulmonary manifestations of inflammatory signals from the pulmonary system to brain, muscle, and cardiac tissue (TLR4 = Toll-like
receptor-4, DAMPs= damage-associated molecular patterns, MMP=matrix metalloproteases, ROS= reactive oxygen species). 
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immune system that initiate inflammatory signaling cascades
through NF-κB activation (63,73).

3.2. Systemic inflammation during cigarette smoking
Acute cigarette smoking is followed by a temporary increase
of systemic markers of oxidative stress, inflammation, and
thrombosis, indicated by increased thiobarbituric acid reactive
substances (TBARS), neutrophil elastase, leukotrienes, and
leukocytes. In long-term smokers, these acute inflammatory
processes induce tissue damage and turn into chronic inflam-
matory processes. (74,75). Lymphocytes turn into an activated
phenotype indicated by an elevated expression of adhesion
molecules, such as ICAM-1, VCAM-1, and E-selectin, which
mediate the migration into the bronchoalveolar system or
other tissues (76). These molecules can also be found in ele-
vated quantities in their soluble form in heavy smokers (71).
Regarding cytokines, the smoke-induced systemic low-grade
inflammation is characterized by chronically elevated levels
of markers for inflammation, tissue deterioration, and coagu-
lation, such as C-reactive protein (CRP), TNF-α, von Wille-
brand factor, tissue inhibitor of metalloproteinases 1 (TIMP-
1), factor VII, and fibrinogen (77).

The chronical enhancement of inflammation and oxidative
stress in the blood, as well as some soluble components of
cigarette smoke, disturb the function of endothelial cells. On
the one hand, chronic inflammatory signals reduce nitric
oxide (NO) production and vascular compliance, and are fol-
lowed by aberrant interactions between endothelial and
immune cells resulting from an increased expression of adhe-
sion molecules. On the other hand, free radical formation
from components of cigarette smoke and the activation of
endogenous sources of free radicals such as uncoupled NOS,
xanthine oxidase, and NADPH oxidase, further decrease NO
availability, increasing coagulative factors and lipid peroxi-
dation (75).  Oxidative stress and inflammation are primary
inducers of endothelial dysfunction, which represents an
early hallmark in the development of atherosclerosis. Hence,
after long-term smoking, dysfunctional endothelial cells
express lower levels of prostacyclin, thrombomodulin, and
tissue plasminogen activator (tPA), while expression levels of
endothelin-1, angiotensin II, plasminogen activator inhibitor-
1 (PAI-1), and von Willebrand factor (vWF) are increased
(70,78).

In vitro studies proved that cigarette smoke also induces apop-
tosis, autophagic cell death, and necrosis in endothelial cells.
In this regard, cigarette smoking decreases p53 and Bcl-2
expression, disrupts the vascular endothelial growth factor-
(VEGF) and fluid shear stress-mediated VEGFR2/phospho-
inositide 3-kinase (PI3K) signaling pathway, and reduces the
cytochrome-c oxidase II expression through aberrant DNA
methylation. Further vascular damage induced by excessive
apoptosis was also shown to be initiated by a p53-independent
caspase-3 activating pathways and protein carbonylation,
which is caused by reactive oxygen species in cigarette smok-
ing (79–81).

3.3. Effects of smoking on other organs and tissues
Toxic effects of cigarette smoke on the myocardium have
been proven experimentally as well as clinically. It was

demonstrated that smoking promotes neutrophil infiltration in
the myocardium, alters T cell function, and causes DNA
adducts in the myocardium (82) (Figure 2). Due to increased
oxidative stress, ROS-sensitive signal transduction pathways
(such as MAPKs) and various transcription factors (including
NF-κB), are activated. This results in an aberrant cytokine
profile (83,84). Gene analysis of the hearts of mice revealed
an upregulation of the xenobiotic-metabolizing enzyme
cytochrome P-450 1A1, and a downregulation of PAI-1, rep-
resenting a key gene involved in fibrinolysis. These inflam-
matory processes are suggested to increase the risk for several
diseases of the cardiovascular system in human smokers as
well (85,86).

The muscles of smoke-exposed mice exhibited an increased
expression of inflammatory cytokines, such as TNF-α and IL-
1β (73). Furthermore, chronical exposure to cigarette smoke
reduces muscle capillary-to-fiber ratio (76). Oxidative stress
and inflammatory signals have been shown to activate the
ubiquitin proteasome system, inhibit mitochondrial biogene-
sis, and reduce activation of the anabolic signaling pathways,
such as the protein kinase B (Akt) and rapamycin (mTOR)
pathways. Consequently, protein balance turns towards an
enhanced degradation leading to muscle wasting, a reduced
percentage of type I fiber, a lower muscle fiber cross-sectional
area, and decreased muscle oxidative activity (73,87).

With regard to oxidative stress and inflammation, atheroscle-
rosis and vascular brain lesions share similar pathological fea-
tures (Figure 2). Accordingly, a higher expression of VEGF,
ICAM-1, IL-8, and nuclear factor (erythroid-derived 2)-like 2
(Nrf2) was also observed in cultured brain endothelial cells in
response to smoke exposure (88). Cigarette smoke extracts
induced heme oxygenase-1 (HO-1) expression mediated by
the phosphatidolcholine phosopholipase C (PC-PLC)/protein
kinase Cδ (PKCδ)/NADPH oxidase-dependent pathway and
the platelet-derived growth factor receptor
(PDGFR)/PI3K/Akt pathway (70). In rat brains exposed to
cigarette smoke, endothelin-1 levels decreased, which is sug-
gested an effect on hemodynamic responses (89). Since oxida-
tive stress is known to play an important role in the pathogen-
esis of ischemic brain injury, cigarette smoking is associated
with various cerebrovascular-related diseases, in particular,
smoking is a risk factor for stroke (90).

Moreover, cigarette smoke negatively affected endothelial
tight junctions, which was proved in animal experiments, and
negatively affects the viability of the blood-brain-barrier.
Smoke-induced neuroinflammation was confirmed by various
in vivo studies using mouse and rat models. Mice exposed to
cigarette smoke showed higher levels of ROS, induction of
lipid peroxidation, activation of the transcription factors NF-
κB and AP-1, as well as activation of MAPK, including JNK,
ERK, p38, and COX -2 in various regions of the brain (90). In
parallel, cigarette smoke altered enzymatic antioxidant
defenses by reducing superoxide dismutase (SOD) as well as
catalase and increasing glutathione S-transferase (GST) activ-
ity in rat brains. These alterations favor the proteolytic degra-
dation of αII-spectrin through caspase-3 and the dephosphory-
lation of phosphoproteins enriched in astrocytes-15 (PEA-15),
both indicating apoptotic cell death (91).
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4. DIFFERENCES IN SMOKE-
INDUCED INFLAMMATION AND

INFLAMMATION DURING OBESITY 
Both cigarette smoke and obesity-induced inflammation initi-
ate a local inflammatory response, culminating in the recruit-
ment of immune cells to the tissue in a feedback response try-
ing to decrease this initial inflammation and avoid an exacer-
bation (77,92). While the source of inflammation in obese
subjects seems to mainly be the visceral adipose tissue,
inflammation after cigarette smoking originates in the pul-
monary system. Accordingly, both inflammatory conditions
represent risk factors for partly overlapping sets of diseases
such as cardiovascular diseases, rheumatoid arthritis, hyper-
tension, muscle wasting, and depressive disorders. However,
there is a difference in other specific comorbidities (Figure 3).
Regarding lung cancer, the proportion of cases attributable to
smoking is estimated to about 90 percent in countries with a
history of tobacco smoking. Similarly, smoking accounts for
at least eight of ten COPD-related deaths (93), and the preva-
lence of tobacco use in idiopathic pulmonary fibrosis (IPF) is
estimated in ranges from 41-83%  (94). However, there are
several other smoke-related diseases, such as coronary heart
disease (CHD) or stroke, which at least partly progress due to
the distribution of small particles and noxious gases through-
out the body, directly triggering inflammatory processes. In
contrast, obesity represents a specific risk factor for dyslipi-
demia, diabetes mellitus type II, various liver diseases (such
as NAFLD), and certain cancers (such as colorectal and
prostate cancer in men and endometrial, breast, and gallblad-
der cancer in women). However, both inflammatory condi-
tions (i.e., obesity and long-term cigarette smoking) are char-
acterized by a vicious cycle of local signals of cellular stress,
inflammation, progressive immune cell infiltration, and the

release of inflammatory cytokines and chemokines, leading to
a spill-over into the circulation system. Subsequently, inflam-
matory processes target other tissues, which might account for
various comorbidities. Obese smokers who combine both
inflammatory disorders have been shown to have increased
morbidity and mortality (73,92).

In the long-run, both obesity-induced inflammation and ciga-
rette smoke-induced inflammation, are suggested to impair
immune competence against invading pathogens. This condi-
tion of chronic immunosuppression seems to be much more
pronounced in smokers due to significant impairment of the
pulmonary barrier function (95). In obese patients, Neidich
and collaborators (96) reported an increased risk of influenza
among vaccinated adults who are obese, suggesting dysfunc-
tional immunity. For both inflammatory conditions, it is sug-
gested that chronic immune activation is a driver of
immunosenescence. Accordingly, systemic inflammation was
demonstrated to be a key element of the immune risk profile
during aging, because chronic activation promotes the accu-
mulation of senescent T cells that show a reduced reactivity
against new invading pathogens (97).

While the pathogenesis of both inflammatory disorders have
several features in common, there are also distinct differences
in their development, extent, and the progression of immune
activation (Figure 3). During cigarette smoking, the chronic
exposure to toxic substances and inhaled particles seem to be
important effectors of oxidative stress (75). Resulting severe
cellular damage affects the function and integrity of airway
epithelial cells (63). Subsequently, an important concomitant
effect of cigarette smoke-induced inflammation is the signifi-
cant increase of proteolytic peptidases, such as MMPs, which

Figure 3: Specific inflammatory characteristics of cigarette smoke-induced inflammation (left), obesity-associated inflammation (right), and
inflammatory characteristics both have in common (middle). 
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indicate progressive tissue deterioration and degradation. The
resulting repair and remodeling processes induce fibrosis and
the formation of excess fibrous connective tissue (68,69).
Obesity is also accompanied by fibrotic process that occur in
subcutaneous adipose tissue. The increase in collagen and
extracellular matrix components induce an early insulin resist-
ance and worsen the inflammation and cellular stress by
reducing the adipocytes hypertrophy capacity (98). Adipose
tissue fibrosis is strongly correlated with other obesity-associ-
ated comorbidities. Higher levels of fibrosis are found in a
genetic model of lipodystrophy. These mice showed the same
imbalance regarding insulin sensitivity, inflammation, and
macrophage infiltration as found in obesity (99).

Another important feature of cigarette smoking is an
enhanced platelet reactivity and increased blood coagulation,
indicating an increased risk for thrombosis, peripheral artery
occlusive disease (PAOD), and cardiovascular diseases (100).
Since inflammatory processes in COPD patients often
progress even after the cessation of smoking, and a combined
accumulation of Th17 cells is observed in such cases, there
are ongoing discussions concerning autoimmunity processes
as potential drivers of disease progression in these cases
(101).

An additional salient dissimilarity between cigarette smoking
and obesity is that obesity is primarily characterized by meta-
bolic disturbances. The greater accumulation of fatty acids
within adipocytes changes the cell metabolic profile, increas-
ing lipolysis and free fatty acids, which activate stress signals,
inflammatory processes, and the production of inflammatory
mediators by metabolic cells with secondary chemoattraction
of immune cell infiltration (102). 

An important pathway involved in this process is TLR4 sig-
naling, since it is strongly activated by LPS and is required for
free fatty acid-induced inflammation, which are both
increased in obese subjects. The NRLP3 inflammasome also
plays an important role in obesity-induced inflammation.
Both TLR4, as well as NRLP3, can impair mitochondrial
function in white adipose tissue adipocytes (103) and increase
pro-inflammatory cytokine release. TLR4 activation in
immune cells drives the cells to a pro-inflammatory pheno-
type exacerbating the tissue inflammation. Moreover, in the
cross-talk between adipocytes and infiltrating immune cells,
TLR4 upregulates MMP-1 expression in adipose tissue by
increasing its expression in immune cells. This may con-
tribute to the pathogenesis of obesity-induced inflammation
(104). Similarly, cigarette smoke condensate has been shown
to induce a macrophage pro-inflammatory response in vitro,
which was dependent on MyD88, IL-1R1, and TLR4 signal-
ing (105). In contrast to obesity, this pathway is not attributa-
ble to LPS. Instead, heat shock protein 70, which is also a
TLR4 agonist, induces immune processes in the airways upon
smoke exposure, which probably activates the innate immune
system through TLR4/MyD88, resulting in airway inflamma-
tion (105).

Regarding molecular signaling, both smoke- and obesity-
induced inflammation involve increased ER stress, followed
by the activation of the innate immune response, which main-

ly affects adipocytes during obesity and airway epithelial cells
in smokers (65,106). Similarly, both conditions are character-
ized by the activation of the NLRP3 inflammasome that is
suggested to be an important driver of the pathogenesis of the
specific diseases (66).

5. ANTI-INFLAMMATORY EFFECTS OF
EXERCISE

It is well established that an active lifestyle can mitigate or
counter the development of many metabolic and inflammato-
ry diseases. For both obese patients and patients with pul-
monary diseases, exercise training is an effective non-pharma-
cological treatment strategy. Exercise therapy increases
strength, endurance capacity, and various quality of life
scores. Recent studies provided evidence that regular and
moderate exercise exerts protective effects due to its immune-
regulating properties. In this regard, observational and inter-
ventional studies have shown that regular exercise training is
able to reduce circulating inflammatory markers in healthy
and diseased individuals (107). Due to the differences in the
inflammatory pathogenesis of both diseases, the immune-reg-
ulating effects of exercise may differ between them. These
differences might at least have implications for the type,
impact, and success of exercise as a treatment strategy for
these chronic inflammatory diseases. 

5.1. Immune-regulatory effects of exercise during obesity 
Since obesity is a metabolic disease caused by exacerbated fat
accumulation, alterations in metabolic pathways, and activa-
tion of inflammatory pathways, strategies to increase fat oxi-
dation, restore metabolism homeostasis, and decrease inflam-
mation have achieved success in obesity treatment.

Several studies, in humans and rodents, provide evidence that
regular exercise can decrease fat mass accumulation (77),
even after high fat-diet feeding. The exercise-induced loss of
body fat is associated with the improvement of many obesity-
related disorders, such as insulin resistance, cardiovascular
disease, and NASH (46).

The metabolic improvement in obese subjects resulting from
exercise could be explained on the one hand by increases in
fatty acid mobilization in adipose tissue, leading to a reduc-
tion in cellular stress. These fatty acids are, therefore, oxi-
dized by skeletal muscle to produce energy, which decreases
the “toxic” free fatty acids in circulation. 

Exercise training has also been shown to reduce adipose tissue
inflammation. Three months of an aerobic exercise program
decreased IL-6 and TNF-α protein expression in the subcuta-
neous adipose tissue of diabetic and non-diabetic obese
patients (108). The main mechanisms behind this anti-inflam-
matory role of exercise include a reduction in immune cell
infiltration and a shift in the pro-inflammatory profile (found
in obese adipose tissue) to an anti-inflammatory one (found in
lean adipose tissue). Human studies have found that exercise
training can decrease M1 markers in circulating monocytes
and increase M2 expression. Eight weeks of low-intensity
exercise training was sufficient to increase CD14 and AMAC-
1 (M2 markers) gene expression and decrease CXCL2 in the
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peripheral blood mononuclear cells of sedentary individuals
(109). A short-term period (two weeks) of moderate-intensity
continuous training reduced CCR2 and CXCR2 mRNA in cir-
culating monocytes from obese adults, while high-intensity
interval training increased CCR5 expression (110), suggesting
that moderate exercise provides anti-inflammatory effects on
monocytes.

Furthermore, the aerobic training is able to modify adaptive
immune responses (111). The subsets of lymphocytes are
altered by acute or chronic exercise, and these alterations
depend on the intensity and duration of exercise, pre-exercise
status of training and energetic substrate availability. Athletes
who exercise at higher intensity and for long durations (e.g.,
marathoners, triathletes and cyclists) showed increased in
Treg lymphocytes in the systemic circulation (112). More-
over, CD4+ T cells positive to TGF-β and IL-10 were
increased in marathon runners (113).

In studies with animals, Kawanishi and collaborators (114)
found that twelve weeks of treadmill exercise in obese mice
reduced adipose tissue TNF-α and IL-6 gene expression, fol-
lowed by a reduction in the percentage and the number of
macrophages and CD8 T cells in the stromal vascular fraction
(SVF). These macrophages also presented a decreased CD11c
surface expression, which represents a marker of M1
macrophages (114). Similarly, four months of exercise train-
ing reduced adipose tissue inflammation, macrophage infiltra-
tion, and increased gene expression of CD163 – a marker for
M2 macrophages (115). This suggests that exercise can
decrease a macrophage inflammatory phenotype, as well as
decrease macrophage infiltration, which restored the obesity-
induced adipose tissue inflammation. In a recent paper, our
group demonstrated that 8 weeks of treadmill training (60 min
at 60% of maximal velocity, 5 days a week) was able to
induce the M2 phenotype in macrophages from subcutaneous
adipose tissue, even in those mice lacking PPARγ in the
myeloid cell lineage (116). PPARγ is one of the main regula-
tory nuclear transcription factors for M2 cells. In this study,
we also observed an increase in IL-10 production by stimulat-
ed peritoneal macrophages from trained mice (116). These
findings indicate that exercise can induce an anti-inflammato-
ry response in macrophages by mechanisms independent of
PPARγ. 

Studies on animals fed a high-fat diet showed that endurance
exercise training decreased expression of TLR-4 in mono-
cytes, adipose tissue, and bone-marrow-derived macrophages,
followed by a reduced TLR-4/MyD88 interaction (117).
Humans studies revealed that obese people submitted to an
exercise program showed low levels of TLR-4 in peripheral-
blood mononuclear cells (117). A short-term program (two
weeks) of both intense and moderate exercise decreased
TLR4 expression in the circulating leucocytes of sedentary
adults (118).

Targeting TLR-4 is an important step to control NF-κB activa-
tion and pro-inflammatory cytokine transcription, which rep-
resents an important pathway for obesity-induced insulin
resistance. Several studies have reported that different types
of exercise can inhibit the activation of the NF-κB pathway,

followed by decreased inflammation and restored insulin sig-
naling (119). Moreover, exercise training decreases endotox-
aemia by improving gut barrier function (120). LPS is the
most potent TLR-4 ligand, decreasing the LPS concentration
in the serum implies an inhibition of TLR-4 signaling, thus
decreasing NF-κB activation.

These alterations in immune cells induced by exercise can be,
in part, modulated by muscle mass contraction. Pedersen and
collaborators (121) showed that during exercise muscle mass
increases the capacity to produce cytokines, indicating that
muscle is an important immune-modulator organ. IL-6 is ele-
vated in serum after an acute bout of aerobic exercise. Mus-
cle-derived IL-6, together with IL-10 and IL-1ra expression
by leukocytes, represent important anti-inflammatory
cytokines that inhibit IL-1 and TNF-a signaling and improve
insulin sensitivity. Moreover, IL-6 has been shown to enhance
lipolysis and fatty acid oxidation in the muscle and adipose
tissue, as well as increase glucose uptake in an AMPK-depen-
dent manner (3).

IL-15, which is upregulated in the skeletal muscle of trained
people (122), may also play a role in reducing fat mass. It
reduced visceral fat in mice (123). Plasma levels of IL-15 are
inversely correlated with visceral fat amount in obese people
(123). Furthermore, IL-15 induces different NK and T cell
subtype differentiation, and inhibits cell apoptosis (124,125).

5.2. Anti-inflammatory effects of exercise after smoke
exposure 

Despite the ever increasing number of patients suffering from
smoke-induced diseases such as COPD, current treatments
can only decelerate, not prevent, the progression of the dis-
eases (126). Often, these patients are limited in their ability to
perform exercises. However, after some weeks of exercise
training, they benefit by improving their strength, cardiopul-
monary fitness, and quality of life. In response to regular
physical activity, some human and murine studies also proved
immune-regulating effects. In humans, a reduction of sys-
temic CRP and IL-6 levels in response to physical activity has
been shown (127). In smoke-exposed mice, regular treadmill
running was followed by lower levels of inflammatory,
chemoattractive, and coagulative proteins in the blood (73).
Regarding blood coagulation, a reduction of von Willebrand
factor and Factor VII has been shown. Similarly, a reduced
surface expression of adhesion molecules on circulating lym-
phocytes such as VCAM-1, ICAM-1 and CD62L, has been
shown after regular treadmill running. In parallel, several
inflammatory cytokines such as IL-1α, MCP-3, MIP1β, MIP-
1α, and CD40L decreased after exercise in plasma. Exercise
also decreased the rate of leucine appearance, suggesting an
attenuation of accelerated whole-body protein breakdown in
patients with COPD (128). 

Physical training does not improve lung function in patients
with COPD. Accordingly, increased cardiorespiratory fitness
is mainly attributed to improvements of muscle and cardiac
function. Animal studies suggest that regular exercise training
is able to at least partly reduce lung inflammation and deceler-
ate the remodeling of lung tissue. Indeed, exercise increased
Th1 responses and suppressed Th2 cytokine levels in the
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lungs of mice after smoke exposure (129). These immune-reg-
ulating effects might be due to an increased antioxidant
defense after training, which was demonstrated by a reduction
of oxidative stress markers (130). Prior exercise training has
been shown to alleviate markers of lung inflammation and
lung remodeling induced by subsequent exposure to environ-
mental cigarette smoke. Accordingly, a significant reduction
of inflammatory cell infiltration, cytokines, chemokines,
adhesion molecules, activation of NF-κB was demonstrated,
accompanied by a reduced bronchoalveolar-capillary perme-
ability and epithelial thickening (131).

There are only limited data available about the effects of exer-
cise on the endothelium in smokers. In mice it was shown that
exercise is able to reverse peripheral endothelial dysfunction
after smoke exposure by increasing maximal endothelium-
dependent dilation. In parallel, protein expression of phospho-
rylated eNOS was increased in the aorta of trained mice (132).
Endothelial dysfunction and cardiac dysfunction are strongly
connected. Accordingly, it is assumed that the protective
effects of exercise towards the endothelium might also be car-
dioprotective (133,134). Bowen et al. (132) proved that right
ventricular dysfunction after smoke exposure can be reversed
by exercise training, while the underlying mechanisms are not
known. Exercise training has been shown to reverse various
aspects of muscle wasting after long-term smoking. In the
muscle of smoke-exposed mice, a decrease in inflammatory
signals such as TNF-α and IL-1β on RNA level has been
reported after training (73). The anti-inflammatory effects are
suggested to involve blunting of the activation of catabolic
pathways, such as the ubiquitin proteasome system. In this

context, exercise decreased FoxO1 phosphorylation, reduced
the expression of atrogin-1 and MuRF-1, and abrogated the
expression of protein catabolic E3 ligases in muscle, which
are considered key factors in myofibrillar protein breakdown
via the ubiquitin proteasome system. Similarly, exercise
increases anabolic signaling after smoke exposure by increas-
ing IGF-1 signaling and activation of the Akt–mTOR–path-
way in muscle tissue. Exercise stimulates the metabolic
capacities of muscles after smoke exposure. Thus, an
increased expression of genes involved in fatty acid transport
into the mitochondrial matrix and an increase of glucose
uptake was observed in smoke exposed of mice after training
(73).

6. DIFFERENTIAL IMMUNOLOGIC 
REGULATION OF EXERCISE DURING

OBESITY AND AFTER SMOKE EXPOSURE
The impact of exercise training as a therapeutic strategy for
obese patients excluded this patients or for patients with pul-
monary diseases might at first be strongly dependent on the
progression or pathologic stage of the disease. However, in
the wide array of smoke-induced pulmonary diseases the
effects of therapeutic training are limited. On the one hand,
COPD patients at least patients in stage III or IV⎯are only
able to take part in effective types of exercise training pro-
grams in a limited fashion (135). On the other hand, exercise
has neither the potential to regenerate lung tissue nor to
improve lung function significantly (129). Instead, regular
exercise training mainly alters the function of peripheral tis-
sues such as cardiac function or muscles. Some studies have

Figure 4: Specific effects of regular exercise training on cigarette smoke-induced inflammation (left side) and obesity associated inflammation
(right side) and common effects (middle).
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demonstrated muscular dysfunction, indicated by anabolic
resistance, in response to training (136). However, this
process might depend on the progress of the disease, because
there is also some evidence for a reduction of inflammation
and oxidative stress followed by increased activation of ana-
bolic signals, decrease of catabolic pathways, strength, and
endurance capacity (73). Regarding tissue degradation, it is
suggested that the immune-regulating effects of exercise
mainly decelerate or stabilize the level progression of cellular
damage and fibrosis (73,92) (Figure 4). 

During obesity, however, exercise appears to have a much
more pronounced effect. Since obesity is characterized by
strong metabolic alterations in adipose tissue and other organs,
many pathways are involved in obesity-induced inflammation,
thus exercise can act in different ways to restore body home-
ostasis and reduce inflammatory responses. Exercise training
induces fatty acid oxidation, which reduces free fatty acids.
Moreover, trained human and rodents presented lower LPS
concentration in the serum (137,138). Combining these factors
culminates in a decrease of TLR4 and NLRP3 activation,
which reduces immune cell infiltration into the adipose tissue,
inhibits the pro-inflammatory phenotype and decreases local
and systemic inflammation (139). Furthermore, exercise can
restore glucose homeostasis and insulin sensitivity in many
different organs and tissues. Recent work reported that adi-
pose-specific insulin resistance increases MCP-1 expression
and M1 macrophage infiltration into the adipose tissue (140).
Therefore, restoring insulin signaling is an important pathway
to decreasing obesity-induced inflammation (Figure 4).

Several studies have reported that the effects of exercise on
obesity are independent of an alterations in fat mass index or
high-fat diet consumption (114,115,141). In many studies,
there is no nutritional intervention; they only add exercise to
the routine, and the effects include reduced inflammation,
restored glucose and insulin signaling, and decreased obesity-
associated comorbidities (46,141). So, many years of research
in the obesity field lead us to believe that the problem facing
Western society is not the high consumption of fat by itself,
but the combination of this with a sedentary lifestyle
(142,143). In contrast, smoke-induced inflammation develops
independently of a sedentary lifestyle. There is no consistent
association between physical inactivity and pulmonary func-
tion in adult smokers (144). Accordingly, regular smoking is
suggested to represent an inflammatory trigger that cannot be
completely compensated for by regular exercise. Consequent-
ly, smoking history and smoking cessation should be given
special attention in prevention and therapeutic strategies. 

7. CONCLUSION 
Inflammation during obesity or after cigarette smoking has
several aspects in common, but there are also distinct differ-
ences in their pathogenesis. Accordingly, it is reasonable to
talk about an obesity-type of chronic low-grade inflammation
and a cigarette smoke-type of systemic inflammation. Dis-
ease-specific severity, localization, and tissue-specific
immunologic signaling pathways reflect some of the main dif-
ferences between both inflammatory diseases. Downstream,
smoking and obesity share some hallmarks of inflammation

that affect the risk for various inflammatory comorbidities,
such as cardiovascular disease and rheumatoid arthritis (2). It
is worth mentioning that there is a proportion of patients who
combine obesity and smoking, and the interaction between
both resulting inflammatory processes increases the overall
risk for morbidity and mortality. Regarding the immune-regu-
lating effects of exercise, it is important the note that exercise
training represents a holistic therapeutic approach that affects
both local as well as systemic inflammatory processes in
obese patients and long-term cigarette smokers. However, in
cases of advanced pulmonary damage after long-term ciga-
rette smoking, the immunological effects of therapeutic exer-
cise are limited, which makes it important to start therapeutic
training as soon as possible. 

Accordingly, exercise training represents an integrated thera-
peutic approach with only limited negative side effects (145).
But due to the distinctive differences between obesity and cig-
arette smoking, future studies should consider investigating
the immune-regulating exercise strategies that more specifi-
cally target disease-specific inflammation. 

8. REFERENCES

1. Duncan BB, Schmidt MI, Pankow JS, Ballantyne CM, Couper
D, Vigo A, et al. Low-grade systemic inflammation and the
development of type 2 diabetes: the atherosclerosis risk in
communities study. Diabetes. 2003 Jul;52(7):1799–805. 

2. de Hair MJH, Landewé RBM, van de Sande MGH, van
Schaardenburg D, van Baarsen LGM, Gerlag DM, et al.
Smoking and overweight determine the likelihood of develop-
ing rheumatoid arthritis. Ann Rheum Dis. 2013
Oct;72(10):1654–8. 

3. Pedersen BK. Anti-inflammatory effects of exercise: role in
diabetes and cardiovascular disease. Eur J Clin Invest. 2017
Aug;47(8):600–11. 

4. Gea J, Casadevall C, Pascual S, Orozco-Levi M, Barreiro E.
Clinical management of chronic obstructive pulmonary dis-
ease patients with muscle dysfunction. J Thorac Dis. 2016
Nov;8(11):3379–400. 

5. GHO | By category | Prevalence of overweight among adults,
BMI ≥ 25, age-standardized - Estimates by WHO Region
[Internet]. [cited 2018 Sep 27]. Available from:
http://apps.who.int/gho/data/view.main.GLOBAL2461A?lang
=en

6. Peeters A, Barendregt JJ, Willekens F, Mackenbach JP, Al
Mamun A, Bonneux L, et al. Obesity in adulthood and its con-
sequences for life expectancy: a life-table analysis. Ann Intern
Med. 2003 Jan 7;138(1):24–32. 

7. Jimenez MP, Green MA, Subramanian SV, Razak F. A demo-
graphic, clinical, and behavioral typology of obesity in the
United States: an analysis of National Health and Nutrition
Examination Survey 2011-2012. Ann Epidemiol. 2018
Mar;28(3):175-181.e4. 

8. Spiegelman BM, Hotamisligil GS. Through thick and thin:
wasting, obesity, and TNF alpha. Cell. 1993 May
21;73(4):625–7. 

9. Hammond RA, Levine R. The economic impact of obesity in
the United States. Diabetes Metab Syndr Obes. 2010 Aug
30;3:285–95. 



Exercise in obesity and smoke immunoregulation •   43

EIR 25 2019

10. Unamuno X, Gómez-Ambrosi J, Rodríguez A, Becerril S,
Frühbeck G, Catalán V. Adipokine dysregulation and adipose
tissue inflammation in human obesity. Eur J Clin Invest. 2018
Sep;48(9):e12997. 

11. Lancaster GI, Febbraio MA. The immunomodulating role of
exercise in metabolic disease. Trends Immunol. 2014
Jun;35(6):262–9. 

12. Cox AJ, West NP, Cripps AW. Obesity, inflammation, and the
gut microbiota. Lancet Diabetes Endocrinol. 2015
Mar;3(3):207–15. 

13. Collins KH, Herzog W, MacDonald GZ, Reimer RA, Rios JL,
Smith IC, et al. Obesity, metabolic syndrome, and muscu-
loskeletal disease: Common inflammatory pathways suggest a
central role for loss of muscle integrity. Front Physiol.
2018;9:112. 

14. Fuentes E, Fuentes F, Vilahur G, Badimon L, Palomo I. Mech-
anisms of chronic state of inflammation as mediators that link
obese adipose tissue and metabolic syndrome. Mediators
Inflamm. 2013;2013:136584. 

15. Cinti S. Adipose organ development and remodeling. Compr
Physiol. 2018 Sep 14;8(4):1357–431. 

16. Mandal P, Pratt BT, Barnes M, McMullen MR, Nagy LE.
Molecular Mechanism for Adiponectin-dependent M2
Macrophage Polarization link between the metabolic and
innate immune activity of full-length adiponectin. J Biol
Chem. 2011 Apr 15;286(15):13460–9. 

17. Lira FS, Rosa JC, Pimentel GD, Seelaender M, Damaso AR,
Oyama LM, et al. Both adiponectin and interleukin-10 inhibit
LPS-induced activation of the NF-κB pathway in 3T3-L1
adipocytes. Cytokine. 2012 Jan;57(1):98–106. 

18. Wensveen FM, Valentić S, Šestan M, Turk Wensveen T, Polić
B. The “Big Bang” in obese fat: Events initiating obesity-
induced adipose tissue inflammation. Eur J Immunol. 2015
Sep;45(9):2446–56. 

19. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a pheno-
typic switch in adipose tissue macrophage polarization. J Clin
Invest. 2007 Jan;117(1):175–84. 

20. Miller AM, Asquith DL, Hueber AJ, Anderson LA, Holmes
WM, McKenzie AN, et al. Interleukin-33 induces protective
effects in adipose tissue inflammation during obesity in mice.
Circ Res. 2010 Sep 3;107(5):650–8. 

21. Teixeira AA de S, Lira FS, Pimentel GD, Oliveira de Souza C,
Batatinha H, Biondo LA, et al. Aerobic exercise modulates the
free fatty acids and inflammatory response during obesity and
cancer cachexia. Crit Rev Eukaryot Gene Expr.
2016;26(3):187–98. 

22. Klöting N, Blüher M. Adipocyte dysfunction, inflammation
and metabolic syndrome. Rev Endocr Metab Disord. 2014
Dec;15(4):277–87. 

23. Blüher M, Bashan N, Shai I, Harman-Boehm I, Tarnovscki T,
Avinaoch E, et al. Activated Ask1-MKK4-p38MAPK/JNK
stress signaling pathway in human omental fat tissue may link
macrophage infiltration to whole-body Insulin sensitivity. J
Clin Endocrinol Metab. 2009 Jul;94(7):2507–15. 

24. Verboven K, Wouters K, Gaens K, Hansen D, Bijnen M, Wet-
zels S, et al. Abdominal subcutaneous and visceral adipocyte
size, lipolysis and inflammation relate to insulin resistance in
male obese humans. Sci Rep. 2018 Mar 16;8(1):4677. 

25. Gregor MF, Hotamisligil GS. Inflammatory mechanisms in
obesity. Annu Rev Immunol. 2011;29:415–45. 

26. Martinon F, Gaide O, Pétrilli V, Mayor A, Tschopp J. NALP
inflammasomes: a central role in innate immunity. Semin
Immunopathol. 2007 Sep;29(3):213–29. 

27. Lee B-C, Lee J. Cellular and molecular players in adipose tis-
sue inflammation in the development of obesity-induced
insulin resistance. Biochim Biophys Acta. 2014
Mar;1842(3):446–62. 

28. Mathis D. Immunological goings-on in visceral adipose tissue.
Cell Metab. 2013 Jun 4;17(6):851–9. 

29. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL,
Ferrante AW. Obesity is associated with macrophage accumu-
lation in adipose tissue. J Clin Invest. 2003 Dec;112(12):1796–
808. 

30. Amano SU, Cohen JL, Vangala P, Tencerova M, Nicoloro SM,
Yawe JC, et al. Local proliferation of macrophages contributes
to obesity-associated adipose tissue inflammation. Cell Metab.
2014 Jan 7;19(1):162–71. 

31. Wouters K, Gaens K, Bijnen M, Verboven K, Jocken J, Wet-
zels S, et al. Circulating classical monocytes are associated
with CD11c+ macrophages in human visceral adipose tissue.
Sci Rep. 2017 15;7:42665. 

32. Patsouris D, Li P-P, Thapar D, Chapman J, Olefsky JM, Neels
JG. Ablation of CD11c-positive cells normalizes insulin sensi-
tivity in obese insulin resistant animals. Cell Metab. 2008
Oct;8(4):301–9. 

33. Bijnen M, Josefs T, Cuijpers I, Maalsen CJ, van de Gaar J,
Vroomen M, et al. Adipose tissue macrophages induce hepatic
neutrophil recruitment and macrophage accumulation in mice.
Gut. 2018;67(7):1317–27. 

34. Mogensen TH. Pathogen recognition and inflammatory signal-
ing in innate immune defenses. Clin Microbiol Rev. 2009
Apr;22(2):240–73. 

35. Orr JS, Puglisi MJ, Ellacott KLJ, Lumeng CN, Wasserman
DH, Hasty AH. Toll-like receptor 4 deficiency promotes the
alternative activation of adipose tissue macrophages. Diabetes.
2012 Nov;61(11):2718–27. 

36. Griffin C, Eter L, Lanzetta N, Abrishami S, Varghese M, McK-
ernan K, et al. TLR4, TRIF, and MyD88 are essential for
myelopoiesis and CD11c+ adipose tissue macrophage produc-
tion in obese mice. J Biol Chem. 2018 Jun 8;293(23):8775–86. 

37. Singer K, DelProposto J, Morris DL, Zamarron B, Mergian T,
Maley N, et al. Diet-induced obesity promotes myelopoiesis in
hematopoietic stem cells. Mol Metab. 2014 Sep;3(6):664–75. 

38. Razolli DS, Moraes JC, Morari J, Moura RF, Vinolo MA, Vel-
loso LA. TLR4 expression in bone marrow-derived cells is
both necessary and sufficient to produce the insulin resistance
phenotype in diet-induced obesity. Endocrinology. 2015
Jan;156(1):103–13. 

39. Pierre N, Deldicque L, Barbé C, Naslain D, Cani PD, Fran-
caux M. Toll-like receptor 4 knockout mice are protected
against endoplasmic reticulum stress induced by a high-fat
diet. PLoS ONE. 2013;8(5):e65061. 

40. Ghosh AK, O’Brien M, Mau T, Yung R. Toll-like receptor 4
(TLR4) deficient mice are protected from adipose tissue
inflammation in aging. Aging (Albany NY). 2017 Sep
7;9(9):1971–82. 

41. Lancaster GI, Langley KG, Berglund NA, Kammoun HL,
Reibe S, Estevez E, et al. Evidence that TLR4 is not a receptor
for saturated fatty acids but mediates lipid-induced inflamma-
tion by reprogramming macrophage metabolism. Cell Metab.
2018 May 1;27(5):1096-1110.e5. 



44 •   Exercise in obesity and smoke immunoregulation

EIR 25 2019

42. Pendyala S, Walker JM, Holt PR. A high-fat diet is associated
with endotoxemia that originates from the gut. Gastroenterolo-
gy. 2012 May;142(5):1100-1101.e2. 

43. Genser L, Aguanno D, Soula HA, Dong L, Trystram L, Ass-
mann K, et al. Increased jejunal permeability in human obesity
is revealed by a lipid challenge and is linked to inflammation
and type 2 diabetes. J Pathol. 2018 Oct;246(2):217–30. 

44. Satapathy SK, Sanyal AJ. Epidemiology and natural history of
nonalcoholic fatty liver disease. Semin Liver Dis. 2015
Aug;35(3):221–35. 

45. de Souza CO, Teixeira AAS, Biondo LA, Lima Junior EA,
Batatinha HAP, Rosa Neto JC. Palmitoleic acid improves
metabolic functions in fatty liver by PPARα-dependent AMPK
activation. J Cell Physiol. 2017 Aug;232(8):2168–77. 

46. Batatinha HAP, Lima EA, Teixeira AAS, Souza CO, Biondo
LA, Silveira LS, et al. Association between aerobic exercise
and rosiglitazone avoided the NAFLD and liver inflammation
exacerbated in PPAR-α knockout mice. J Cell Physiol. 2017
May;232(5):1008–19. 

47. Tiniakos DG, Vos MB, Brunt EM. Nonalcoholic fatty liver dis-
ease: pathology and pathogenesis. Annu Rev Pathol.
2010;5:145–71. 

48. Ogawa Y, Imajo K, Honda Y, Kessoku T, Tomeno W, Kato S,
et al. Palmitate-induced lipotoxicity is crucial for the patho-
genesis of nonalcoholic fatty liver disease in cooperation with
gut-derived endotoxin. Sci Rep. 2018 Jul 27;8(1):11365. 

49. Ma C, Zhang Q, Greten TF. Nonalcoholic fatty liver disease
promotes hepatocellular carcinoma through direct and indirect
effects on hepatocytes. FEBS J. 2018 Feb;285(4):752–62. 

50. Park BS, Song DH, Kim HM, Choi B-S, Lee H, Lee J-O. The
structural basis of lipopolysaccharide recognition by the
TLR4-MD-2 complex. Nature. 2009 Apr 30;458(7242):1191–
5. 

51. Khan HA, Ahmad MZ, Khan JA, Arshad MI. Crosstalk of liver
immune cells and cell death mechanisms in different murine
models of liver injury and its clinical relevance. Hepatobiliary
Pancreatic Dis Int. 2017 Jun;16(3):245–56. 

52. de Souza CO, Valenzuela CA, Baker EJ, Miles EA, Rosa Neto
JC, Calder PC. Palmitoleic acid has stronger anti-inflammato-
ry potential in human endothelial cells compared to oleic and
palmitic acids. Mol Nutr Food Res. 2018 Aug 13;e1800322. 

53. Melo LG, Gnecchi M, Pachori AS, Kong D, Wang K, Liu X, et
al. Endothelium-targeted gene and cell-based therapies for car-
diovascular disease. Arterioscler Thromb Vasc Biol. 2004
Oct;24(10):1761–74. 

54. Artwohl M, Roden M, Waldhäusl W, Freudenthaler A, Baum-
gartner-Parzer SM. Free fatty acids trigger apoptosis and
inhibit cell cycle progression in human vascular endothelial
cells. FASEB J. 2004 Jan;18(1):146–8. 

55. Warfel JD, Bermudez EM, Mendoza TM, Ghosh S, Zhang J,
Elks CM, et al. Mitochondrial fat oxidation is essential for
lipid-induced inflammation in skeletal muscle in mice. Sci
Rep. 2016 28;6:37941. 

56. Morino K, Petersen KF, Sono S, Choi CS, Samuel VT, Lin A,
et al. Regulation of mitochondrial biogenesis by lipoprotein
lipase in muscle of insulin-resistant offspring of parents with
type 2 diabetes. Diabetes. 2012 Apr;61(4):877–87. 

57. Hussey SE, Lum H, Alvarez A, Cipriani Y, Garduño-Garcia J,
Anaya L, et al. A sustained increase in plasma NEFA upregu-
lates the Toll-like receptor network in human muscle. Dia-
betologia. 2014 Mar;57(3):582–91. 

58. Cialdella-Kam L, Ghosh S, Meaney MP, Knab AM, Shanely
RA, Nieman DC. Quercetin and green tea extract supplemen-
tation downregulates genes related to tissue inflammatory
responses to a 12-week high fat-diet in mice. Nutrients. 2017
Jul 19;9(7). 

59. Ng M, Freeman MK, Fleming TD, Robinson M, Dwyer-Lind-
gren L, Thomson B, et al. Smoking prevalence and cigarette
consumption in 187 countries, 1980-2012. JAMA. 2014 Jan
8;311(2):183–92. 

60. Edwards R. The problem of tobacco smoking. BMJ. 2004 Jan
24;328(7433):217–9. 

61. van der Vaart H, Postma DS, Timens W, ten Hacken NHT.
Acute effects of cigarette smoke on inflammation and oxida-
tive stress: a review. Thorax. 2004 Aug;59(8):713–21. 

62. Pauwels RA, Buist AS, Ma P, Jenkins CR, Hurd SS, GOLD
Scientific Committee. Global strategy for the diagnosis, man-
agement, and prevention of chronic obstructive pulmonary dis-
ease: National heart, lung, and blood institute and world health
organization global initiative for chronic obstructive lung dis-
ease (GOLD): executive summary. Respir Care. 2001
Aug;46(8):798–825. 

63. Zhang J, Liu Y, Shi J, Larson DF, Watson RR. Side-stream cig-
arette smoke induces dose-response in systemic inflammatory
cytokine production and oxidative stress. Exp Biol Med (May-
wood). 2002 Oct;227(9):823–9. 

64. Pouwels SD, Hesse L, Faiz A, Lubbers J, Bodha PK, Ten
Hacken NHT, et al. Susceptibility for cigarette smoke-induced
DAMP release and DAMP-induced inflammation in COPD.
Am J Physiol Lung Cell Mol Physiol. 2016 01;311(5):L881–
92. 

65. Wang Y, Wu Z-Z, Wang W. Inhibition of endoplasmic reticu-
lum stress alleviates cigarette smoke-induced airway inflam-
mation and emphysema. Oncotarget. 2017 Sep
29;8(44):77685–95. 

66. Birrell MA, Eltom S. The role of the NLRP3 inflammasome in
the pathogenesis of airway disease. Pharmacol Ther. 2011
Jun;130(3):364–70. 

67. Crotty Alexander LE, Shin S, Hwang JH. Inflammatory Dis-
eases of the Lung Induced by Conventional Cigarette Smoke:
A Review. Chest. 2015 Nov;148(5):1307–22. 

68. Tang G-J, Wang H-Y, Wang J-Y, Lee C-C, Tseng H-W, Wu Y-
L, et al. Novel role of AMP-activated protein kinase signaling
in cigarette smoke induction of IL-8 in human lung epithelial
cells and lung inflammation in mice. Free Radic Biol Med.
2011 Jun 1;50(11):1492–502. 

69. Botelho FM, Gaschler GJ, Kianpour S, Zavitz CCJ, Trimble
NJ, Nikota JK, et al. Innate immune processes are sufficient
for driving cigarette smoke-induced inflammation in mice. Am
J Respir Cell Mol Biol. 2010 Apr;42(4):394–403. 

70. Shih R-H, Cheng S-E, Hsiao L-D, Kou YR, Yang C-M. Ciga-
rette smoke extract upregulates heme oxygenase-1 via
PKC/NADPH oxidase/ROS/PDGFR/PI3K/Akt pathway in
mouse brain endothelial cells. J Neuroinflammation. 2011 Aug
24;8:104. 

71. Rusznak C, Mills PR, Devalia JL, Sapsford RJ, Davies RJ,
Lozewicz S. Effect of cigarette smoke on the permeability and
IL-1beta and sICAM-1 release from cultured human bronchial
epithelial cells of never-smokers, smokers, and patients with
chronic obstructive pulmonary disease. Am J Respir Cell Mol
Biol. 2000 Oct;23(4):530–6. 



Exercise in obesity and smoke immunoregulation •   45

EIR 25 2019

72. Hogg JC, Timens W. The pathology of chronic obstructive pul-
monary disease. Annu Rev Pathol. 2009;4:435–59. 

73. Krüger K, Seimetz M, Ringseis R, Wilhelm J, Pichl A, Coutu-
rier A, et al. Exercise training reverses inflammation and mus-
cle wasting after tobacco smoke exposure. Am J Physiol Regul
Integr Comp Physiol. 2018 Mar 1;314(3):R366–76. 

74. Wannamethee SG, Lowe GDO, Shaper AG, Rumley A,
Lennon L, Whincup PH. Associations between cigarette smok-
ing, pipe/cigar smoking, and smoking cessation, and haemo-
static and inflammatory markers for cardiovascular disease.
Eur Heart J. 2005 Sep;26(17):1765–73. 

75. Liu J, Liang Q, Frost-Pineda K, Muhammad-Kah R, Rimmer
L, Roethig H, et al. Relationship between biomarkers of ciga-
rette smoke exposure and biomarkers of inflammation, oxida-
tive stress, and platelet activation in adult cigarette smokers.
Cancer Epidemiol Biomarkers Prev. 2011 Aug;20(8):1760–9. 

76. Krüger K, Dischereit G, Seimetz M, Wilhelm J, Weissmann N,
Mooren FC. Time course of cigarette smoke-induced changes
of systemic inflammation and muscle structure. Am J Physiol
Lung Cell Mol Physiol. 2015 Jul 15;309(2):L119-128. 

77. Krüger K, Mooren FC, Eder K, Ringseis R. Immune and
inflammatory signaling pathways in exercise and obesity. Am
J Lifestyle Med. 2016 Aug;10(4):268–79. 

78. Ribeiro F, Alves AJ, Duarte JA, Oliveira J. Is exercise training
an effective therapy targeting endothelial dysfunction and vas-
cular wall inflammation? Int J Cardiol. 2010 Jun
11;141(3):214–21. 

79. Yang Y-M, Liu G-T. Damaging effect of cigarette smoke
extract on primary cultured human umbilical vein endothelial
cells and its mechanism. Biomed Environ Sci. 2004
Jun;17(2):121–34. 

80. Edirisinghe I, Rahman I. Cigarette smoke-mediated oxidative
stress, shear stress, and endothelial dysfunction: role of
VEGFR2. Ann N Y Acad Sci. 2010 Aug;1203:66–72. 

81. Wang J, Wilcken DE, Wang XL. Cigarette smoke activates
caspase-3 to induce apoptosis of human umbilical venous
endothelial cells. Mol Genet Metab. 2001 Jan;72(1):82–8. 

82. Das A, Dey N, Ghosh A, Das S, Chattopadhyay DJ, Chatterjee
IB. Molecular and cellular mechanisms of cigarette smoke-
induced myocardial injury: prevention by vitamin C. PLoS
ONE. 2012;7(9):e44151. 

83. Zhou X, Li C, Xu W, Chen J. Protective effects of valsartan
against cigarette smoke-induced left ventricular systolic dys-
function in rats. Int J Cardiol. 2013 Aug 10;167(3):677–80. 

84. Khanna AK, Xu J, Mehra MR. Antioxidant N-acetyl cysteine
reverses cigarette smoke-induced myocardial infarction by
inhibiting inflammation and oxidative stress in a rat model.
Lab Invest. 2012 Feb;92(2):224–35. 

85. McCall MR, van den Berg JJ, Kuypers FA, Tribble DL, Krauss
RM, Knoff LJ, et al. Modification of LCAT activity and HDL
structure. New links between cigarette smoke and coronary
heart disease risk. Arterioscler Thromb. 1994 Feb;14(2):248–
53. 

86. Halappanavar S, Stampfli MR, Berndt-Weis L, Williams A,
Douglas GR, Yauk CL. Toxicogenomic analysis of mainstream
tobacco smoke-exposed mice reveals repression of plasmino-
gen activator inhibitor-1 gene in heart. Inhal Toxicol. 2009
Jan;21(1):78–85. 

87. Gea J, Agustí A, Roca J. Pathophysiology of muscle dysfunc-
tion in COPD. J Appl Physiol. 2013 May;114(9):1222–34. 

88. Prasad S, Sajja RK, Park JH, Naik P, Kaisar MA, Cucullo L.
Impact of cigarette smoke extract and hyperglycemic condi-
tions on blood-brain barrier endothelial cells. Fluids Barriers
CNS. 2015 Jul 24;12:18. 

89. Ohno N, Tanaka T, Kita T, Kubo K, Shimada K, Yonetani Y, et
al. Changes of brain endothelin levels and peripheral endothe-
lin receptors by chronic cigarette smoke in spontaneously
hypertensive rats. J Pharmacol Sci. 2004 Mar;94(3):287–96. 

90. Manna SK, Rangasamy T, Wise K, Sarkar S, Shishodia S,
Biswal S, et al. Long term environmental tobacco smoke acti-
vates nuclear transcription factor-kappa B, activator protein-1,
and stress responsive kinases in mouse brain. Biochem Phar-
macol. 2006 May 28;71(11):1602–9. 

91. Fuller BF, Gold MS, Wang KKW, Ottens AK. Effects of envi-
ronmental tobacco smoke on adult rat brain biochemistry. J
Mol Neurosci. 2010 May;41(1):165–71. 

92. Madani A, Alack K, Richter MJ, Krüger K. Immune-regulat-
ing effects of exercise on cigarette smoke-induced inflamma-
tion. J Inflamm Res. 2018;11:155–67. 

93. Pesch B, Kendzia B, Gustavsson P, Jöckel KH, Johnen G,
Pohlabeln H, et al. Cigarette smoking and lung cancer--rela-
tive risk estimates for the major histological types from a
pooled analysis of case-control studies. Int J Cancer. 2012 Sep
1;131(5):1210-9

94. Oh CK, Murray LA, Molfino NA. Smoking and idiopathic
pulmonary fibrosis. Pulm Med. 2012; 2012: 808260

95. Bhat TA, Panzica L, Kalathil SG, Thanavala Y. Immune dys-
function in patients with chronic obstructive pulmonary dis-
ease. Ann Am Thorac Soc. 2015 Nov;12 Suppl 2:S169-175. 

96. Neidich SD, Green WD, Rebeles J, Karlsson EA, Schultz-
Cherry S, Noah TL, et al. Increased risk of influenza among
vaccinated adults who are obese. Int J Obes (Lond). 2017
Sep;41(9):1324–30. 

97. Macaulay R, Akbar AN, Henson SM. The role of the T cell in
age-related inflammation. Age (Dordr). 2013 Jun;35(3):563–
72. 

98. Luo T, Nocon A, Fry J, Sherban A, Rui X, Jiang B, et al.
AMPK Activation by metformin suppresses abnormal extra-
cellular matrix remodeling in adipose tissue and ameliorates
insulin resistance in obesity. Diabetes. 2016;65(8):2295–310. 

99. Ohno H, Matsuzaka T, Tang N, Sharma R, Motomura K,
Shimura T, et al. Transgenic mice overexpressing srebp-1a in
male ob/ob mice exhibit lipodystrophy and exacerbate insulin
resistance. Endocrinology. 2018 Jun 1;159(6):2308–23. 

100. Park J-M, Chang K-H, Park K-H, Choi S-J, Lee K, Lee J-Y, et
al. Differential effects between cigarette total particulate mat-
ter and cigarette smoke extract on blood and blood vessel.
Toxicol Res. 2016 Oct;32(4):353–8. 

101. Ponce-Gallegos MA, Ramírez-Venegas A, Falfán-Valencia R.
Th17 profile in COPD exacerbations. Int J Chron Obstruct
Pulmon Dis. 2017;12:1857–65. 

102. Johnson AR, Milner JJ, Makowski L. The inflammation high-
way: metabolism accelerates inflammatory traffic in obesity.
Immunol Rev. 2012 Sep;249(1):218–38. 

103. Okla M, Zaher W, Alfayez M, Chung S. Inhibitory effects of
toll-like receptor 4, NLRP3 inflammasome, and interleukin-1β
on white adipocyte browning. Inflammation. 2018
Mar;41(2):626–42. 

104. Samuvel DJ, Jin J, Sundararaj KP, Li Y, Zhang X, Lopes-
Virella MF, et al. TLR4 activation and IL-6-mediated cross
talk between adipocytes and mononuclear cells synergistically



46 •   Exercise in obesity and smoke immunoregulation

EIR 25 2019

stimulate MMP-1 expression. Endocrinology. 2011
Dec;152(12):4662–71. 

105. Doz E, Noulin N, Boichot E, Guénon I, Fick L, Le Bert M, et
al. Cigarette smoke-induced pulmonary inflammation is
TLR4/MyD88 and IL-1R1/MyD88 signaling dependent. J
Immunol. 2008 Jan 15;180(2):1169–78. 

106. Kawasaki N, Asada R, Saito A, Kanemoto S, Imaizumi K.
Obesity-induced endoplasmic reticulum stress causes chronic
inflammation in adipose tissue. Sci Rep. 2012;2:799. 

107. You T, Arsenis NC, Disanzo BL, Lamonte MJ. Effects of exer-
cise training on chronic inflammation in obesity : current evi-
dence and potential mechanisms. Sports Med. 2013
Apr;43(4):243–56. 

108. Khadir A, Kavalakatt S, Cherian P, Warsame S, Abubaker JA,
Dehbi M, et al. Physical exercise enhanced heat shock protein
60 expression and attenuated inflammation in the adipose tis-
sue of human diabetic obese. Front Endocrinol (Lausanne).
2018;9:16. 

109. Yakeu G, Butcher L, Isa S, Webb R, Roberts AW, Thomas AW,
et al. Low-intensity exercise enhances expression of markers
of alternative activation in circulating leukocytes: roles of
PPARγ and Th2 cytokines. Atherosclerosis. 2010
Oct;212(2):668–73. 

110. Barry JC, Simtchouk S, Durrer C, Jung ME, Little JP. Short-
term exercise training alters leukocyte chemokine receptors in
obese adults. Med Sci Sports Exerc. 2017 Aug;49(8):1631–40. 

111. Shaw DM, Merien F, Braakhuis A, Dulson D. T-cells and their
cytokine production: The anti-inflammatory and immunosup-
pressive effects of strenuous exercise. Cytokine. 2018
Apr;104:136–42. 

112. Weinhold M, Shimabukuro-Vornhagen A, Franke A, Theurich
S, Wahl P, Hallek M, et al. Physical exercise modulates the
homeostasis of human regulatory T cells. J Allergy Clin
Immunol. 2016;137(5):1607-1610.e8. 

113. Rehm K, Sunesara I, Marshall GD. Increased circulating anti-
inflammatory cells in marathon-trained runners. Int J Sports
Med. 2015 Oct;36(10):832–6. 

114. Kawanishi N, Mizokami T, Yano H, Suzuki K. Exercise atten-
uates M1 macrophages and CD8+ T cells in the adipose tissue
of obese mice. Med Sci Sports Exerc. 2013 Sep;45(9):1684–
93. 

115. Kawanishi N, Yano H, Yokogawa Y, Suzuki K. Exercise train-
ing inhibits inflammation in adipose tissue via both suppres-
sion of macrophage infiltration and acceleration of phenotypic
switching from M1 to M2 macrophages in high-fat-diet-
induced obese mice. Exerc Immunol Rev. 2010;16:105–18. 

116. Silveira LS, Batatinha HAP, Castoldi A, Câmara NOS, Festuc-
cia WT, Souza CO, et al. Exercise rescues the immune
response fine-tuned impaired by peroxisome proliferator-acti-
vated receptors γ deletion in macrophages. J Cell Physiol.
2018 Sep 21; 

117. Rada I, Deldicque L, Francaux M, Zbinden-Foncea H. Toll
like receptor expression induced by exercise in obesity and
metabolic syndrome: A systematic review. Exerc Immunol
Rev. 2018;24:60–71. 

118. Robinson E, Durrer C, Simtchouk S, Jung ME, Bourne JE,
Voth E, et al. Short-term high-intensity interval and moderate-
intensity continuous training reduce leukocyte TLR4 in inac-
tive adults at elevated risk of type 2 diabetes. J Appl Physiol.
2015 Sep 1;119(5):508–16. 

119. Ringseis R, Eder K, Mooren FC, Krüger K. Metabolic signals
and innate immune activation in obesity and exercise. Exerc
Immunol Rev. 2015;21:58–68. 

120. Campbell SC, Wisniewski PJ, Noji M, McGuinness LR, Hägg-
blom MM, Lightfoot SA, et al. The Effect of Diet and Exercise
on Intestinal Integrity and Microbial Diversity in Mice. PLoS
One [Internet]. 2016 Mar 8 [cited 2018 Dec 10];11(3).

121. Pedersen BK, Steensberg A, Keller P, Keller C, Fischer C, His-
cock N, et al. Muscle-derived interleukin-6: lipolytic, anti-
inflammatory and immune regulatory effects. Pflugers Arch.
2003 Apr;446(1):9–16. 

122. Rinnov A, Yfanti C, Nielsen S, Akerström TCA, Peijs L, Zankari
A, et al. Endurance training enhances skeletal muscle interleukin-
15 in human male subjects. Endocrine. 2014 Mar;45(2):271–8. 

123. Ye J. Beneficial metabolic activities of inflammatory cytokine
interleukin 15 in obesity and type 2 diabetes. Front Med. 2015
Jun;9(2):139–45. 

124. Kiniwa T, Enomoto Y, Terazawa N, Omi A, Miyata N, Ishiwata
K, et al. NK cells activated by Interleukin-4 in cooperation with
Interleukin-15 exhibit distinctive characteristics. Proc Natl Acad
Sci USA. 2016 06;113(36):10139–44. 

125. Saligrama PT, Fortner KA, Secinaro MA, Collins CC, Russell
JQ, Budd RC. IL-15 maintains T-cell survival via S-nitrosylation-
mediated inhibition of caspase-3. Cell Death Differ. 2014
Jun;21(6):904–14. 

126. Stockley RA, Mannino D, Barnes PJ. Burden and pathogenesis
of chronic obstructive pulmonary disease. Proc Am Thorac Soc.
2009 Sep 15;6(6):524–6. 

127. Kantorowski A, Wan ES, Homsy D, Kadri R, Richardson CR,
Moy ML. Determinants and outcomes of change in physical
activity in COPD. ERJ Open Res. 2018 Jul;4(3). 

128. Petersen AMW, Mittendorfer B, Magkos F, Iversen M, Pedersen
BK. Physical activity counteracts increased whole-body protein
breakdown in chronic obstructive pulmonary disease patients.
Scand J Med Sci Sports. 2008 Oct;18(5):557–64. 

129. Menegali BT, Nesi RT, Souza PS, Silva LA, Silveira PCL,
Valença SS, et al. The effects of physical exercise on the cigarette
smoke-induced pulmonary oxidative response. Pulm Pharmacol
Ther. 2009 Dec;22(6):567–73. 

130. Onur E, Kabaroğlu C, Günay O, Var A, Yilmaz O, Dündar P, et
al. The beneficial effects of physical exercise on antioxidant sta-
tus in asthmatic children. Allergol Immunopathol (Madr). 2011
Apr;39(2):90–5. 

131. Yu Y-B, Liao Y-W, Su K-H, Chang T-M, Shyue S-K, Kou YR, et
al. Prior exercise training alleviates the lung inflammation
induced by subsequent exposure to environmental cigarette
smoke. Acta Physiol (Oxf). 2012 Aug;205(4):532–40. 

132. Bowen TS, Aakerøy L, Eisenkolb S, Kunth P, Bakkerud F,
Wohlwend M, et al. Exercise training reverses extrapulmonary
impairments in smoke-exposed mice. Med Sci Sports Exerc.
2017;49(5):879–87. 

133. Gibala MJ, Little JP, Macdonald MJ, Hawley JA. Physiological
adaptations to low-volume, high-intensity interval training in
health and disease. J Physiol (Lond). 2012 Mar 1;590(5):1077–
84. 

134. Cugno M, Agostoni P, Mari D, Meroni PL, Gregorini L, Bussotti
M, et al. Impaired bradykinin response to ischaemia and exercise
in patients with mild congestive heart failure during angiotensin-
converting enzyme treatment. Relationships with endothelial
function, coagulation and inflammation. Br J Haematol. 2005
Jul;130(1):113–20. 



Exercise in obesity and smoke immunoregulation •   47

EIR 25 2019

135. Spruit MA, Burtin C, De Boever P, Langer D, Vogiatzis I,
Wouters EFM, et al. COPD and exercise: does it make a differ-
ence? Breathe (Sheff). 2016 Jun;12(2):e38-49. 

136. Spruit MA, Wouters EFM. New modalities of pulmonary reha-
bilitation in patients with chronic obstructive pulmonary dis-
ease. Sports Med. 2007;37(6):501–18. 

137. Komine S, Akiyama K, Warabi E, Oh S, Kuga K, Ishige K, et
al. Exercise training enhances in vivo clearance of endotoxin
and attenuates inflammatory responses by potentiating Kupf-
fer cell phagocytosis. Sci Rep. 2017 Sep 20;7(1):11977. 

138. Kasawara KT, Cotechini T, Macdonald-Goodfellow SK, Surita
FG, Pinto E Silva JL, Tayade C, et al. Moderate exercise atten-
uates lipopolysaccharide-induced inflammation and associated
maternal and fetal morbidities in pregnant rats. PLoS ONE.
2016;11(4):e0154405. 

139. Lee J, Lee Y, LaVoy EC, Umetani M, Hong J, Park Y. Physical
activity protects NLRP3 inflammasome-associated coronary
vascular dysfunction in obese mice. Physiol Rep. 2018
Jun;6(12):e13738. 

140. Shimobayashi M, Albert V, Woelnerhanssen B, Frei IC, Weis-
senberger D, Meyer-Gerspach AC, et al. Insulin resistance
causes inflammation in adipose tissue. J Clin Invest. 2018 Apr
2;128(4):1538–50. 

141. Ok D-P, Ko K, Bae JY. Exercise without dietary changes alle-
viates nonalcoholic fatty liver disease without weight loss ben-
efits. Lipids Health Dis. 2018 Sep 1;17(1):207. 

142. Biswas A, Oh PI, Faulkner GE, Bajaj RR, Silver MA, Mitchell
MS, et al. Sedentary time and its association with risk for dis-
ease incidence, mortality, and hospitalization in adults: a sys-
tematic review and meta-analysis. Ann Intern Med. 2015 Jan
20;162(2):123–32. 

143. Anstey KJ, Kingston A, Kiely KM, Luszcz MA, Mitchell P,
Jagger C. The influence of smoking, sedentary lifestyle  and
obesity on cognitive impairment-free  life expectancy. Int J
Epidemiol. 2014 Dec;43(6):1874–83. 

144. Barboza ML, Barbosa ACB, Spina GD, Sperandio EF, Arantes
RL, Gagliardi AR de T, et al. Association between physical
activity in daily life and pulmonary function in adult smokers.
J Bras Pneumol. 2016 Apr;42(2):130–5. 

145. Fiuza-Luces C, Santos-Lozano A, Joyner M, Carrera-Bastos P,
Picazo O, Zugaza JL, et al. Exercise benefits in cardiovascular
disease: beyond attenuation of traditional risk factors. Nat Rev
Cardiol. 2018 Aug 16; 



48 •   Improved Vaccination Responses in Physically Active Elderly Females

EIR 25 2019

ABSTRACT

Physical inactivity is one of the leading contributors to world-
wide morbidity and mortality. The elderly are particularly
susceptible since the features of physical inactivity overlap
with the outcomes of natural aging – including the propensity
to develop cardiovascular diseases, cancer, diabetes mellitus,
sarcopenia and cognitive impairment. The age-dependent loss
of immune function, or immunosenescence, refers to the pro-
gressive depletion of primary immune resources and is linked
to the development of many of these conditions. Immunose-
nescence is primarily driven by chronic immune activation
and physical activity interventions have demonstrated the
potential to reduce the risk of complications in the elderly by
modulating inflammation and augmenting the immune system.
Since poor vaccination outcome is a hallmark of immunose-
nescence, the assessment of vaccine efficacy provides a win-
dow to study the immunological effects of regular physical
activity. Using an accelerator-based study, we demonstrate in
a Singaporean Chinese cohort that elderly women (n=56)
who walk more after vaccination display greater post-vacci-
nation expansion of monocytes and plasmablasts in peripher-
al blood. Active elderly female participants also demonstrated
lower baseline levels of IP-10 and Eotaxin, and the upregula-
tion of genes associated with monocyte/macrophage phagocy-
tosis. We further describe postive correlations between the
monocyte response and the post-vaccination H1N1 HAI titres
of participants. Finally, active elderly women reveal a higher
induction of antibodies against Flu B in their 18-month sec-
ond vaccination follow-up. Altogether, our data are consistent
with better immunological outcomes in those who are more
physically active and highlight the pertinent contribution of
monocyte activity.

Keywords: Aging, Physical Activity, Influenza, Vaccination,
Immunosenescence

1. Introduction

Physical inactivity has been cited by the WHO as the fourth
leading risk factor for global mortality (6% of deaths globally)
– preceded only by high blood pressure (13%), tobacco use
(9%), and high blood glucose (6%) (80). Physical activity,
defined as bodily movement directed by the skeletal muscles
and resulting in energy expenditure, differs from exercise as
the latter refers to planned, structured, and repetitive pro-
grammes that are designed to maintain and improve physical
fitness (10). Both physical activity and exercise are positively
associated with beneficial outcomes in cardiorespiratory
(CHD, CVD, stroke, hypertension), muscular (muscle mass,
strength and power), metabolic (diabetes, metabolic syn-
drome), mental (depression) and immunological (immune
activation levels, vaccination efficacy and immunosenes-
cence) health (28, 29, 32, 33, 46, 60, 67, 74). Since the elderly
are susceptible to a decline in all these faculties, physical
activity becomes an attractive prospect of a low-cost interven-
tion, particularly since pharmacological interventions have
led to more controversial or limited efficacy in delaying the
acquisition of age-related morbidities (6).

The world is aging rapidly and the population of elderly over
the age of 65 is expected to approach 1.5 billion by the year
2050 (79). In alleviating the growing demands on healthcare
that accompany the aging phenomenon – the elderly impose
a disproportionate reliance on these resources – governments
must introduce policies that keep the elderly robust. While
the benefits of physical activity are relevant throughout lifes-
pan, there is a growing body of literature that describe more
pertinent benefits of physical activity in the elderly (14, 75).
The age-related loss of immune function is particularly well
documented as a driver of age-related causes of morbidity
and mortality; the former is widely attributed to the con-
comitant loss of hematopoietic resources and naïve lympho-
cytes as well as an overrepresentation of late-stage memory
lymphocytes – altogether constituting an immune system
that is less poised to respond to both old and new antigens
(39). Although this scenario results in poor vaccination out-
comes in the elderly, there is compelling evidence that phys-
ical activity levels can compensate for these deficiencies (14,
59, 75). 

Differences in population demographics or the nature of phys-
ical activity have however, contributed to heterogeneous

Hallmarks of Improved Immunological Responses in the Vaccination of More
Physically Active Elderly Females

Glenn Choon Lim Wong1, Vipin Narang1, Yanxia Lu1, Xavier Camous1, Ma Shwe Zin Nyunt2, Christophe Carre3,
 Crystal Tan1, Chin Hui Xian1, Joni Chong1, Michelle Chua1, Wilson How1, Esther Mok1, Paul Tambyah4, Michael
 Poidinger1, Brian Abel1, Nicolas Burdin3, Laurence Quemeneur3, Nabil Bosco5, Tze Pin Ng2, Anis Larbi1

1 Singapore Immunology Network (SIgN), Agency for Science Technology and Research (A*STAR), Immunos, Singapore
2 Department of Psychological Medicine, Yong Loo Lin School of Medicine, National University of Singapore
3 Sanofi Pasteur, Marcy l'Etoile, France
4 Division of Infectious Diseases, National University Hospital, Singapore.
5 Nestlé Research Centre (Singapore), 21 Biopolis Road, Singapore

Corresponding Author:
Anis Larbi, anis_larbi@immunol.a-star.edu.sg. Biology of Aging
Laboratory, Singapore Immunology Network, 8A Biomedical Grove,
Level 3 & 4, Immunos Building, Singapore 138648.



Improved Vaccination Responses in Physically Active Elderly Females •   49

EIR 25 2019

observations among studies that investigate the modulatory
effect of physical activity on vaccination outcomes. Perhaps
due to age or uniformed high levels of vaccine-responsive-
ness, a study on young college students demonstrated that nei-
ther physical fitness nor physical activity improved antibody
responses after influenza vaccination (70). A separate study
found that the antibody response of elite swimmers (aged 17-
23) to pneumococcal vaccination encompassed more antibody
subtypes than their sedentary counterparts (29). Nevertheless,
the impact of physical activity or exercise on vaccination
responses in the elderly has generally been described as posi-
tive. In the elderly, the augmentation of immune responses by
physical activity has been demonstrated in the contexts of
pneumococcal, meningococcal and influenza vaccinations
(35, 36, 60, 69). The latter may be linked to better immunose-
nescent profiles in the elderly, since independent studies have
revealed reduced frequencies of senescent naïve and memory
T-cells as well as a reduced inflammatory signature in those
who exercise regularly (46, 52, 73). Unfortunately, studies
linking physical activity to advantageous influenza vaccina-
tion responses rarely investigate beyond HAI titres. Without
the elaborate characterisation of post-vaccination immunity, it
is a challenge to determine the nature of physical activity that
is required to optimise these benefits. 

In summary, while there is a strong case for promoting physi-
cal activity as a fundamental component to healthy aging, the
results of these studies display a heavy reliance on self-report-
ed physical activity or organised exercise regimes – which
may be challenging to interpret and implement on a national
or global level (60, 74). Moreover, the specific mechanisms
responsible for generating these effects remain elusive, for
example, it is unclear whether the enhancement of post-vacci-
nation immunity results from changes in the innate or adap-
tive immune systems. In this study, we aim to study the value
and impact of physical activity on post-vaccination immunity
using a more comprehensive and multi-dimensional approach;
we also validate the application of an accelerometer in achiev-
ing these aims. Using data from an accelerometer-based study
of an elderly Singaporean Chinese cohort, we demonstrate
that elderly women who walk more display greater post-vac-
cination expansion of monocytes and plasmablasts in periph-
eral blood compared with sedentary women. Through the
transcriptomic analysis of PBMC-derived mRNA, we further
reveal the upregulation of genes associated with
monocyte/macrophage phagocytosis in active elderly women.
Importantly, we found significant correlations between the
post-vaccination expansion of monocytes and H1N1 HAI
titres. Finally, active elderly women who walk more mount a
stronger antibody response against Flu B in their 18-month
second vaccination follow-up. Altogether, our data are consis-
tent with enhanced vaccination outcomes in physically active
females, mediated by both the innate and adaptive immune
system.

2. Materials and Methods

Study participants
The National Healthcare Group (NHG) Domain Specific
Institutional Review Board (DSRB) approved a phase IV clin-
ical trial of Sanofi Pasteur’s Vaxigrip© influenza vaccine,

which is registered at clinicaltrials.gov under the registration
number NCT03266237. We recruited older adults above 65
years of age for participation in an epidemiological study of a
second cohort from the Singapore Longitudinal Aging Study
(SLAS-2) (51). Participants were community dwellers from
eight different housing precincts across Singapore. Volunteers
were excluded if they had received an influenza vaccination in
the past 6-months. Those with suspected congenital or
acquired immunodeficiency as well as those receiving
immunosuppressive or long-term corticosteroid therapy were
also excluded. All volunteers provided written informed con-
sent for the reception of Vaxigrip©.

Influenza vaccination
Two commercially available inactivated trivalent Vaxigrip©

(2013-14) seasonal influenza vaccines were used in this trial.
In the first vaccination, vaccine consisted of split virions from
three prevalent strains: A/California/07/2009 (H1N1),
A/Texas/50/2012 (H3N2) and B/Massachusetts/02/2012. For
the second vaccination at the 20-month follow-up, this was
updated to A/California/07/2009 (H1N1), A/Switzer-
land/97/2013 (H3N2) and B/Phuket/3073/2013. Virions were
grown in embryonated chicken eggs, inactivated by formalde-
hyde treatment, and split via anionic detergent. The first vac-
cine was administered to elderly study participants between
January and August 2014. Venous blood specimens were col-
lected from the participants immediately prior to vaccination
(Day 0) and on Days 2, 7 and 28 after vaccination. For the
second vaccination, blood specimens were collected immedi-
ately prior to vaccination and 28-days post-vaccination. Par-
ticipants with HAI titres >40 (1/dil) were considered seropro-
tected.

Actigraphy data collection
On the day of vaccination, participants were given a wrist-
worn device, Actical© (Phillips, Amsterdam, Netherlands),
which they agreed to wear on their wrist for a 14-day period
that commenced immediately after vaccination. The device
does not interfere with any of the participant’s daily activities
and participants were not instructed to modify their daily rou-
tine and behaviour. The device was used to monitor gross
motor activity and collected data were analysed by the soft-
ware Actical© v3.1 (Philips Electronics, Amsterdam, Nether-
lands), which in addition to the number of steps completed,
provides percentage data on the participant’s sedentary peri-
od. Although 183 participants consented to actigraphy data
collection, we divided participants into quartiles based on
their number of steps completed. Participants who belonged
to the highest and lowest quartiles were included in the analy-
ses described in this study (Females, n=56; Males, n=34).

Determination of Frailty Status
At the time of recruitment, demographic, medical, psychoso-
cial, behavioural, and neurocognitive variables were collected
from study participants by clinical personnel through inter-
views and on-site clinical assessment. Data specific to the
Instrumental Activities of Daily Living (IADL), Short-from
Health Survey (SF-12), Mini Mental State Examination
(MMSE), Geriatric Depression Scale (GDS), Geriatric Anxi-
ety Inventory (GAI) and Montreal Cognitive Assessment
(MOCA) were collected as described in validated studies (40,



50 •   Improved Vaccination Responses in Physically Active Elderly Females

EIR 25 2019

48, 58, 59, 77, 82). In addition, participants self-reported
answers to questions related to their occupational, socio-eco-
nomic, medical history, exercise and nutritional habits, which
were presented in the form of a questionnaire. Physical frailty
was defined according to Fried’s assessment of five criteria,
including unintentional weight loss, slowness, weakness,
exhaustion, and low physical activity (25), and scaled to Asian
populations as described previously (51).

Characterisation of Sarcopenic Status
Total and regional lean body mass was measured by dual
energy X-ray absorptiometry (DXA) scan with a Hologic®
densitometer. The participant laid in a supine position on the
DXA table with limbs close to the body. DXA scans were per-
formed in the Department of Diagnostic Radiology, National
University Hospital (NUH) of Singapore. Appendicular mus-
cle mass was calculated as described by Heymsfield et. al.
(31). Lower limb strength was assessed using the methods
described by Lord et. al., and body mass index (BMI) values
were calculated by averaging triplicate measurements (45).
Participants were required to complete the 6-meter gait speed
test as described by Nelson et al., duplicate measurements
were averaged for the determination of gait speed in
meters/second (50). In accordance to recommendations by the
Asian Working Group for Sarcopenia (AWGS), sarcopenic
status was determined using measures of appendicular lean
mass, lower leg limb strength and gait speed (11). The appen-
dicular skeletal muscle index (ASMI) was calculated as the
ratio between appendicular muscle mass and height2. Low
ASMI refers to values below 7.0 kg/m2 and 5.4 kg/m2 for men
and women respectively. Cut-off values for low lower limb
strength are as indicated: ≤ 18 kg for men and ≤ 16 kg for
women. Low gait speed was defined as an average speed of 2
trials ≤ 0.8 m/s.  Finally, a participant was categorized as sar-
copenic if they had low ASMI and low lower limb strength
and/or gait speed.

Vaccine-specific (HAI) antibody titres
Vaccine-specific antibodies were measured using sera collect-
ed at Days 0 and 28 after both vaccinations using the Hemag-
glutination inhibition (HAI) assay. Two independent assays
were concluded for the determination of HAI titres. Samples
were first heat inactivated and pre-treated with neuraminidase
to eliminate non-specific inhibitors and anti-turkey red blood
cell (anti-TRBC) hemagglutinins, which may interfere with
the test results. Treated sera were then serially titrated, starting
at a 1/10 dilution, and incubated with 4 hemagglutinating
units/25 µl of the virus. After incubation at 37°C for 1 h, a
0.5% TRBC suspension was added to the plates and was incu-
bated for one hour at ambient temperature. Plates were then
read using the tilt method, and the HAI titre was assigned as
the reciprocal of the highest serum dilution that exhibited
complete inhibition of hemagglutination. The geometric mean
titre of both independent runs was used to determine the final
titre.

Cytokine Measurements by Luminex
The Milliplex© human cytokine/chemokine panel (Cat:
EPX090-12187-901; Merck Millipore, Massachusetts, USA)
was used to measure the levels of IFNƴ-inducible protein 10
(IP-10) in plasma samples from participants that were collect-

ed at baseline and Days 2, 7 and 28 post-vaccination. Eotaxin
and high sensitivity C-reactive protein (hs-CRP) were only
measured at baseline. Samples and standards were incubated
with fluorescent-coded magnetic beads which had been pre-
coated with the respective capture antibodies. After overnight
incubation at 4°C with shaking, plates were washed twice
with wash buffer. Biotinylated detection antibodies were incu-
bated with the complex for 1 hour and Streptavidin-PE was
subsequently added for another 30 mins incubation. Plates
were washed twice before beads were re-suspended in sheath
fluid and read using PCR plates by the Luminex analyser,
FLEXMAP© 3D (Merck Millipore, Massachusetts, USA).
Data were acquired using the xPONENT© 4.0 (Luminex©,
Texas, USA) acquisition software and analysed with a Bio-
Plex Manager 6.1.1© (Bio-Rad, California, USA). Standard
curves were generated, and a 5-parameter logistic algorithm
were used for the estimation of MFI and concentration values.

Immunophenotyping by flow cytometry
Percentages of immune cell subsets were determined using
cryopreserved peripheral blood mononuclear cells (PBMCs).
Cryopreserved PBMCs were quick-thawed at 37˚C and resus-
pended in warm RPMI. After a second wash, PBMCs were
counted and plated into 96-well plates for subsequent stain-

Table I: T-cell Antibody Panel 

Target Company Clone Dye Catalog 
Vd1 Abcam TS8.2 FITC ab171097 
Vd2 Biolegend B6 PerCP 331410 
CD4 Biolegend OKT4 PE-Cy5 317412 

CD31 Biolegend WM59 BV605 303122 
CTLA4  Biolegend L3D10 PE-Cy7 349914 
CXCR5  Biolegend J252D4 PE 356904 

PD1  eBioscience eBioJ105 APC-eF780 47-2799-42 
CD3 BD UCHT1 AF700 557943 
CD8 BD RPA-T8 BV711 563677 

CD27 BD L128 BV650 563228 
CD28 BD CD28.2 BUV737 564438 

CD45RO BD UCHL1 BUV 395 564291 
CD95 BD DX2 PE-CF594 562395 

KLRG1 BD 2F1/KLRG1 APC 561620 
 

Table II: B-cell Antibody Panel 

Target Company Clone Dye Catalog 
CD10 BD HI10a PE-CF594 562396 
CD19 BD HIB19 AF700 557921 
CD21 BD B-ly4 PE-Cy5 551064 
CD24 BD ML5 BV421 562789 
CD27 BD L128 BV650 563228 
CD38 BD HIT2 APC 555462 
CD45 BD HI30 PerCP/Cy5.5 564105 

CD138 BD MI15 BV605 563294 
IgD BD IA6-2 FITC 555778 
IgM Biolegend MHM-88 APC-Cy7 314520 

CD20 Biolegend 2H7 BV570 302332 
CD40 Biolegend 5C3 PE-Cy7 334322 

CXCR5  Biolegend J252D4 PE 356904 
HLA-DR Biolegend L243 BV785 307642 

 

 

 

 

 

 



Improved Vaccination Responses in Physically Active Elderly Females •   51

EIR 25 2019

ing. 0.5, 0.75 and 1.5 million cells were used for T-cell, B-cell
and Myeloid phenotyping panels respectively (Tables I, II and
III respectively); antibodies were procured from eBioscience
(California, USA), Biolegend (California, USA), BD Bio-
sciences (California, USA) and Miltenyi Biotec (Bergisch
Gladback, Germany). All panels contain a Thermo Fisher
Live/Dead© fixable dye (Cat: L-34957; Thermo Fisher, Mas-
sachusetts, USA) to distinguish between live and dead cells.
Antibody cocktails were added to aliquoted cells and incubat-
ed for 20 minutes in the dark at 4˚C. The cells were then
washed twice before resuspension in staining buffer and
analysed on the LSR II (BD Biosciences, California, USA)
cytometer. Data generated by flow cytometry was analysed
with the Flowjo© software (Tree Star, Inc., USA). Events
were gated by forward and side scatter followed by subset-
specific marker expression.

For deriving absolute counts, the numbers of monocytes, B
cells, plasmablasts, CD4 and CD8 T cells, NK cells, and con-
ventional and plasmacytoid dendritic cells were determined
using freshly collected whole blood samples. 100 μL of whole
blood was stained with antibody cocktail (Table IV) in BD
Trucount© Absolute Counting Tubes (Cat: 340334; BD Bio-
sciences, California, USA) for 15 minutes at room tempera-

ture. 900 μL of 1X BD FACS Lysing solution (Cat: 349202;
BD Biosciences, California, USA) was then added to the tube
and incubated for 15 minutes before acquisition on the LSR II
Fortessa (BD Biosciences, California, USA) flow cytometer.

Determination of Vaccine Specific B-cells by ELISpot
PBMCs were thawed and counted as described in the
immunophenotyping section. PBMCs were plated into 4 wells
at 0.1 million PBMCs per well, incubated with IL-21, and
separately treated with the following conditions: unstimulat-
ed, vaccine-stimulated (0.3 µg/mL of trivalent vaccine) in
duplicates and positive control as stimulated by both anti-
CD40 (Cat: MAB6321; RnD Systems, Minnesota, USA) and
CpG oligonucleotides (CpG ODN 2006, Cat: tlrl-2006;
Invivogen, California, USA). PBMCs were stimulated for 22
hours in a humidified 37˚C CO2 incubator. Vaccine-specific
IgG-secreting B-cells were detected using the Human IgG
ELISpot kit© (Cat: 3850-2H; Mabtech, Nacka Strand, Swe-
den) by adhering to the manufacturer’s protocol. ELISpot
plates were read using an ImmunoSpot S5 Versa Analyser
(Cellular Technology Limited, Ohio, USA). The enumeration
of vaccine-specific IgG-secreting B-cells was performed by
averaging the number of spots detected from duplicate vac-
cine-stimulated wells.

Microarray, Differentially Expressed Genes (DEGs) and
Ingenuity Pathway Analysis (IPA)
Total ribonucleic acid (RNA) were isolated from PBMCs
using the mirVana© miRNA isolation kit (Cat: AM1560; Ther-
mo Fisher Scientific, California, USA). Complementary DNA
(cDNA) were generated and purified using the cDNA synthe-
sis kit (Cat: K2561; Thermo Fisher Scientific, California,
USA). Gene expression was analysed by microarray using the
Illumina human HT-12 V4.0 bead chip platform, Targe-
tAmp©-Nano-g Biotin-aRNA Labeling Kit for Illumina (Cat:
TAN07908; Epicenter, Wisconsin, USA). The raw gene
expression data output from Illumina Genome Studio© (Illu-
mina, California, USA) were exported in batches of 96 sam-
ples (21). Quality control (QC) and pre-processing of data
were completed using Bioconductor© packages for the R soft-
ware. The data were log2 transformed and normalized using
the Robust Spline Normalization (RSN) method available in
the Lumi package (Bioconductor) (17). Only probes which
passed a detection p-value of 0.05 in 90% of the subjects were
retained. Differential gene expression analysis between seden-
tary and active individuals was performed using the Limma
package (Bioconductor) with age included as a cofactor with-
in the linear model (68). Differentially expressed genes
(DEGs) were selected based on a nominal p-value < 0.05. The
list of DEGs along with expression fold changes and p-values
were loaded into Ingenuity Pathway Analysis software (IPA®;
Qiagen Bioinformatics, California, USA). A standard core
analysis was performed in IPA to identify pathways enriched
with the DEGs (38). The microarray data is available on Gene
Expression Omnibus (NCBI) under the accession number
GSE107990 (13). 

Statistical Methods
Demographic parameters were compared between sedentary
and active individuals by single-factor ANOVA for numerical
and Fisher’s exact test for categorical data, respectively. Per-

Table III: Myeloid Antibody Panel 

Target Company Clone Dye Catalog 
CD3 (Lin) BD UCHT1 AF700 557943 

CD19 (Lin) BD H1B19 AF700 557921 
CD20 (Lin) Biolegend 2H7 AF700 302322 
CD56 (Lin) Biolegend HCD56 AF700 318316 

CD2 BD RPA-2.10 APC H7 562638 
CD11c BD BLy6 FITC 561355 
CD15 BD HI98 BUV395 563872 
CD16 BD 3G8 BUV 737 564434 
CD33 BD WM53 BV421 562854 
CD45 BD HI30 PerCP-Cy5.5 564105 
CD80 BD L307.4 BV650 564158 
CD1c Biolegend L161 PE-Cy7 331516 

CD11b  Biolegend ICRF44 BV711 301344 
CD14 Biolegend HCD14 PE-Dazzle 594 325634 

CD123 Biolegend 6H6 BV510 306022 
CD141 Biolegend M80 APC  344106 
HLA DR Biolegend L243 BV605 307640 

SLAN Miltenyi DD-1 PE 130-093-029 
 

Table IV: Trucount Antibody Panel  

Target Company Clone Dye Catalog 
CD19  BD SJ25C1 BV786 563325 
CD38 BD HIT2  APC 555462 
CD3  Biolegend OKT3 PE/cy7 317334 
CD4 Biolegend OKT4 BV510 317444 

CD14  Biolegend M5E2 PerCP 301824 
CD16 Biolegend 3G8 A700 302026 
CD27 Biolegend M-T271 PE 356406 
CD45 Biolegend HI30 PB 304029 
CD62L Biolegend DREG-56 APC/cy7 304814 
CD66b Biolegend G10F5 FITC 305104 

HLA-DR Biolegend L243 BV605 307640 
CD8  eBioscience RPA-T8 PE TR 61-0088-42 

CD56 eBioscience CMSSB PE/cy5.5 35-0567-42 
CD123 eBioscience 6H6 BV650 95-1239-42 
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centages of immune cell subsets measured by
flow cytometry were compared between seden-
tary and active individuals using an ANCOVA
(analysis of covariance) test with age listed as a
covariate. Comparisons across multiple time
points within the same set of individuals were
performed using the paired Mann-Whitney-
Wilcoxon U test. HAI titres and blood counts of
immune cells were log2 transformed. Pearson’s
correlation coefficient between these measure-
ments was calculated across both sedentary and
active subjects. P-values of correlation were
computed using Pearson's product moment cor-
relation coefficient test in R statistical language
using the function cor.test.

3. RESULTS

3.1 Participant demographics and cohort
description
A cohort of 183 elderly participants agreed to
carry an Actical© (Phillips) device on their non-
dominant wrists for a period of 14 days follow-
ing vaccination with Vaxigrip©. The device
records both actigraphy data as well as the num-
ber of steps completed by each participant. We
divided elderly participants into quartiles based
on the number of steps they completed (Females
(n=112): LQ <10927 steps/day (n=28), HQ
>18509 steps/day (n=28); Males (n=70): LQ
<7174 steps/day (n=17), HQ >14770 steps/day
(n=17) to group participants into either seden-
tary or physically active subgroups for further
analysis. As the age difference between high and
low activity groups was significant across both
genders, we adjusted for age in all subsequent
analyses. Although the initial plan was to com-
pare individuals from the lowest (sedentary) and
highest quartiles (active) in a gender-indepen-
dent manner, we found that elderly females gen-
erally completed more steps than their male
counterparts (Figure 1A). Furthermore, the dis-
tribution of steps completed among individuals
in the highest quartile was more continuous for
females than for males. In addition, stratification
by sarcopenic status revealed a difference
between high activity and low activity males
(Table 1). Concordantly, as revealed by Dual-
energy X-ray absorptiometry (DEXA) results,
active males were more physically robust than
their more sedentary counterparts – the most sig-
nificant differences between active and seden-
tary males and females are listed in Table 2. Eld-
erly males who walked more had higher bone
mineral density (BMD) and content (BMC) in
their arms, legs, pelvis and ribs; and lower fat
content in their leg and gynoid regions.
Although active females displayed trends of
higher BMD and BMC, as well as lower fat
composition, these differences were statistically
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significant only for arm BMD (P < 0.02). The number of steps
completed by all participants (n=183) was also well correlated
to the sedentary period for each subject (Figure 1B), suggesting
that both parameters are closely linked in this study (r = 0.85, P
< 0.0001).

Possibly related to differences in ethnicity and infection histo-
ry, we achieved relatively high post-vaccination seroprotec-

tection rates in our cohort of com-
munity dwelling elderly subjects (>
96% for females; > 82% in males).
We observed no differences in the
presence of comorbidities (high
blood pressure, high cholesterol,
diabetic status, arthritis) between
active and sedentary participants.
As reflected by their mini mental
state examination (MMSE) scores,
cognitive functionality was
improved for elderly who were
more physically active (p = 0.05
for females; p = 0.032 for males),
although this difference was not
statistically significant when par-
ticipants were evaluated by their

Montreal cognitive assessment (MoCA) scores. Due to fewer
male participants (n=34), the lack of a distinct population of
highly active male individuals and the large number of con-
founder variables between sedentary and active groups for
males, we focused on female participants (n=56) to identify
differences in the post-vaccination immunology of active and
sedentary participants in our subsequent analyse.

3.2 Kinetics of immune cells and
pro-inflammatory  cytokines
In active and sedentary females
(n=56), we specifically compared
the percentages of inflammatory
monocytes, classical and non-clas-
sical monocytes, eosinophils, neu-
trophils, dendritic cell subsets and
natural killer (NK) cells to identify
differences in innate immunity
between both populations. Here,
the quantity of immune cell subsets
as measured by flow cytometry
were compared between sedentary
and active individuals using an
ANCOVA (analysis of covariance)
test with age listed as a covariate.
The most salient difference was a
greater post-vaccination induction
of total monocytes (p = 0.039)
between active and sedentary eld-
erly females on Day 2 (Figure 2A);
this was more statistically signifi-
cant for non-classical CD16+CD14lo

monocytes (ncMono; p = 0.040),
although the representation of
CD14+CD16- classical monocytes
(cMono) was also substantially
increased (p = 0.064). We did not
observe any changes in the distri-
bution of CD16+CD14+ inflamma-
tory monocytes between active and
sedentary elderly women (not
shown). In the measurement of
pro-inflammatory molecules in

Figure 1. Baseline demographics of active and sedentary elderly participants. (A) Distribution of
steps for all male (blue) and female (red) participants in the actigraphy study (n=183). Lines demarcate
the boundaries of the interquartile range. (B) Correlation between percentage of sedentary time and
the number of steps completed per day for all participants (n=183).

Figure 2. Pre- and Post-Vaccination Immunological Responses in active and sedentary elderly
females. (A) Percentages of total monocytes, CD14+ and CD16+ monocytes in active (n=28) and
sedentary females (n=28) at D0 and D2. (B) Levels of plasma IP-10 (D0, D2, D7 and D28), Eotaxin (D0)
and CRP (D0) in active and sedentary females. (C) Pre- and D7 post-vaccination percentages of B-
cells and plasmablasts, as well as the number of vaccine-specific B-cells in active and sedentary
females. Percentages of immune cell subsets measured by flow cytometry were compared between
sedentary and active individuals using an ANCOVA (analysis of covariance) test with age listed as a
covariate. Comparisons across multiple time points within the same set of individuals were performed
using the paired Mann-Whitney-Wilcoxon U test. P-values are only indicated where there is a statisti-
cally significant difference.
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plasma, there was no statistically significant difference in the
levels of high sensitivity C-reactive protein (hsCRP) between
sedentary and active elderly females. However, lower levels
of the monocyte-derived chemokine, IP-10 (p = 0.022), and
eotaxin (p= 0.025) were detected in active elderly females at
baseline (Figure 2B).

For adaptive immune cells, we analysed baseline distributions
of CD4 and CD8 T-cells and found no statistically significant
differences in the numbers of CD4 and CD8 T-cells as well as
CD4:CD8 ratios in active and sedentary groups (Table 1). For
B-cells, the difference in pre-vaccination percentages of B-
cells and plasmablasts (Figure 2C) was not statistically signif-
icant between active and sedentary elderly females. However,
the Day 7 post-vaccination expansion of B-cells (p = 0.044)
and plasmablasts (p = 0.006) was significantly greater in

active than in sedentary elderly
females. As determined by
ELISpot, we also observed an
increase in vaccine-specific IgG-
secreting B-cells (p = 0.015) within
PBMCs that were collected from
active females on Day 7 post-vac-
cination (Figure 2C).

3.3 Post Vaccination HAI Titres
Elderly participants were vaccinat-
ed twice in this study, with the sec-
ond vaccination set at 20 months
after receiving the first vaccina-
tion. As Vaxigrip® is a trivalent
vaccine comprising split virions
from three different influenza
strains, we investigated HAI titres
for each of these strains. Although
we did not observe any differences
in Day 28 (D28) HAI antibody
titres between active and sedentary
participants for all three strains in
the first vaccination, higher D28
Flu B antibody titres were
observed in active females after the
second vaccination (Figure 3A;
leftmost panel). Subsequently, we
assessed whether the post-vaccina-
tion numbers of innate and adap-
tive immune subsets correlated
with post-vaccination HAI titres
using Pearson’s Correlation.
Although all three strains were
studied (presented as a heat map in
Figure 3B), positive correlations
between the numbers of immune
cell subsets and D28 HAI were
only observed for the H1N1 strain
after the first vaccination (middle
panel; Figure 3B). For active elder-
ly females, the numbers of classi-
cal CD14+ monocytes (p < 0.05)
and CD4 T-cells (P < 0.05) at Day
2 (D2) and D28 post-vaccination,

respectively, were specifically correlated with D28 HAI titres
against the H1N1 strain. The correlation between these
immune subsets and H1N1 HAI titres after the first vaccina-
tion are resolved in greater detail in Figure 3C, where individ-
ual datapoints and r values are individually shown for seden-
tary (green) and active (red) elderly females (Figures 3C (i)
for D2 monocytes and 3C (ii) for D28 CD4 T-cells).

3.4 Transcriptomic Analysis 
Finally, we conducted transcriptomic analysis on PBMCs that
were collected at baseline to identify differences in gene
expression between active and sedentary elderly females. In
our microarray analysis, we looked for genes that were differ-
entially regulated between active and sedentary elderly
females (Figure 4A). Using a nominal cut off value of P <
0.05, we identified 505 DEGs that were further studied using

Figure 3. HAI response in active and sedentary elderly females during influenza vaccination. (A)
Comparison of strain specific HAI titres between sedentary (green) and active (red) elderly females
during the primary (Vac 1) and secondary (Vac 2) vaccination from Baseline (D0) and Day 28 post-vac-
cination sera (D28). Results for Flu B Massachusetts, H3N1 California and H3N2 Texas are shown. (B)
Heatmap corresponding to P-values in the tested correlation between post-vaccination immune cell
numbers and D28 HAI titres for all three strains after the first vaccination. P-values of correlation were
computed using Pearson's product moment correlation coefficient test in R statistical language using
the function cor.test (*P<0.05; **P<0.01). (C) Correlation plots and coefficients for (i) D2 CD14+ mono-
cyte, (ii) D28 CD4 T-cell and (iii) D7 B-cell cell counts versus D28 H1N1 HAI titres. HAI titres and blood
counts of immune cells were log2 transformed. Pearson’s correlation coefficient between these meas-
urements was calculated across both sedentary and active subject and displayed individually for
sedentary (green) and active (red) elderly females.
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the Ingenuity Pathway Analysis (34). Here, genetic pathways
related to phagocytosis in macrophages/monocytes were high-
ly upregulated in active elderly females relative to their seden-
tary counterparts (Figure 4B). 

4. DISCUSSION

4.1 Summary of Findings and Study Limitations
Opinions on the impact of acute physical activity on the
immune system are diverse although many have inferred a

state of temporal immunosuppression after acute exercise
(76). In addition to lower levels of circulating lymphocytes
and antibodies following acute vigorous physical activity,
studies have also shown that acute vigorous exercise can
increase the risk of infection (8, 53, 54, 60, 76). Although
acute physical activity diminishes the frequency of peripheral
immune cells, it contributes to the mobilisation of senescent
or late differentiated lymphocytes into the periphery (7, 71,
72). Conversely, there is a consensus that frequent physical
activity and exercise drives immune competency. Investiga-
tions into the relationship between physical activity and

improved immunity typically fall
into two categories – cross-section-
al studies that stratify participants
by physical activity level/car-
diorespiratory fitness or longitudi-
nal studies that compare immune
function after a regular period of
physical-activity based interven-
tions. Altogether, these studies
describe better responsiveness to
mitogen-induced T-cell prolifera-
tion, reduced frequencies of senes-
cent cells, higher serum antibody
titres following vaccination and
cytotoxic activity of NK-cells and
neutrophil/monocyte phagocytic
function (22, 28, 55, 57, 60, 61).

Overall, our findings are consistent
with previous literature in describ-
ing an augmentation of the post-
vaccination immune response in
individuals who sustain higher lev-
els of physical activity over extend-
ed periods of time. In physically
active elderly females, we demon-
strate improvements in both arms
of the immune response. In addi-
tion to a greater post-vaccination
expansion of monocytes, we further
observed the upregulation of genes
related to phagocytic function of
monocytes and macrophages, alto-
gether suggesting an enhanced
post-vaccination monocyte pres-
ence in active elderly females. Fur-
thermore, we describe a stronger
post-vaccination plasmablast and
vaccine-specific B-cell response in
active elderly females as compared
to their sedentary counterparts. In
active elderly females, the magni-
tude of the post-vaccination mono-
cyte (D2) and CD4 T-cell (D28)
was also found to correlate posi-
tively to H1N1 HAI titres, suggest-
ing that the robustness of both
innate and adaptive responses is
related to the potency of the flu-
specific antibody response.

Figure 4. IPA analysis revealing DEGs at baseline in active and sedentary elderly females. (A) 505
DEGs were observed between active and sedentary elderly females using a nominal p value of 0.05 as
the cut-off point. (B) Ingenuity Pathway Analysis revealed that genes involved in the regulation of
phagocytosis in monocytes and macrophage were most differentially regulated between active and
sedentary elderly female participants. 
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A limitation of this study is that physical activity was only
monitored for 14 days after vaccination, however, the design
of this study was planned to ensure minimal deviation from
their usual routine so that behaviour in these 14 days could be
indicative of a prolonged lifestyle in terms of physical activi-
ty. Moreover, the generally higher BMC and BMD indices in
active females – albeit not statistically significant – suggest
long-term differences in physical activity levels between these
groups. Thus, it is reasonable to assume that the number of
steps completed by each participant are representative of
behaviour beyond this 14-day window period. Nevertheless,
our study design cannot discriminate whether behavioural his-
tory or the amount of physical activity completed within the
vaccination window, is responsible for the observed differ-
ences in immune activity between active and sedentary elder-
ly women. Since our conclusions are extensively derived from
the post-vaccination observation of immune parameters in
elderly females, a further limitation is that the improved post-
vaccination outcomes influenza vaccination may not be gen-
eralisable to males or younger participants.

4.2 Physical Activity and the Immune Response to Influen-
za Vaccinations
Specific to influenza vaccination, Kohut et. al. showed that
tri-weekly attendance at a supervised aerobics class con-
tributed to higher antibody titres against H1N1 and H3N2
strains in the elderly (37). While not affecting peak HAI titres,
Woods et. al. demonstrated that a 10-month cardiovascular
exercise-based intervention also benefited the elderly in pro-
longing the influenza seroprotection period (78). These find-
ings translate poorly to a single bout of cardiovascular exer-
cise, as participation in a brisk walk or a single set of resist-
ance exercise immediately prior to influenza vaccination did
not act as an adjuvant to influenza vaccination (20, 44).
Although we did not observe any differences in post-vaccina-
tion HAI titres between active and sedentary elderly females;
the peripheral expansion of monocytes, B-cells, plasmablasts,
and vaccine-specific B-cells was more significant in partici-
pants who were more active in the immediate post-vaccina-
tion period. Curiously, this robust post-vaccination mobilisa-
tion of immune subsets was most closely associated with the
H1N1 HAI response. A similar strain-specific response has
been observed in an earlier trivalent vaccine study, which
noted that elderly females mounted stronger antibody
responses towards H1N1 when acute exercise was implement-
ed as an adjuvant prior to vaccination (64). In our study, the
increased levels of physical activity could contribute to
detectable benefits in the immune response against H1N1 as
participants had the lowest baseline HAI and seroprotection
rates against H1N1. 

The lack of convergence with earlier studies, with respect to
improvements in post-vaccination HAI titres, could likewise
be a result of the high levels of pre-vaccination seroprotection
rates and HAI titres against Flu B and H3N2 (>50%) across
both active and sedentary groups (36). Since most elderly sub-
jects in our study responded robustly to influenza vaccination
and seroconverted, it was less likely for differences in HAI
titres between active and sedentary females to be detected. An
alternative explanation may relate to the intensity or regularity
of physical activity required to boost post-vaccination anti-

body titres, as participants were not subjected to any organ-
ised or specific intervention programmes. Unlike earlier stud-
ies that grouped donors based on intervention arms or physi-
cal activity levels prior to vaccination, donor stratification
was based on post-vaccination physical activity levels in this
study (15, 36, 37, 69, 78). Nevertheless, we introduce many
important perspectives to the link between physical activity
and post-vaccination immunity. We demonstrate firstly that
the augmentation of post-vaccination HAI titres by physical
activity may be closely related to changes in innate immunity
– or more specifically monocyte trafficking and phagocytosis.
Consistent with the upregulation of genes associated with
macrophage and monocyte phagocytosis in PBMCs from
active elderly females, many studies have revealed that physi-
cal activity enhances the phagocytic potential of these innate
immune cells (22, 57). Since phagocytosis is fundamental to
antigen-processing and presentation, improvements in the for-
mer are likely to directly benefit the generation of antigen-
specific T- and B-cell immune responses (22). Serving as a
potential cellular reservoir for subsequent differentiation
towards specialised antigen-presenting macrophages and den-
dritic cells, the greater post-vaccination expansion of the
monocyte pool is also likely to have contributed to the
increased post-vaccination frequencies of plasmablasts and
vaccine-specific B-cells in the active elderly female group.

As participants were administered two rounds of Vaxigrip©

vaccination in our study – the second after a 20-month interval
– we were able to assess the influence of physical activity on
repeated immunisations. That the physically active elderly
female group could mount a superior antibody response to Flu
B after the second vaccination suggests that they possess better
preservation and persistence of memory B-cell plasticity and
function. The higher pre-vaccination proportions of B-cells
and plasmablasts – and generation of vaccine specific B-cells
– during the first vaccination are consistent with this hypothe-
sis and may further reflect improvements in hematopoietic
potential in active elderly females. Although not statistically
significant, we observed higher HAI titres against Flu B and
H1N1 immediately prior to the second vaccination, suggesting
that active elderly females may accommodate better antibody
persistence in the 20-month post-vaccination period as com-
pared to sedentary participants. The present literature is sup-
portive of the above interpretations. Although the mechanisms
are unclear, regular exercise promotes haematopoiesis and
contributes to higher numbers of hematopoietic stem cells in
the bone marrow and peripheral blood (3, 5). Moreover,
cyclists have been reported to possess higher levels of the
hematopoietic cytokine, IL-7, and frequencies of recent
thymic emigrants in their blood (19). Specific to the B-cell
response, de Araújo et. al. had also observed more potent and
durable antibody responses to influenza vaccination in elderly
men with a moderate or intense training lifestyle (15). Finally,
reports have highlighted that those who exercise have higher
circulating antibody titres (IgM and class-switched isotypes)
suggesting that regular physical activity is important for mem-
ory B-cell/plasmablast function (49, 56).

4.3 Physical Activity in the Alleviation of ‘Inflammaging’
Aging is associated with the persistence of low-grade chronic
inflammation – otherwise known as “inflammaging”; this is
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characterised by increased levels of pro-inflammatory mole-
cules (IL-6, CRP, IL-1β, IL-15 and TNF-α) and levels of sys-
temic inflammation have shown close association with the
development of comorbidities in the elderly – including car-
diovascular diseases, type-2 diabetes, Alzheimer’s disease,
osteoporosis and multiple cancer types (23, 24, 27). More-
over, elevated systemic levels of IL-6 and CRP have been
shown to predict mortality in longitudinal studies that include
nonagenarians (4, 26, 34). Since immune activation is a key
driver of immunosenescence and loss of lymphocyte function,
we may well speculate that the lower levels of systemic
inflammation (characterised by IP-10 and eotaxin levels) have
a critical role to play in driving the higher immune responses
observed in active elderly females from our influenza vaccine
study. Other studies have highlighted the negative relation-
ships between regular physical activity and systemic IL-6,
CRP and TNF-α levels in the elderly (29, 34). Although we
did not observe any differences in CRP levels between seden-
tary and active elderly females, lower levels of pro-inflamma-
tory IFN-γ-induced protein precursors (IP-10 or CXCL-10)
and eotaxin were detected in more active females. IP-10 is a
potent monocyte- or dendritic cell-derived chemoattractant
that recruits activated T-cells to secondary lymphoid tissues
and inflammatory sites of action (18). While a decrease in
eotaxin levels following a 12-week exercise intervention peri-
od has been illustrated with a cohort of Korean women, the
relationship between physical activity and IP-10 levels has not
been previously described (12).

Since IP-10 is a pro-inflammatory marker that is associated
with susceptibility towards infectious diseases, autoimmunity
and cancer – lower baseline levels of IP-10 may protect
against these pathologies (1, 42, 43). In our study, we further
observed that active elderly females achieved better post-vac-
cination resolution of IP-10 levels – noticeable as early as 7
days post-vaccination in a trend that persists even at 28 days
post-vaccination. As we monitored walking activity in the
period immediately following vaccination, the swift resolu-
tion of IP-10 could be directly related to the levels of physical
activity attained by elderly female participants during the
period of vaccination. It is important to note that the lower
baseline levels of IP-10 in active elderly females do not imply
an impaired capacity to secrete IP-10, as active elderly
females equally upregulated plasma IP-10 levels on Day 2
post-vaccination. The induction of interferon-induced genes,
particularly IP-10 in the first days of vaccination, has been
shown to be a critical component of the predictive signature of
influenza, yellow fever and Ebola vaccine efficacy (2, 16, 47,
63, 66). In an investigation of the influenza vaccination
response, Athale and colleagues also found that vaccine effi-
cacy was highly related to the rapid in vitro secretion of type 1
IFN and IP-10 by innate immune cells (2).

4.4 Improving Health in the Elderly through Physical
Activity
While physical activity may have a significant role in lower-
ing the risk of many age-related diseases (10, 75), we did not
observe many differences in the frequency of co-morbidities
between active and sedentary elderly individuals in our com-
munity dwelling cohort. For example, in addition to diabetic
and arthritic status, blood pressure and cholesterol levels

were not statistically different between active and sedentary
elderly individuals in this study. Nevertheless, we observed
that sarcopenic status greatly differed between active and
sedentary elderly males. While a multitude of cross-sectional
and cohort studies have shown that regular physical activity
reduces the risk of developing sarcopenia, the cross-sectional
nature of our study makes it difficult to determine the direc-
tional relationship between sarcopenic status and levels of
physical activity among our male participants. Recent evi-
dence, however, indicates that by delaying the decay of skele-
tal muscle mass and function and improving muscular
strength and power, physical activity and exercise are effec-
tive intervention strategies that prevent the development of
sarcopenia (32, 74). A comparison of DEXA measurements
between sedentary and active elderly individuals in our study
reveals trends that support this relationship between physical
activity and the development of sarcopenia. More specifical-
ly, indices related to muscular and skeletal health were
strengthened in active elderly participants relative to their
sedentary counterparts.

In terms of monitoring the impact of physical activity on vac-
cination outcomes, our study is the first to describe improved
cell-mediated responses using an accelerometer-based study
that records physical activity levels in the immediate post-
vaccination period. While there is a strong case for promoting
physical activity as a fundamental component to healthy
aging, the results of previous studies display a heavy reliance
on self-reported physical activity or interventions featuring
organised exercise regimes. The complexity and type of exer-
cise training (cardiovascular, aerobic training, resistance train-
ing, power training) also contribute to contrasting observa-
tions, and it is therefore challenging to interpret the value of
organised interventions or implement them on a national level
(30, 60). The rapidly growing proportion of elderly individu-
als (aged 65 years or older) worldwide, however, create a
pressing need for institutionalised interventions that delay the
acquisition of age-related co-morbidities. For the elderly, the
WHO has suggested that a weekly recommendation of at least
150 minutes of moderate-intensity aerobic activity or 75 min-
utes of vigorous-intensity aerobic activity is necessary to
achieve the health benefits associated with physical activity
(81). Here, the use of pedometers and accelerometers provide
practical and reliable methods for tracking and incentivising
physical activity among the elderly.

As part of a national initiative to promote physical activity,
the Singapore Health Promotion Board has organised a
National Steps Challenge, which awards modest financial
rewards to motivate participants to become more physically
active and has seen 690,000 sign-ups in 2018 alone. Although
its impact on national health has not been studied, the high
participation rate suggests the feasibility of implementing a
pedometer-based programme to boost national health. It could
be critical for other countries to implement similar policies to
reverse the high prevalence rates of insufficient physical
activity (80, 81). Overall, our demonstration of the benefits of
physical activity on immune responses to influenza vaccina-
tion in elderly women suggest that exercise can be a safe and
valuable adjunct to interventions that aim to promote immune
robustness in older individuals.
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ABSTRACT

Individuals with amnestic mild cognitive impairment (aMCI)
experience cognitive declines in learning and memory greater
than expected for normal aging, and are at a high risk of
dementia. We previously reported that sedentary aMCI
patients exhibited neuroinflammation that correlated with
brain amyloid beta (Aβ) burden, as determined by 18F-florbe-
tapir positron emission tomography (PET). These aMCI
patients enrolled in a one-year randomized control trial
(AETMCI, NCT01146717) to test the beneficial effects of 12
months of moderate-to-high intensity aerobic exercise train-
ing (AET) or stretching/toning (ST) control intervention on
neurocognitive function. A subset of aMCI participants had
PET imaging, cognitive testing, and immunophenotyping of
cerebrospinal fluid (CSF) and peripheral blood after AET or
ST interventions. As adaptive immune responses were similar
between AET and ST groups, we combined AET/ST into a gen-
eral ‘physical activity’ (PA) group and compared Aβ burden,
cognitive function, and adaptive immune cell subsets to
sedentary lifestyle before intervention. We found that PA-
induced immunomodulation of CD4+ and CD8+ T cells in
CSF correlated with changes in Aβ burden in brain regions
associated with executive function. Furthermore, after PA,
cognitive scores on tests of memory, processing speed, atten-
tion, verbal fluency, and executive function were associated
with increased percent representation of circulating naïve B
cells and CD8+ T cells. We review the literature on aMCI-
related cognition and immune changes as they relate to exer-
cise, and highlight how our preliminary data suggest a com-
plex interplay between the adaptive immune system, physical
activity, cognition, and Aβ burden in aMCI.

Key words: amnestic mild cognitive impairment, physical
activity, adaptive immunity, lymphocytes, PET amyloid imag-
ing 

INTRODUCTION

Individuals with amnestic mild cognitive impairment (aMCI)
experience cognitive decline greater than expected for normal
aging, and exhibit primary impairments in learning and mem-
ory (1). More than half of patients with aMCI exhibit
increased amyloid beta (Aβ) deposition in the brain and
progress to dementia (2, 3). Currently, there are no approved
therapies to prevent and protect against aMCI (4), but a grow-
ing body of literature provides evidence for the beneficial
effects of exercise interventions (5). Physical activity (PA) has
been reported to reduce the incidence of aMCI, as well as
improve cognitive function in multiple domains (6), including
global cognition, attention, executive functioning, verbal flu-
ency, and memory (7-11). 

One mechanism that may explain the positive effects of PA in
aMCI patients is exercise-induced alterations within the
immune system. To date, only 3 studies have investigated
whether exercise modulates inflammation in patients with
MCI (12-14), primarily focusing on post-exercise serum con-
centrations of cytokines, small molecules secreted by leuko-
cytes that impact the function and phenotype of other immune
cells (12-14). While these studies utilized different exercise
training regimens, they generally conclude that exercise
increases anti-inflammatory cytokines while concomitantly
reducing pro-inflammatory cytokine serum levels in patients
with MCI (12-14). The one study that examined changes in
leukocytes after exercise found circulating lymphocyte (i.e.
adaptive immune cell) populations reduced by 28 weeks of
strength training in MCI patients (12). Together, these studies
suggest that exercise impacts the immune system of aMCI
patients, but provide limited information about the effect of
PA on particular immune cell subsets, specifically B and T
cells, and how immune changes after PA may be related to
cognitive performance.

Previously, we examined baseline data from an aMCI cohort
enrolled in a one-year randomized control trial (AETMCI,
NCT01146717) to test the efficacy of 12 months of moderate-
to-high intensity aerobic exercise training (AET) on cognition
compared to a stretching/toning (ST) control group.  Partici-
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pants underwent AET that progressively increased in intensity
for 26 weeks, at which point they underwent 4-5 exercise ses-
sions weekly with 2-3 moderate intensity training sessions
(75-85% of maximal heart rate) and 2 high intensity sessions
(85-90% of maximal heart rate). ST cohorts received similar
attention from, and interactions with, investigators and under-
went weekly bouts of stretching and toning (<50% of maxi-
mal heart rate). We found that sedentary
aMCI patients exhibited elevated immune
cells in the CSF (15) that correlated with
increased Aβ burden in the brain, as deter-
mined by 18F-florbetapir positron emission
tomography (PET) (16). The analysis of
adaptive immune cells within the AETMCI
trial was only available during the final
year of enrollment, and thus did not include
the entire aMCI patient data set. Neverthe-
less, we sought to elucidate whether PA
altered adaptive immune cell subsets in individuals with
aMCI. Specifically, we examined how PA affected B and T
cells in the blood and CSF, and whether immunomodulation
was associated with changes in either cognitive function or
brain Aβ burden. Collectively, our preliminary data suggested
a complex interplay between the adaptive immune system,
cognition, and Aβ burden in aMCI patients and support the
hypothesis that PA could be a beneficial therapeutic interven-
tion for patients with aMCI. 

METHODS

Participant characteristics: All subjects enrolled in this
study (15-17) provided written informed consent approved by
UT Southwestern (UTSW) Medical Center and Texas Health
Presbyterian Hospital of Dallas, Texas Institutional Review
Boards. Subjects enrolled in the AETMCI (NCT01146717)
clinical trial gave additional consent for lumbar puncture,
blood draw, and PET imaging. The diagnosis of aMCI was
based upon standard Petersen criteria (18), as modified from
the Alzheimer's Disease Neuroimaging Initiative (ADNI)
project (http://adni-info.org). Diagnostic criteria included a
global Clinical Dementia Rating (CDR) scale of 0.5 in the
memory category, objective memory loss as demonstrated by
scores on the Logical Memory subtest of the Wechsler Memo-
ry Scale-Revised, and a score between 24 and 30 on the Mini-
Mental State Exam (MMSE).

Participants were randomized into either a moderate to high-
intensity aerobic exercise training (AET) or active stretch-
ing/toning (ST) assignment. Exclusion criteria included a
diagnosis of AD or other types of dementia or a diagnosis of a
major neurological, vascular, or psychiatric disorder. Partici-
pants with a history of regular exercise in the last 2 years,
body mass index ≥35 kg/m2, sleep disorders including clini-
cally diagnosed or self-reported sleep apnea, uncontrolled
hypertension, diabetes, and a history of smoking within the
past 2 years were excluded from the study. Patients who spent
>90 minutes of moderate-to-high intensity PA, as assessed by
1 week of monitoring with an Actial accelerometer (Actical,
Philips Respironics, USA), were also excluded. Further infor-
mation about the inclusion/exclusion criteria is located at

ClinicalTrials.gov: NCT01146717 and in previous publica-
tions (16, 17).

Because we found no difference in lymphocyte populations in
the blood and CSF between patients that underwent ST and
AET, ST and AET cohorts were pooled into a PA group (Table
1). Nineteen subjects at baseline, and 18 subjects after PA, had

blood draws. Fourteen subjects at baseline, and 13 subjects
after PA, had lumbar punctures. Sixteen subjects at baseline,
and 17 subjects after PA, underwent both cognitive testing and
immunophenotyping in the blood. Only 5 aMCI (2 from the
ST group, 3 from the AET group) participants had pre- and
post-PA sample collection of peripheral blood, and 3 subjects
(1 from the ST group, 2 from the AET group) did not have 12-
month sample collection, so 6 month samples were used.
Forty-one patients underwent PET imaging at baseline, and
12 patients had post-PA imaging.

Aerobic Exercise Training (AET): Exercise dose and inten-
sity for the AET cohort was determined for each participant’s
fitness level by assessing the peak oxygen uptake (VO2) and
progressively increasing exercise intensity as individual’s
adapted to previous weeks of AET. During the initiation phase
of AET, participants underwent three 25-30 minute aerobic
exercise sessions per week at an intensity of 75-85% maximal
heart rate as measured during peak VO2 at baseline. By week
11 of the intervention, participants had three to four 30-35
minute exercise sessions weekly. On weeks in which partici-
pants performed 3 exercise sessions, participants also per-
formed a high intensity exercise session of 30 minutes of brisk
uphill walking (85-90% maximal heart rate). By week 26, par-
ticipants underwent four to five 30-40 minute exercise ses-
sions per week, including two high intensity sessions. During
each session, participants had a 5 minute warm-up and 5
minute cool-down. Any form of aerobic exercise was permit-
ted as long as appropriate dose and intensity of training was
achieved, as assessed by heart rate during the exercise session
by a heart rate monitor watch (Polar RS400, Polar Electro,
USA). The AET protocol met the national standards for phys-
ical activity guidelines for older adults. Our previous studies
found that AET significantly improves cardiorespiratory fit-
ness in sedentary individuals over the age of 65 (19). 

ST: The control ST cohort underwent a stretching/toning regi-
men that focused on the upper arm and lower body with the
same frequency and duration as described in the AET protocol
above. At week 19, we introduced a second, more advanced
set of full body stretching. At week 26, patients began a set of
low resistance Theraband exercises focusing on strengthening
the upper and lower body. Participants were required to keep
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their heart rate below 50% of maximal heart rate as measured
by heart monitor watch during each ST session. By using our
ST cohort as an active control group we ensured that partici-
pants received similar attention from, and interactions with,
investigators as those randomized to the AET group.  

Immune cell collection and analysis: Biosample collections
were performed through The University of Texas Southwest-
ern Medical Center Alzheimer’s Disease Center using estab-
lished protocols (15). Collection was generally performed
during morning visits and processing within 60 minutes of
collection. Peripheral blood mononuclear cells (PBMC) and
cerebrospinal fluid (CSF) immune cells were isolated by cen-
trifugal Ficoll-based separations previously described (16).
CSF samples tinged red were excluded from further analysis.
PBMCs and CSF cells were stained with fluorescent antibod-
ies and data acquired via flow cytometry. Our multi-parameter
antibody panel consisted of CD45 (APC-Cy7), CD4 (PE-
Cy7), CD8 (APC), CD19 (PerCPCy5.5 or Brilliant Violet
421), CD27 (FITC-A), and CD138 (PE-A) antibodies (BD
Biosciences, San Jose, CA, USA). Five patients at baseline
and 3 PA subjects (ST n=1, AET n=2) did not have CD3 stain-
ing. No live/dead stain was used as cells were rapidly
processed after collection. Gating strategies were previously
published (16). Flow cytometry data were analyzed (Flowjo;
Tree Star) and normalized to the CD45+ cell gate to compare
over time and across samples. CSF cell analysis included all
cells collected, with no minimum cell number required to per-
form flow cytometry. 

PET imaging: aMCI patients received a bolus of 10-mCi 18F-
florbetapir 30-min prior to positioning in a Siemens ECAT
HR PET scanner for a 10-min emission and 10-min transmis-
sion scan, as previously described in detail (16). Fifty minutes
after tracer injection, a 5-min PET emission scan and a 7-min
transmission scan were acquired. Every PET image was nor-
malized spatially to 18F-florbetapir uptake template using
SPM8 (Wellcome Trust Centre for Neuroimaging, London,
UK) and MATLAB scripts (Mathworks Inc., Natick, MA) and
inspected for quality. Standardized uptake value ratio (SUVR)
was computed and compared to mean cerebellar uptake as a
brain reference. The mean cortical SUVR was the average of:
posterior and anterior cingulate, precuneus, temporal, dorso-
lateral prefrontal, orbitofrontal, parietal, and occipital SUVRs
(17).

Neurocognitive tests: aMCI diagnosis was based on
Petersen criteria (18), as modified from Alzheimer's Disease
Neuroimaging Initiative (ADNI) project (http://adni-
info.org). Cognitive testing (Table 2) included well validated
measures of attention/concentration (Digit Span Forward
and Backwards), processing speed (Trails A), memory (Cali-
fornia Verbal Learning Test; CVLT), Wechsler Memory
Scale-Logical Memory Immediate Recall); LMIR verbal flu-
ency (Letter Fluency, Semantic Fluency); LMIR, and execu-
tive functioning (Trails B, Stroop Color Word Interference
Test). All tests but LMIR (raw score) and CVLT (t-score)
and with all cognitive function tests, higher scores reflect
better cognitive function.

 
 

   

 
           

               
              
             

              
                 

                

 

Figure 1. Aerobic exercise training and stretching/toning exert minimal effects on adaptive immune cell populations in aMCI patients.
General (A) B cell (CD19+) and (B) T cell (CD3+) populations in the blood do not differ between sedentary baseline (squares; n=19) and individu-
als in the stretching/toning (ST; circles; n=9) and aerobic exercise training (AET; triangles; n=8) interventions. There is also no difference for cir-
culating (C) B cell subsets (baseline, n=19; ST, n=9; AET, n=8) and (D) T cell subsets in the blood. 3 individuals were excluded from overall T cell
and T cell subset quantification due to insufficient CD3+ staining.
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Figure 2. Physical activity does not alter adaptive immune profiles in aMCI patients. General T cell (CD3+) and B cell (CD19+) populations in
(A) blood or (B) cerebrospinal fluid (CSF) do not differ between sedentary baseline (squares) and physical activity (PA) groups, including individ-
uals in the stretching/toning (closed circles) and aerobic exercise training (open circles) interventions. There is also no difference for B cell sub-
sets in the (C) blood and (D) CSF, as well as T cell subsets in the (E) blood and (F) CSF..

               

 Table 2. Summary of cognitive scores by group           

   
Pre-PA group 

(n=16) 
Post-PA group 

(n=17) 
Mann-Whitney 

(p value)   
  Cognitive tests by domain Mean SD Mean  SD     
  Attention and Concentration             
  Digit Span Forward 8.07 2.58 8.35 2.37 0.786   
  Digit Span Backwards 6.2 2.51 6.65 2.45 0.565   
  Processing Speed             
  Trails A  11.94 2.14 13.38 1.85 0.019*   
  WAIS-R Coding 11.5 2.42 12.06 2.32 0.579   
  Memory             
  Logical Memory Immediate Recall 11.88 1.36 12.76 2.44 0.266   
  CVLT Total (t-score) 49.19 9.88 49.35 12.48 0.715   
  Verbal Fluency              
  Letter Fluency 10.25 1.92 12.13 3.56 0.145   
  Semantic Fluency 9.88 3.42 12.73 3.52 0.043*   
  Executive Function             
  Trails B 11.69 2.06 12.06 2.25 0.672   
  Color Word Interference Test 10.47 1.88 11.13 2.42 0.238   
  CVLT, California Verbal Learning Test; *p<0.05 with significant values bolded     
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Figure 3. Overall amyloid burden increased between sedentary baseline and after 6-12 month of physical activity. Standardized uptake
value ratio (SUVR) for PET imaging of 18F-florbetapir (amyloid burden) demonstrated a significant increase in Aβ load for (A) total brain, (B) hip-
pocampus, and (C) precuneous cortices between sedentary baseline (squares; n=41) and physical activity (PA) groups, including individuals in
the ST (closed circles; n=5) and aerobic exercise training (open circle; n=7) interventions. There were also trends for increased Aβ in the (D)
orbital frontal and (E) posterior cingulate cortices. *p<0.05 vs Baseline. 

 
 

 

             
          

            
               

             
              

              

 

 

  

Figure 4. Higher levels of CSF-localized B cells and circulating memory B cells associate with increased hippocampal Aβ deposition.
Standard ized uptake value ratio (SUVR) for PET imaging of 18F-florbetapir (amyloid burden) in the hippocampus associated with higher CD19+

B cells in the cerebrospinal fluid (CSF) for both (A) sedentary baseline (squares; n=8) and (B) physical activity (PA) groups, including individuals
in the ST(closed circles; n=4) and AET (open circle; n=4) interventions. There were concomitant trends for (C) decreased circulating naïve B cells
and (D) increased circulating memory B cells after PA.
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Figure 5. Shifts from naïve to memory B cell populations reflect neurocognitive function. (A-D) Sedentary baseline (squares; n=15) aMCI
subjects with better attention and concentrations (i.e. higher numbers, digital span forward test) exhibit (A) lower naïve B cells and (B) more
memory B cells in the cerebrospinal fluid (CSF). This relationship in the CSF is lost in post-physical activity (PA) groups for (C) naïve and (D)
memory B cells. Individuals in the ST (closed circles; n=9) and AET (open circles; n=4) interventions are identified. (E-H) Circulating B cell popu-
lations in the same subjects show no correlation at baseline for (E) naïve and (F) memory B cell populations. However, post-PA groups exhibit (G)
higher naïve B cells and (H) lower circulating memory B cells with improved attention and concentration.

Figure 6. Higher levels of CSF-localized CD8 T cells, and lower CD4 T cells associate with increased Aβ deposition after physical activ-
ity. (A-C) Standardized uptake value ratio (SUVR) for PET imaging of 18F-florbetapir (amyloid burden) associated higher CD8+ T cells in the cere-
brospinal fluid (CSF) in both (A) frontal and (B) orbitofrontal cortices after PA. Individuals in the ST (closed circles; n=4) and AET (open circles;
n=4) interventions are identified. (C) Increased CD8 T cells also associated with increased Aβ deposition. (D-F) There were concomitant
decreases for CD4 T cells in (D) frontal, (E) dorsolateral prefrontal, and (F) orbitofrontal cortices with increased Aβ deposition when comparing
baseline and post-PA PET imaging. 
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Statistical analysis: All data are reported as mean ± standard
deviation, with statistical significance set a priori at p<0.05 for
all tests and trending values were defined as p≤0.06. Kruskal-
Wallis tests were performed to compare immune populations
between baseline, AET, and ST cohorts. Mann-Whitney tests
were performed to compare the baseline and the overall PA
sample (composed of both AET and ST groups) and to com-
pare age, education level, CDR, and cognitive results between
groups as appropriate. Fisher’s Exact tests were performed to
see if sex or race differed between groups. Linear regressions
were performed to examine the relationships between adaptive
immune populations, brain Aβ burden, and cognitive domains.
Multiple comparison correction was not performed for this
exploratory study and all statistical analyses were performed
using GraphPad Prism (La Jolla, CA).  

RESULTS

Physical activity does not modulate frequency of B and T cells
in aMCI patients
To determine if PA impacted adaptive immunity in the periph-
ery and/or central nervous system (CNS), we analyzed B and
T cell subsets in the blood and CSF isolated from a subset of
aMCI patients at baseline (n=19) and subsets of aMCI
patients after either AET (n=8) or ST (n=9) intervention.
Overall, CD19+ B cells and CD3+ T cells in the CSF (data not
graphed) and blood (Fig. 1A-B) did not differ between inter-
ventions. Furthermore, there was no difference in any circu-
lating B or T cell subset, including naïve B cells, memory B
cells, CD4+ T cells, and CD8+ T cells (Fig. 1C-D). Given no
observable differences in the distribution of B and T cells in
the blood and CSF, AET and ST cohorts were pooled. After
PA, B and T cells (and their respective subsets) did not differ
from baseline in either CSF or blood (Fig. 2). Our preliminary
data from this pilot sample of aMCI participants suggests that
the distribution of adaptive immune cells in the CSF and
blood do not change after an extended period of PA. 

B cells were associated with hippocampal Aβ burden 
To understand the relationship between adaptive immunity
and Aβ burden, we first examined whether PA altered Aβ bur-
den in multiple regions of the brain. In aMCI patients, we
identified a significant increase in mean cortical Aβ burden
(p<0.05) and Aβ deposition in the hippocampus (p<0.05) and
precuneus (p<0.05) post-PA (Fig. 3). There was also a trend-
ing increase in Aβ burden in the posterior cingulate (p=0.05;
Fig. 3E). Next, we sought to determine if there were correla-
tions between Aβ burden and overall B cell populations in the
CSF and blood both before and after PA. For sedentary aMCI
patients prior to PA, those with higher Aβ burden in the hip-
pocampus exhibited higher B cell representation in the CSF
(R2=0.62; p<0.05; n=8; Fig. 4A). This relationship persisted
after PA; more B cells in the CSF were associated with greater
hippocampal Aβ deposition (R2=0.48; p=0.06; Fig. 4B). There
was no correlation between hippocampal Aβ deposition and
overall B cells in the blood at baseline (R2=0.024, p=0.69)
and after PA (R2=0.025, p=0.68).

Finally, we examined correlations between Aβ burden and
particular subsets of B cells. At baseline and after PA, neither

CSF-derived naïve nor memory B cell populations were asso-
ciated with Aβ burden in the hippocampus (naïve-R2=0.31;
memory-R2=0.33). Similarly, there were no correlations
between either subset in the blood (naïve-R2=0.25; memory-
R2=0.18) at baseline. After a one-year PA intervention, how-
ever, participants with increased hippocampal Aβ deposition
had fewer naïve B cells (R2=0.37; p=0.08) and more memory
B cells in the blood (R2=0.38; p=0.08), signifying a shift,
albeit non-significant, in B cell phenotype (Fig. 4C-D). Other
brain regions examined by PET (anterior and posterior cingu-
late, dorsolateral prefrontal cortex, frontal cortex,
orbitofrontal cortex, precuneus, and temporal lobe) were not
associated with changes in B cells or associated B cell sub-
sets. 

Peripheral B cell subsets differentially associated with cogni-
tive test results 
We examined whether there was a relationship between
immune cell subsets and cognitive function, and if this dif-
fered after PA relative to baseline. First, we examined whether
PA affected neurocognitive functioning in our pooled PA sam-
ple. Following PA, aMCI subjects performed similarly across
most tests but showed slight but statistically significant
improvements on tests of processing speed and semantic flu-
ency (Table 2). The frequency of overall CD19+ B cells in the
CSF did not correlate with any measures of cognitive function
at either baseline or after PA. Circulating CD19+ B cells corre-
lated with performance on only one measure of processing
speed (Table 3), with fewer B cells in the blood associated
with higher scores on the Trails A task (R2=0.45; p<0.01).
However, the inverse was true after PA as a higher frequency
of circulating B cells correlated with better performance
(R2=0.30; p<0.05; data not graphed).

Subset-specific relationships between naïve and memory B
cells and neurocognitive functioning were also examined.
First, fewer naïve B cells (R2=0.48; p<0.01) and more memo-
ry B cells (R2=0.48; p<0.01) in the CSF associated with high-
er scores on measures of attention and concentration (Fig. 5A-
B), as well as verbal fluency (Table 3) at baseline. After PA,
all correlation between CSF-localized B cell subsets and per-
formance on any neurocognitive task was lost (Fig. 5C-D). In
the blood, baseline levels of circulating B cell subsets did not
correlate with any measure of cognitive function (Fig. 5 E-F;
Table 3). However, after PA, attention and concentration
scores correlated with the frequency of B cell subsets in the
blood. Specifically, a higher frequency of naïve B cells
(R2=0.27; p<0.05) and lower frequency of memory B cells in
the blood (R2=0.25; p<0.05) associated with higher attention
and concentration scores (Fig. 5 G-H). Together, this shows
that naïve and memory B cells and cognitive correlates were
minimal and varied based on the tissue and time point exam-
ined.

CSF-localized CD4+ T cells decrease with higher brain Aβ
deposition after physical activity
Again, we investigated both the amyloid imaging at either
baseline or post-PA, as well as the change of amyloid deposi-
tion over one year within subjects with both baseline and post-
PA PET imaging. Investigation into CSF-derived T cell sub-
sets and PET imaging showed that at baseline, there were no
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Figure 7. Circulating T cell populations reflect neurocognitive function after long-term physical activity. (A) Sedentary baseline (squares;
n=12) aMCI subjects with better executive function (i.e. higher numbers = better cognitive function, Trails B) exhibit no trend for either circulating
(A) CD4+ T cells or (C) CD8+ T cells.  Physical activity (PA) group, including individuals in the stretching/toning (closed circles; n=7) and aerobic
exercise training (open circles; n=5) interventions exhibit opposite patterns for T cell subsets in the circulation, with improved executive function
associated with more (B) CD4+ T cells and fewer (D) CD8+ T cells in the blood. 
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correlations with Aβ burden lymphocyte profiles. After one
year of PA, however, there was a trend for higher frequencies
of CD8+ T cells in the CSF to be associated with increased Aβ
burden in the orbitofrontal cortices (R2=0.48; p=0.06; Fig.
6B). Furthermore, a greater number of CD8+ T cells in the
CSF correlated with an increase in Aβ burden in the
orbitofrontal cortex over time (R2=0.48; p=0.06; Fig. 6C),
although this did not reach statistical significance. Peripheral
CD8+ T cells did not correlate with either Aβ deposition or the
change in deposition over the one year for the aMCI patients
with pre-post PET imaging and post-PA immunophenotyping. 
CSF-localized CD4+ T cells were only associated with
changes in Aβ burden over time. Specifically, decreased fre-
quency of CD4+ T cells in the CSF correlated with the
increased Aβ deposition in brain regions associated with exec-
utive functioning (20), namely the frontal cortex (R2=0.49;
p=0.05; n=8; Fig. 6D), dorsolateral prefrontal cortex
(R2=0.50; p<0.05; Fig. 6E), and orbitofrontal cortex
(R2=0.55; p<0.05; Fig. 6F). Peripheral circulating CD4+ T
cells were not associated with changes in any of these regions.
Together, this shows a CSF-specific relationship between T
cell subsets and Aβ deposition, similar to our previous results
at baseline (16), and confirms that PA does not affect this rela-
tionship. 

Improved cognitive function after physical activity associated
with increased circulating CD4+ T cells
Given the association with CD4+ and CD8+ T cells with Aβ
burden in regions associated with executive function, we
sought to examine if executive functioning, or other cognitive
domains, were affected by the frequency of T cells in the CSF
and blood. At baseline, CD3+ T cells in the CSF did not asso-
ciated with cognitive function. After PA, higher levels of
CSF-derived T cells associated with better scores on one
measure of executive function (Table 3), however CD3 is a
pan-T cell marker and neither the CD4+ nor CD8+ subpopula-
tions in the CSF reflected this correlation (Table 3). Baseline
circulating levels of CD3+ T cells in the blood associated with
higher Logical Memory scores (Table 3). After PA, fewer
CD3+ T cells in the periphery were associated with higher
scores on memory verbal fluency tasks (Table 3).

Like B cells after PA, CSF-derived CD4+ and CD8+ T cell
subsets did not associate with cognitive outcomes, but instead
effects were limited to the circulating lymphocyte popula-
tions. In stark contrast to the complete lack of correlation at
sedentary baseline (R2=0.009; p=0.77; Fig. 7A, Table 3),
higher levels of circulating CD4+ T cells associated with
improved executive function after PA (R2=0.43; p<0.05; Fig.
7B). Conversely, the frequency of CD8+ T cells, which also
had no correlation with executive functioning or processing
speed at baseline (R2=0.009; Fig. 7C), declined in the blood
of subjects displaying higher executive functioning and pro-
cessing speed scores (R2=0.41; p<0.05; Fig. 7D) after PA.
Together, these data indicate that peripheral CD4+ and CD8+

T cells differentially associate with neurocognitive function-
ing in aMCI patients after PA.

DISCUSSION

Defining MCI
As mentioned above, MCI is a neurocognitive disorder distin-
guished by a cognitive decline greater than typically expected
for normal aging. Individuals with MCI are still able to per-
form all of their daily activities, but they may take longer
and/or use adaptive strategies (e.g. memory aids) to success-
fully complete their day-to-day tasks  (21). Based on which
cognitive domains are affected, individuals with MCI will be
classified as aMCI or non-amnestic MCI (naMCI). aMCI
refers to cognitive impairment solely in the domain of learn-
ing and memory, including difficulty in the retrieval of recent-
ly stored information. Conversely, naMCI refers to impair-
ments in one or more cognitive domains, excluding learning
and memory. Approximately 5-10% of individuals with MCI
progress to dementia annually (22, 23). Furthermore, those
with a diagnosis of naMCI are more likely to progress toward
other dementias, such as Lewy body dementia, vascular
dementia, or frontotemporal dementia, whereas patients with
aMCI are at higher risk of developing AD (21, 24-26).
Known risk factors for MCI include age, male sex, presence
of APOε4 allele, and family history of cognitive impairment
(27-30). Chronic conditions including hypertension, hyper-
lipidemia, coronary artery disease, stroke, osteoarthritis,
chronic obstructive pulmonary disease, depression, traumatic
brain injury, and diabetes mellitus have been identified as risk
factors for MCI (31-35). Sedentary behavior, both cognitively
and physically, is also a proposed risk factor for MCI (36, 37),
underscoring the importance of exercise as a potential thera-
peutic intervention for MCI patients. 

Immune alterations in MCI patients
A wide range of mechanisms contribute to MCI pathology.
These include structural changes in the brain, accumulation
of Aβ and neurofibrillary tangles, declining neuroplasticity,
dysfunctional cholinergic and serotonergic systems, and
increased oxidative stress (38). In addition to these mecha-
nisms, recently we and others reported immune changes in
the periphery and CNS of aMCI subjects (15, 16, 39). As
healthy individuals age, leukocytes become immunosenes-
cent (40-42) and B and T cell function declines (40). B and T
cells are two components of the adaptive immune system. B
cells serve two primary functions: secretion of antibodies
and antigen presentation (43). After encountering antigens,
naïve B cells become short-lived plasmablasts or memory B
cells (43). Memory B cells produce very specific antibodies
upon re-exposure to a familiar antigen that induced their for-
mation. B cells can present antigens to other cells including
CD4+ T cells (i.e. helper T cells) that recognize antigens and
secrete large quantities of cytokines (43). CD8+ T cells, also
known as cytotoxic T cells, recognize particular antigens and
induce apoptosis in foreign cells (43). Naïve B and T cells
decline in the periphery with age, reducing antibody produc-
tion and responses to mitogen stimulation, respectively, with
a simultaneous increase in anergic memory T and B cells
(40, 44). Furthermore, a low-grade systemic inflammation
develops with age, leading to greater secretion of pro-
inflammatory cytokines and decreased anti-inflammatory
regulatory immune cells (42, 44). MCI patients present with
greater immunosenescence and inflammation, likely con-
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tributing to disease pathogenesis and progression toward
dementia (45).

While the data are not conclusive, there is significant evi-
dence suggesting that pro-inflammatory cytokines are
increased in MCI (46). Some studies report higher
serum/plasma levels of inflammatory cytokines (e.g. IFN-γ,
TNF-α) and chemokines (46). In the CSF, fewer cytokines and
chemokines have been examined, but MCP-1 (i.e. CCL2), a
chemokine that promotes leukocyte recruitment, was
increased in the CSF of MCI patients while TGF-β, an anti-
inflammatory cytokine, was downregulated in the CSF (46).
Interestingly, some inflammatory factors also associate with
the progression of MCI to AD. High levels of soluble CD40
(sCD40) at baseline correlate with the risk of progression
from MCI to AD over the course of 4-7 years (47). In both
MCI-AD and control cases, higher levels of plasma sCD40
were associated with lower MMSE scores, representing glob-
al cognitive decline (47). sCD40 interferes with B cell-T cell
interactions and can suppress the development of memory B
cells, which could contribute to the dysregulation of the ratio
of naïve to memory B cells that we see in our patients (48,
49). Another promising predictor of progression from MCI to
AD is the soluble TNF-α receptor, sTNFR (50). MCI patients
that progressed to AD had higher levels of sTNFR1 than
patients that did not progress (50). While further research is
needed, it is possible that alterations in sCD40 and sTNFR1
may be useful immunological biomarkers to determine if an
MCI patient is likely to progress to AD, which could allow for
early interventions such as exercise.

In addition to cytokines, researchers examined whether leuko-
cyte populations are altered in MCI patients. Differences in T
cell profiles in MCI patients include diminished CD3+ T cells
in the blood of MCI patients relative to healthy controls (51).
In the CSF, activated CD4+ T cells were increased in both
patients with MCI and mild AD relative to healthy controls,
while activation of CD8+ T cells was associated with parahip-
pocampal structural damage and cognitive deficits (52). In our
sedentary cohort, we found that Aβ burden was negatively
associated with CSF-derived CD4+ T cell populations, with
fewer CD4+ T cells correlating with greater Aβ deposition
over time (53). Therefore, increasing CD4+ T cells in MCI
patients may be playing a beneficial role in the CNS, particu-
larly as aMCI patients have more anti-inflammatory regulato-
ry T cells (Tregs) (54, 55). Unfortunately, our immune panel
did not specifically identify Tregs, but this suggests that
decreases of potentially beneficial CD4+ T cells, and con-
comitant increases of potentially pathogenic CD8+ T cells,
contribute to aMCI pathology and deterioration of cognitive
functioning.  Further research is necessary to improve our
understanding of the functional role of these T cell subsets in
aMCI patients and during the progression to AD. 

Less is known about how B lymphocytes affect, alter, and/or
support cognition. Magaki et al. reported that overall B cells
in the periphery did not significantly differ between aMCI and
healthy controls (51). However, in our prior study we found
subset-specific changes in B cell populations in sedentary
aMCI patients as naïve B cells were decreased and memory B
cells were increased in APOε4 carriers with aMCI (16), who

are at a significantly greater risk of developing AD (53).
Given that the switch from naïve to memory phenotype is
observed in healthy elderly individuals (40), our findings sug-
gest that aMCI-induced immune changes are potentially a
more severe form of immunosenescence that naturally occurs
with aging. 

Aβ and the adaptive immune response during MCI
One of the hallmark features used to predict the progression
from MCI to AD is the accumulation of Aβ in the brain (2, 3).
Aβ deposition is believed to trigger the cascade of events
leading to brain atrophy and synaptic dysfunction characteris-
tic of AD (2, 3). In response to Aβ deposition, leukocyte func-
tion and phenotype may also be altered. Based on our small
cohort of aMCI patients, we found preliminary evidence of a
significant relationship between Aβ burden and different lym-
phocyte populations in aMCI. First, we found that brain Aβ
deposition increased in several brain regions over one year
despite initiation of PA. These are predictable results given
that these regions have previously been identified as sites of
early Aβ deposition (56). In MCI patients, greater accumula-
tion of Aβ in the posterior cingulate over the course of 2 years
associated with more severe memory impairments and higher
rates of progression to AD (57, 58). It is possible, therefore,
that the Aβ deposition we observed in those regions was a
product of the natural progression of aMCI over time and was
not impacted by PA. However, the specific hippocampal Aβ
deposition we observed has been less thoroughly character-
ized in aMCI patients. Greater hippocampal atrophy and
hyperexcitability is associated with worse cognitive decline
and progression to AD (59) and thus hippocampal Aβ may be
a potentially interesting therapeutic target.

In our study, we found significant correlations between B and
T cells and brain Aβ burden during aMCI. CSF-localized
CD8+ T cells positively correlated with Aβ beta burden in the
orbitofrontal cortex after PA. Conversely, CD4+ T cells
decreased in aMCI patients that had greater accumulation of
Aβ over time in the frontal cortex, dorsolateral prefrontal cor-
tex, and orbitofrontal cortex. This inverse relationship
between CD4+ and CD8+ T cells in the CSF suggests that
these cell types may be playing different roles in response to
Aβ in the brain. In AD patients, T cells, in particular CD8+ T
cells, increase in the extravascular space in the hippocampus
and midfrontal gyrus (60). Similarly, we found that there was
an increase in CD8+ T cells in the CSF of MCI patients with
higher Aβ burden in frontal cortices, suggesting that CD8+ T
cells are pathogenic or elevated in response to the pathology.
Previous work found that CD8+ T cell influx into the extravas-
cular space associated with tau pathology but not Aβ burden
(60), thus future studies should determine possible mecha-
nisms of action for cytotoxic T cells in the development of
dementia.

Our data also suggest that CD4+ T cells have the opposite
relationship to Aβ deposition compared to CD8+ T cells. We
found that as Aβ burden declined, there were a greater number
of CD4+ T cells in the CSF. In a murine model of AD, injec-
tions of Aβ-specific CD4+ T cells injected in the CSF migrate
into the brain where they target Aβ plaques in the hippocam-
pus and cortex, increase phagocytosis of Aβ by innate
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immune cells, and stimulate neurogenesis (61). Another study
demonstrated that injecting Aβ-specific CD4+ T cells into the
blood decreases Aβ burden and improves behavioral function
in mice (62). In patients exhibiting cognitive impairment,
higher levels of CD4+ Tregs capable of producing anti-inflam-
matory cytokines correlated with lower levels of amyloidopa-
thy (63). Thus, the recruitment of CD4+ T cells with increased
PA may reflect an activation of an adaptive immune-mediated
response to counter progression of the disease. 

B cell response to Aβ burden is not as well defined as that of T
cells. In aMCI sedentary subjects, decreased overall B cells in
the periphery were associated with greater Aβ burden in the
precuneus (53), whereas in this study increased CSF-derived
B cells were associated with greater Aβ burden in the hip-
pocampus both before and after PA. Both of these suggest a
movement from the periphery into the CSF with increased Aβ
deposition (or conversely a loss of amyloid clearance (64)).
Memory B cells may be a particularly important B cell subset;
memory B cells isolated from the blood of mild AD patients
have increased expression of CCR5, a pro-inflammatory
chemokine receptor that enhances recruitment of lymphocytes
to sites of inflammation, such as Aβ plaques (65). At baseline
and after PA, increased peripheral memory B cells and
decreased naïve B cells associated with greater hippocampal
Aβ burden. We also previously found that CSF-derived mem-
ory B cells increased as Aβ burden increased in sedentary
aMCI patients (53). Further investigations are required to
determine the protective or pathogenic potential of B cell sub-
sets in the progression of Aβ deposition.

Cognition and adaptive immune responses
In addition to the accumulation of Aβ and learning and memo-
ry deficits, individuals with aMCI may exhibit deficits in
other cognitive domains. Inflammation in the CNS and
periphery is associated with worse cognition in healthy indi-
viduals, particularly in the areas of learning, memory and
attention, while elevated peripheral cytokine levels in the
blood are related to impaired cognitive performance (66).
Additionally, lymphocyte subsets have been associated with
neurocognitive functioning (67). In healthy elderly, better
cognitive function is associated with lower numbers of CD4+

T cells and higher numbers of naïve CD8+ T cells and B cells.
Even when variables such as age, mood, and length of educa-
tion were controlled for, lower levels of circulating effector
CD4+ T cells and higher levels of B cells correlated with bet-
ter performance on measures of executive function and mem-
ory (67).

Previously it has been shown in patients with MCI that T cells
were associated with changes in cognitive functioning (52). In
particular, CSF-localized, activated CD8+ T cells were nega-
tively associated with learning and visuospatial skills, but did
not correlate with global cognition, verbal memory, con-
frontation naming, verbal fluency or executive functioning
(52). We also found evidence suggesting that CD8+ T cells
were related to cognitive functioning. After PA, the frequency
of CD8+ T cells in the blood decreased, which was associated
with higher scores on tests of processing speed and executive
function, though a movement into the CSF from the periphery
was not reflected in our data set and may be limited by the

small sample size. Lueg et al. reported that activated CD4+ T
cells in the CSF and blood were not associated with impair-
ments in any cognitive domain in MCI patients (52). Howev-
er, we found that after PA, increased CD4+ T cells correlated
with better executive functioning, suggesting that PA may
drive relationships between the peripheral immune response
and cognition not identified in prior studies.

Currently, little is known about B cells and cognition in indi-
viduals with aMCI. At baseline, we found predominantly
changes in CSF-derived naïve and memory B cells in seden-
tary aMCI patients. Fewer naïve B cells and more memory B
cells in the CSF were associated with improved attention and
concentration and verbal fluency. After PA, however, cogni-
tion was only associated with changes in B cell subsets in the
periphery. As peripheral naïve B cells increased and memory
B cells decreased, individuals with aMCI had higher scores on
measures of attention and concentration, and executive func-
tion. This recapitulates studies examining B cell subsets and
global cognition in AD; naïve B cells in the blood were posi-
tively correlated with global cognition scores, while memory
B cells were negatively correlated with global cognition
scores (65). 

Overall, our findings indicate that prior to PA in sedentary
aMCI patients, correlations between B cell subsets and cogni-
tion are limited to the CSF while T cell correlations are limit-
ed to the blood. However, after PA, correlations between cog-
nition and both B cells and T cells were found exclusively in
the periphery. We also found that increased naïve B cells and
CD4+ T cells, and decreased memory B cells and CD8+ T
cells, were associated with better neurocognitive perform-
ance. This replicates our findings that identified increased
naïve B cell and decreased memory B cell populations in the
blood associated with less Aβ deposition in the hippocampus.
Furthermore, our findings suggest that T cell subsets may be
particularly associated with aspects of executive functioning.
Specifically, decreased CD4+ T cells and increased CD8+ T
cells in the CSF were associated with increased Aβ in the
frontal cortex, dorsolateral prefrontal cortex, and the
orbitofrontal cortex, all regions associated with executive
function. Interestingly, although naïve and memory B cells
were associated with changes in Aβ deposition in the hip-
pocampus, none of the memory tasks showed significant asso-
ciations between overall B cells and B cell subsets. On the
other hand, T cell subsets were correlated with both Aβ bur-
den in cortical regions associated with executive function and
clinical measures of executive function, suggesting a closer
association between executive functioning and T cell subsets.
This highlights the need to look at long-term cognitive decline
and these adaptive immune cell subsets, with additional pre-
clinical mechanistic studies to understand the complex neuro-
immune response. 

Exercise interventions in MCI patients
Exercise is a lifestyle factor that can improve cognition in nor-
mal subjects, but more recently, exercise and PA have also
been examined in individuals with MCI. Several systematic
reviews and meta-analyses look at observational studies and
randomized control trials in MCI and provide evidence sug-
gesting an exercise benefit for incidence of MCI (6). A large
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multi-national epidemiological study examined the frequency
of MCI in individuals that met the weekly PA recommenda-
tion (i.e. 150 minutes of moderate-to-vigorous PA), compared
to those that did not, and found that failing to meet the weekly
PA recommendation was associated with increased risk of
MCI (68). Similarly, another study found that any frequency
of moderate exercise, as opposed to light or vigorous exercise,
significantly reduced the odds of developing MCI (37). Sever-
al studies report improvements in global cognition after PA
for aMCI patients (7, 9, 10, 69), including an association
between physically active individuals and better scores on a
global screening measure (70). Some also show evidence for
improvements in attention (7), executive functioning (7, 10),
verbal fluency (11), and memory (7, 9, 10). It should also be
noted that some of these results do not reflect clinically mean-
ingful changes in cognition (11), and/or inconclusive results
(71).

The aforementioned studies relied on self-reported exercise
data, though some used actigraphy data to categorize the fre-
quency and intensity of exercise for aMCI patients. Healthy
older individuals with low levels of daily PA (as measured by
actigraphy) had more than a 2-fold risk of developing AD rel-
ative to physically active individuals (72). Another actigraph
study found that increased levels of PA were associated with
higher cognitive scores, but only in subjects who were cogni-
tively normal, while one MCI investigation did not find any
association between PA and improved cognitive performance
(73). Falck et al. suggested this may be due to elevated rates
of sedentary behavior in the MCI cohort (73) that may also
influence the magnitude of effects of any PA on these patients,
be it vigorous (i.e. AET) or mild (i.e. ST) interventions.

Overview of exercise-induced alterations to adaptive
 immunity
During and immediately after acute exercise, lymphocytes are
mobilized in the blood (lymphocytosis) in an intensity-depen-
dent manner (74, 75). Several mechanisms have been pro-
posed to explain lymphocytosis following exercise. Exercise
increases sympathetic activity, leading to greater concentra-
tions of epinephrine and norepinephrine, which in turn stimu-
late lymphocyte proliferation, differentiation, and cytokine
secretion (74). Increased catecholamine release acutely fol-
lowing exercise mobilizes adaptive immune cells through
interactions with β-adrenoceptors expressed on lymphocyte
surface (75). The largest changes occur in CD8+ T cells,
which have high β2-adrenergic receptor expression on their
surface, leading to preferential mobilization (75). However,
CD4+ T cells and B cells also express β2-adrenergic receptors
and undergo lymphocytosis after exercise, albeit to a lesser
extent. Exercise preferentially mobilizes subsets of T cells,
including a subset of anti-inflammatory Tregs (76-78). There
are also subset-specific changes in B cells during exercise,
with the greatest increase in immature B cells, followed by
memory B cells, and then naïve B cells (77). These data indi-
cate that lymphocyte subpopulations are differentially impact-
ed during exercise and thus may play different roles in post-
exercise immune function.

Within 1-2 hours post-exercise, however, there is a transient
decline in circulating adaptive immune cells (lymphopenia) in

the blood. Lymphopenia can be attributed to two major fac-
tors: apoptosis and lymphocyte redistribution (79). High cate-
cholamine levels and greater oxidative stress induce lympho-
cyte apoptosis, though this mechanism accounts for less than
10% of lymphopenia observed after exercise (79). Lymphope-
nia is predominantly secondary to a redistribution of lympho-
cytes, particularly T cells, throughout the body. A study using
cell fluorescent trafficking in mice found that CD3+ T cells
preferentially move from the spleen to lymphoid and non-
lymphoid organs, including Peyer’s patch, lungs, and bone
marrow after exercise (74). Exercise also increased memory
CD8+ T cells expressing receptors that promote trafficking to
peripheral organs, and these cells exhibit strong effector func-
tions (80). However, outside of the aforementioned study
showing a preferential increase in circulating immature B
cells, little is known about B cell trafficking or apoptosis after
exercise, making them a promising subject for future research.
Thus, exercise may enhance immune function by promoting
the redistribution of adaptive immune cells to detect antigens
in remote tissues to perform secondary effector functions.

In healthy elderly adults, lifelong exercise alters baseline lev-
els of circulating adaptive immune cells. Duggal et al. recent-
ly compared immune profiles in the blood of healthy seden-
tary young adults, sedentary older adults (55-79 years), and
older lifelong cyclists to determine how T and B cell levels
change in the blood of older individuals (81). Physically inac-
tive older individuals had fewer T cells in their blood. Howev-
er, in master cyclists, circulating T cell levels were compara-
ble to young healthy donors. Researchers also found that
sedentary older adults had more unswitched memory B cells
in the blood not found in master cyclists. Together, these data
suggest that age affects B and T cell profiles, but a lifetime of
physical activity can preserve a “young” immune phenotype
in the blood (81).

Finally, it should also be noted that an excess of anti-inflam-
matory regulatory immune cells can lead to immunosuppres-
sion after strenuous exercise and/or prolonged training.
Marathon-trained runners had a higher percentage of inter-
leukin (IL)-10+ and TGF-β+ CD4+ T cells in the blood than
untrained controls (82). Furthermore, high intensity exhaus-
tive exercise results in prolonged lymphopenia, impairs T cell
function, and decreases production of secretory IgA, an anti-
body produced by B cells (83). While this immunosuppres-
sion increases the risk of upper respiratory infections in elite
athletes, the immunosuppressive effect of exercise could also
counteract the systemic inflammation that naturally occurs in
aging MCI patients (84, 85).  

Exercise interventions and adaptive immune responses in
MCI patients
Alterations to immunity may be one mechanism by which
exercise interventions benefit MCI patients. Several studies
examined the effect of exercise training on immunity, particu-
larly cytokines, in MCI patients. Serum levels of the anti-
inflammatory cytokine, IL-10 and the neuroprotective growth
factor, brain derived growth factor (BDNF), increase after 28
weeks of strength training and 16 weeks of multimodal physi-
cal training, respectively (12, 13). As shown by Stigger et al.
in a recent meta-analysis, PA also significantly decreases the
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pro-inflammatory cytokines, TNF- α and IL-6 (13, 86). IL-6,
which functions as both a cytokine and myokine (muscle-
derived cytokine), increases immediately after a high bout of
intense cycling. Multimodal physical training reduced serum
levels of IL-6 and high intensity exercise training reduced IL-
6 levels at rest (13, 14). Sixteen weeks of multimodal training
for MCI patients found that declining levels of IL-6 and TNF-
α, as well as an increased BDNF, was associated with
improved cognition (13).

Only one MCI study examined changes in overall immune
cell populations, with findings indicating that strength train-
ing reduced leukocyte and lymphocyte populations compared
to baseline levels, but this study did not specifically examine
either B or T cell subsets (12). Chupel et al. also showed that
28 weeks of strength training reduced leukocyte counts, par-
ticularly lymphocytes, relative to baseline in MCI patients,
but not healthy controls (12). We did not see an effect in over-
all lymphocyte populations after 1-year of AET compared to
ST interventions in our aMCI sample. Instead, we found that
increased PA in previously sedentary individuals altered the
adaptive immune responses to Aβ deposition in the brain and
cognitive function, though the complexity of the responses
suggest several mechanisms working in synergy during aMCI. 

Study limitations
While our study provides preliminary data suggesting PA-
induced immunomodulation of adaptive immune cell subsets
were associated with Aβ deposition and subtle changes in
cognition, only a small subset of participants in the clinical
trial completed immunophenotyping, PET imaging, and cog-
nitive testing. For example, only 5 subjects had both pre- and
post-PA blood and CSF collection, so we could not analyze
adaptive immune changes utilizing a within-subject design.
This limited our analysis to two different groups of subjects,
those at sedentary baseline and those that had post-PA blood
draws and lumbar punctures. Future studies should examine
immunomodulation by PA in a within-subject manner to look
at how immune populations change within a particular indi-
vidual to determine if baseline levels of lymphocytes impact
the effect of PA on the immune system, as well as neurocogni-
tive functioning and Aβ deposition. Because we observed no
differences in the immunophenotypes in our smaller cohorts
of participants, we concluded that AET and ST groups could
be pooled into one larger PA cohort. We utilized this larger PA
cohort when assessing the relationship between immunity and
cognition, as well as immunity and Aβ deposition. We cannot
exclude the possibility that by combining these cohorts, we
could be obscuring the true relationship between cognition
and adaptive immunity.  Thus, our results only provide pre-
liminary evidence of immune-mediated changes in neurocog-
nitive functioning and Aβ burden after PA in patients suffering
from aMCI, and may underestimate or overestimate the true
effect of PA on immunity, cognition, and Aβ burden. Our con-
clusions should be interpreted with caution and future studies
should confirm our findings in larger cohorts of aMCI
patients.  

CONCLUSION

Our study is unique in that it is the first to relate changes in B
cell and T cell subsets to neurocognitive function and Aβ dep-
osition in the aMCI brain after one year of PA. Preliminary
data from our small cohort of aMCI patients suggest several
key ways that PA may impact cognitive functioning and Aβ in
aMCI. First, increased Aβ load in the hippocampus was asso-
ciated with fewer naïve B cells and more memory B cells in
the blood. However, there was no relationship between per-
formance on memory tasks and B cell subsets in either the
blood or CSF after PA. Instead, increased memory B cells and
diminished naïve B cells were associated with lower attention
and concentration scores. Second, CSF-derived CD4+ T cells
decreased, and CD8+ T cells increased, with more Aβ deposi-
tion in brain regions associated with executive function (20).
Furthermore, our data showed that aMCI patients with lower
executive function scores had fewer CD4+ T cells and more
CD8+ T cells in the blood. This suggests that PA-induced
global alterations in T cell subsets may be associated with
both the harmful accumulation of Aβ and associated changes
in neurocognitive functioning. Finally, we found that after PA,
there was an inverse relationship between memory/naïve B
cells and CD4+/CD8+ T cells. Overall, increased peripheral
naïve B cells and CD4+ T cells are associated with better cog-
nitive function in aMCI patients, while memory B cells and
CD8+ T cells are associated with greater pathology. Our find-
ings suggest a complex interplay between physical activity,
cognition, brain Aβ burden, and adaptive immunity. Larger
clinical studies should aim to validate our findings and deter-
mine what mechanisms underlie PA-induced immunomodula-
tion and its impact on clinical outcomes in MCI patients. 
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ABSTRACT

Type 1 diabetes (T1D) is a T cell mediated autoimmune dis-
ease that targets and destroys insulin-secreting pancreatic
beta cells. Beta cell specific T cells are highly differentiated
and show evidence of previous antigen exposure. Exercise-
induced mobilisation of highly-differentiated CD8+ T cells
facilitates immune surveillance and regulation. We aimed to
explore exercise-induced T cell mobilisation in T1D. In this
study, we compared the effects of a single bout of vigorous
intensity exercise on T cell mobilisation in T1D and control
participants. N=12 T1D (mean age 33.2yrs, predicted VO2
max 32.2 mL/(kg·min), BMI 25.3Kg/m2) and N=12 control
(mean age 29.4yrs, predicted VO2 max 38.5mL(kg.min), BMI
23.7Kg/m2) male participants completed a 30-minute bout of
cycling at 80% predicted VO2 max in a fasted state. Peripher-
al blood was collected at baseline, immediately post-exercise,
and 1 hour post-exercise. Exercise-induced mobilisation was
observed for T cells in both T1D and control groups. Total
CD8+ T cells mobilised to a similar extent in T1D (42.7%;
p=0.016) and controls (39.7%; p=0.001). CD8 effector mem-
ory CD45RA+ (EMRA) subset were the only T cell lineage
subset to be significantly mobilised in both groups though the
percentage increase of CD8+ EMRA was blunted in T1D
(T1D (26.5%) p=0.004, control (66.1%) p=0.010). Further
phenotyping of these subsets revealed that the blunting was
most evident in CD8+ EMRA that expressed adhesion
(CD11b: T1D 37.70%, Control 91.48%) and activation mark-
ers (CD69: T1D 29.87%, Control 161.43%), and appeared to
be the most differentiated (CD27-CD28-: T1D 7.12%, Control
113.76%). CD4+ T cells mobilised during vigorous intensity
exercise in controls (p=0.001), but not in T1D. The blunted
mobilisation response of particular T cell subsets was not due

to CMV serostatus or apparent differences in exertion during
the exercise bout as defined by heart rate and RPE. Predicted
VO2 max showed a trend to be lower in the T1D group than
the control group but is unlikely to contribute to this blunted
response. We postulate the reasons for a blunted mobilisation
of differentiated CD8+ EMRA cells includes differences in
blood glucose, adrenaline receptor density, and sequestration
of T cells in the pancreas of T1D participants. In conclusion,
mobilisation of CD8+ EMRA and CD4+ subsets T cells is
decreased in people with T1D during acute exercise.

Key words: Exercise, Physical activity, Type 1 Diabetes,
Immunity, T cells

INTRODUCTION

Type 1 Diabetes (T1D) is an autoimmune disorder charac-
terised by T cell mediated destruction of insulin secreting pan-
creatic beta cells. Peripheral T cells are mobilised by acute
exercise in healthy individuals, and exercise may also modu-
late the number and function of these cells. We therefore
wanted to explore the effect of exercise on T cell mobilisation
in people with autoimmune T1D.

T cells in T1D
Beta cell specific T cell subsets are mainly comprised of late
differentiated memory T cells that show evidence of previous
antigen exposure [1-3]. Indeed, circulating islet specific CD8+

T cells have been detected at similar frequencies in both T1D
and non-diabetic cohorts [4]. However, antigen-experienced
islet reactive CD8+ T cells (ZnT8186–194 multimer+) were found
sequestered in the pancreas of T1D donors, but not non-dia-
betic donors [4]. Islet resident CD8+ T cells in the human pan-
creas also express CD11b, CD69, and CD103, which are
markers of tissue resident memory cells [5-7]. In particular,
elevated highly differentiated CD8+ effector memory T cells
re-expressing CD45RA (EMRA) have been found in T1D [1,
2, 8]. 

T cell differentiation
Towards the beginning of the linear differentiation pathway,
CD8+ T cells are released into the circulation as naïve T cells
which are characterised by their cell surface co-expression of

Type 1 diabetes impairs the mobilisation of highly-differentiated CD8+ T cells
during a single bout of acute exercise
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CD45RA, CCR7, CD27 and CD28 [9-14]. CD45, the leuko-
cyte common antigen, has multiple isoforms which are differ-
entially expressed based on maturation status [15]. Central
memory (CM) cells are formed (CD45RA-CCR7+) following
antigen experience and loss of CD45RA [11, 14]. Memory
cells lose the expression of the high molecular weight
CD45RA isoform and gain expression of the low molecular
CD45RO isoform following activation [16]. Following anti-
gen presentation, CM T cells can rapidly differentiate into T
cells with effector functions [13]. CCR7 is down-regulated as
CM T cells become specialised, antigen specific effector T
cells. CM T cells progress to effector memory (EM) T cells
through three progressively differentiated subpopulations
defined based on their expression of CD27 and CD28: early
differentiated (ED) (CD27+CD28+), early-like differentiated
(ELD) (CD27-CD28+), and intermediate differentiated (ID)
(CD27+CD28-). CD27 and CD28 diminish in a stepwise fash-
ion following successive rounds of differentiation in response
to antigen stimulus, corresponding with an increase in cyto-
toxic functions [17-19]. Following the loss of both CD27 and
CD28, ID T cells become fully differentiated EM T cells
(CD27-CD28-) [19, 20]. 

Re-expression of CD45RA on fully differentiated effector
memory (EM) T cells (EMRA) is the final stage of T cell dif-
ferentiation in the T cell lineage pathway [21] (Figure 1),
which gives rise to a range of phenotypically and functionally
diverse T cell subsets. This re-expression of CD45RA leads to
a fixed resting memory T cell pool that can respond to recall
antigens [22, 23]. Differentiation status of EMRA subsets can
be identified in a number of ways; cell surface expression of
markers such as CD26, CD57, and killer cell lectin-like recep-
tor subfamily G member 1 (KLRG1) [1, 2, 8]; lack of CD27

and CD28 expression [17, 18]; and evidence of shortened
telomeres indicative of successive rounds of cell division [2,
8]. Although conventionally EMRA are CD27-CD28-, there is
evidence of further subdivisions of differentiation based on
the differential expression of these markers [24]. Pedro
Romero et al., 2007 identified small subpopulations of CD27-
CD28+ and CD27+CD28- EMRA [24]. Nonetheless,
CD27+CD28+ and CD27-CD28- EMRA make up the larger
proportion of EMRA subpopulations [24, 25]. 

Amidst these earlier stages of differentiation exists a dynamic
population CD8+ T cells which have recently been implicated
in T1D [2, 3]. Stem cell like memory T cells (TSCM)
(CD27+CD45RO-CD95+CCR7+) express naïve surface mark-
ers (CD45RA, CCR7) and are capable of extensive prolifera-
tion and self-renewal, similar to hematopoietic stem cells [26-
28].  However, TSCM also have the ability to rapidly acquire
effector functions upon stimulation and respond to recall anti-
gens, analogous to effector memory subsets [28, 29]. Beta cell
specific T cell populations in the peripheral blood have been
identified with this phenotype in T1D, indicating a role for
TSCM in the pathogenesis of the disease [2, 3].

In addition to progressive differentiation of CD8+ T cell line-
age subsets, CD4+ T cells are characterised in a similar man-
ner (Figure 1).  However, in addition to this phenotypic
approach, CD4+ T cells are also defined based on their differ-
entiation into T-helper (Th) (CD45RO+CD127hiCD25low) and
T-Regulatory (TRegs) (CD4+CD127lowCD25+) subsets [10,
30]. The T-helper subpopulations are distinguished by
chemokine receptor expression and cytokine secretion pat-
terns [10, 31-33]. These include type 1 helper (Th1) cells [10,
34, 35], type 2 helper (Th2) [10, 34], Th9 [36], Th17 [10, 37-

Figure 1 Linear T cell differentiation pathway
The progressive linear differentiation pathway of CD4+ and CD8+ T cell subsets; naïve T cells --> Stem cell like memory T cells (TSCM) --> Cen-
tral Memory (CM) --> Effector Memory (EM) --> Early Differentiated (ED) --> Early-like Differentiated (ELD) --> Intermediately differentiated (ID) -
-> Effector Memory Re-expressing CD45RA (EMRA). Brackets indicate additional markers that can be used for phenotypic characterisation to T
cell subsets.
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39], and Th22 cells [36]. CD4+ TReg subpopulations consist
of naïve (naTRegs) and memory TRegs (mTRegs). As
described for lineage T cell subsets, naTRegs express
CD45RA whereas mTRegs lose CD45RA and acquire
CD45RO upon antigen exposure [11, 40]. mTRegs are an
activated antigen primed subset of CD4+ TRegs [41, 42].
mTREGs express TIGIT, a coinhibitory molecule [43], which
supress pro-inflammatory Th1 and Th17 cells, but promote
Th2 cell responses and therefore support an anti-inflammatory
environment [43]. In T1D, there is strong evidence to suggest
that the balance between T-helper and TRegs is disrupted.
CD4+ Th differentiation is skewed towards increased pro-
inflammatory Th1 and Th17 cells [44, 45]. Whereas CD4+

TReg function, and potentially TReg frequency, are compro-
mised in T1D [46]. This increases immune dysregulation
already upheld by memory CD8+ T cell subsets. 

Acute exercise and T cell mobilisation
To date, the effects of acute exercise on T cells, including
those implicated in T1D pathogenesis, outlined above, have
not been investigated in T1D. In healthy individuals, acute
exercise induces a significant increase in the T cell frequency,
proportional to exercise intensity, in the peripheral blood
immediately following exercise [47].

The largest mobilisation within T cells is seen among CD8+ T
cells, with minimal CD4+ T cell mobilisation [48-51].
Although mobilisation of CD4+ T cells is minimal, there is
evidence to support that exercise induces a shift from Th1 to
Th2 polarization, reducing pro-inflammatory CD4+ T cell
phenotypes [6, 7, 79-81]. Within the CD8+ T cell compart-
ment, CD8+ T cells with a highly differentiated memory phe-
notype are preferentially mobilised following exercise [51-
56]. CD8+ EMRA have been reported to increase by 450%
following vigorous exercise compared to naïve CD8+ T cells
which increased by 84% [52]. Further studies show that CD8+

effector memory (EM) and EMRA that exhibited the largest
increase following exercise were fully differentiated (CD27-

CD28-) [53] and expressed markers of terminal differentiation
and senescence (killer cell lectin-like receptor subfamily G
member 1 (KLRG1)+CD57+) [54]. Whilst the cells detectable
in the T1D pancreas express markers of differentiation, mem-
ory and residency [4-7], the effects of acute exercise on the
mobilisation of these T cell subsets in T1D is yet to be
explored. 

Investigating the effects of exercise on T cell subsets in T1D
may have importance for the understanding and treatment of
this disease. Lymphocytosis is followed by intensity-depen-
dent lymphopenia in the period that follows a bout of exercise
[48-50, 57-59]. Following the dramatic increase in CD8+ EM
and EMRA frequency following exercise, it is these same sub-
sets which exhibit the largest egress from the peripheral blood
during the recovery period [53, 54]. This flux may play a role
in immune regulation. Tissue redistribution of lymphocytes is
one cause of exercise-induced lymphopenia [59]. Krüger et al.
2007 demonstrated using fluorescent cell tracking in mice that
T cells were released from the spleen and accumulated in the
lungs, bone marrow, and Peyer's patches of the mice follow-
ing acute exercise [60]. Such movement of immune cells may
support immune surveillance. Post-exercise lymphopenia is

also thought to result partially from lymphocyte apoptosis
[61-63]. Acute exercise, particularly of vigorous intensity (i.e.
above 70% VO2 max), mobilises CD95+ memory T cells [61,
64]. It has been postulated that CD95 expression may indicate
an apoptotic fate and subsequently create “immunological
space” [65, 66]. The percentage of apoptotic lymphocytes as
well as CD95+ T cells increases following exhaustive exercise
(80% VO2 max) in healthy participants. [61, 63, 64]. Further-
more, mice subjected to a strenuous 90-minute treadmill run-
ning protocol showed a decrease in CD8+ T cells 24 hours fol-
lowing exercise, and apoptosis of intestinal CD8+ T cells was
higher 24 hours after exercise [62]. It is hypothesised that this
vacant immune space following exercise can be taken up by
newly generated immature cells, creating the opportunity to
reprogram immune memory. In support of this, vigorous acute
exercise increases hematopoietic stem and progenitor cells
(HSPC) post-exercise as well as stimulates haematopoiesis
[67, 68]. 

Exploring the effects of acute exercise on T cells in T1D
Given that acute exercise mobilises CD8+ T cells with a high-
ly differentiated phenotype that express markers of tissue resi-
dency, and that CD8+ T cells with this phenotype are thought
to sustain beta cell destruction in T1D, it is important to
explore the impact of acute exercise on these T cell subsets in
T1D. A limited amount of research has been conducted in
exercise training in T1D. Exercise training in streptozotocin-
induced T1D mice significantly increased insulin content and
insulin secretion compared to sedentary mice [69]. Further-
more, exercise training in non-obese diabetic (NOD) mice
reduced immune cell infiltration into the pancreas and subse-
quently the insulitis index. This is the only exercise study in a
model of T1D to demonstrate the modulatory effects of exer-
cise on islet immunity [70]. We therefore aimed to provide a
comprehensive phenotypic characterisation of exercise-
induced mobilisation of potentially pathogenic T cell subsets
in T1D, and compare this response to that observed in healthy
participants. 

METHODS

Participants
Ethical approval was granted by the Preston Research Ethics
Committee (REC) for this study. Twelve controls and twelve
T1D participants were recruited. All participants were male
and between 16-65 years of age. Male only participants were
chosen to minimise differences immune cell phenotypic and
functional capacity evident in females due to higher oestrogen
levels [71-73]. Participant baseline characteristics are reported
in table 1. T1D participants had a clinical diagnosis of T1D,
were on basal bolus insulin regime or insulin pump therapy,
competent in carbohydrate content estimation of meals, were
willing to test glucose through capillary testing, and were able
to recognise hypoglycaemic symptoms before blood glucose
fell to 3.9mmol/L. Participants did not have a history of car-
diac disease or other significant illness that would prevent
attendance at the study sit. All T1D participants did not have
active proliferative diabetic retinopathy, autonomic neuropa-
thy, or history of severe hypoglycaemia requiring third party
assistance within the last 3 months prior to the study.
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Experimental design
Participants had one enrolment visit, where baseline demo-
graphics and anthropometric assessment was carried out
(table 1). During the enrolment visit, each participant com-
pleted a non-fasted incremental sub-maximal (85% HRmax)
cycle ergometer test to calculate their predicted VO2 max.
This was used to calculate workload and heart rate for the sub-
sequent exercise visit adjusted to individual fitness [74]. The
enrolment visit and exercise visit were separated by one week.
Participants were asked to abstain for vigorous exercise 24
hours prior to the exercise visit. Participants were also
required to record a food diary for the 24 hours prior to the
exercise visit. Participants were advised to use these diaries to
ensure that the same foods were consumed in the 24 hours
prior to each exercise bout. The exercise visit started at
8.30am for all participants and consisted of a thirty-minute

bout of cycling at 80% predicted VO2 max. An initial fasting
blood sample was taken for each participant once the cannula
was inserted. The participant was then allowed to rest for a
further 20 minutes before preparing for the acute exercise
bout. Fasting blood samples were collected intravenously at
immediately pre-exercise, immediately post-exercise, and 1
hour post-exercise.  Pre- and post-exercise samples were
taken whilst the participant was sitting on the cycle ergometer
and sampling was strictly timed using a stopwatch. Timing for
the immediately post-exercise sample was crucial because
lymphocytes egress from peripheral blood within in minutes
of exercise cessation [75]. All participants completed an inter-
national physical activity questionnaire (IPAQ) [76] and per-
ceived stress questionnaires; the life scale events question-
naire [77], perceived stress scale [78], the undergraduate
stress questionnaire [79], self-perceived health status [80],
and the Pittsburgh sleep quality index [81].

Sample processing
All blood samples were processed under identical conditions
using the same laboratory reagents and apparatus. Blood sam-
ples for immunophenotyping analysis were taken in lithium
heparin vacuette tubes (95057-405, Greiner Bio-one GmbH,
Frickenhausen, Germany) and placed on roller at room tem-
perature to ensure constant mixing of the blood sample until
processing. All sample processing was initiated within 2 hours
of blood-draw. Haematological measures were conducted on
25μl of whole blood using an automated coulter counter
(ABX Micros ES 60, HORIBA Medical). Relative cell num-
ber (cells/μl) of T cell subsets was then calculated from this.

Whole blood staining
The whole blood staining protocol was optimised prior to the
start of the study. The protocol was adapted from the Clinical
Immunology Service, University of Birmingham. Red blood
cells were lysed by preparing whole blood in 4ml aliquots and
washed with 16mls Ammonium Chloride lysis buffer (16g
Ammonium Chloride (326372, Sigma-Aldrich, Dorset, UK),
2g sodium hydrogen carbonate (S/4240/60, Fisher scientific
Ltd, Loughborough, UK), 0.2g EDTA (E5134, Sigma-
Aldrich, Dorset, UK), and 2L ddH2O). The sample was cen-
trifuged at 1000g for 5 minutes. Pelleted cells were resus-
pended in 10mls RPMI-1640 (R0833, Sigma-Aldrich, Dorset,
UK) (supplemented with 2% FBS) and centrifuged at 1000g
for 5 minutes. Cells were then counted and resuspended to a
concentration of 1x106 cells/ml. Cells were stained with
appropriate antibodies and incubated in dark at 4°C for
20minutes. Stained cells were lysed and fixed with 500µl 1X
BD FACS lysing solution (containing 14% formaldehyde)
(349202, BD Biosciences, Wokingham, UK) and incubated in
dark at 4°C for a further 15minutes. Fixed cells were washed
(centrifuged at 1000g for 5 minutes) in 2mls phosphate-
buffered saline (PBS). Pelleted cells were resuspended in
500µl PBS and stored at 4°C until flow cytometry analysis.
The stability of fixed stains was assessed and confirmed that
cells could be stored up to 24hours at 4°C before flow cytom-
etry analysis. All samples were analysed using BD LSR
Fortessa X-20. Parent populations (i.e. lymphocytes) were
selected based on their size on FSC/SSC dot plots. Doublets
were omitted by selecting the linear population shown on
FSC-A/FSC-H dot plots prior to recording. Events to record

  
  

1Control  2T1D  

mean± SD mean± SD 
Age (years) 28.8±4.6 33.2±9.7 
Weight (Kg) 74.5±8.7 80.8±15.6 
Height (cm) 156±55 178±7 
BMI (kg/m2) 24±2 25±4 
Waist circumference (cm) 86±7 90±12 
Hip circumference (cm) 90±7 95±8.6 
Chest Circumference (cm) 94±4 99±12 
Waist-hip ratio  0.95±0.03 0.94±0.06 
Body fat (%) 16.6±4.8 21.1±6.2 
VO2 Max  (mL/(kg·min)) 38.5±5.4 32.2±9.3 

CMV index 0.42±0.47 0.51±0.5 
Glucose (mmol) 5.24±0.48 8.91±3.15 
Heart Rate (bpm) 68±8 74±14 
Systolic BP (mmHg) 123±8 129±19 
Dystolic BP (mmHg) 72±11 79±11 
Number of cigarettes (per wk)# 

  

0 10 11 
1-5 2 1 

Alcohol intake (units per wk)# 
  

0 2 3 
1-5 3 4 

6-10 4 1 
11-20 1 3 
21-40 2 0 

Job related PA (min/wk) 325±470 557±1221 
Transportation PA (min/wk) 313±237 240±190 
House Maintenance (min/wk) 129±122 136±129 
Sport and Leisure PA (min/wk) 140±86 286±282 
Light PA (min/wk) 43±45 81±91 
Moderate PA (min/wk) 7.5±19 65±132 
Vigorous PA (min/wk) 90±97 140±12 
Time sitting (hrs/wk) 48±18 40±12    

Stress score (1 year) 4±3 5±4 
Stress score (1 month) 10±8 12±10 
Stress score (visit 1) 7±10 6±9 
Stress score (visit 2) 4±3 4±5 
 

         
 

              
N  
     

  
  

 

Table 1 Baseline Characteristics of T1D and control participants
Mean and standard deviation values for baseline characteristics in
control and T1D participants. 
Note: # number of participants
1 controls n=12
2 T1D n=12
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were set to 100,000 within the parent population gate. Com-
pensation was carried out monthly using compensation beads
and single stained cells. The most recent compensation set up
was linked to each experiment. A negative control (unstained
whole blood) was run for each experiment. 

T cell subset analysis
Individual T cell phenotypes along the linear differentiation
pathway of CD4+ and CD8+ T cells (Figure 1), as well as
CD4+ T-helper (Th) and T-Regulatory (TReg) subsets follow-
ing an acute bout of vigorous intensity exercise (80% predict-
ed VO2 max) were measured in T1D and healthy participants.
Two multi-colour flow cytometry panels were designed to
phenotype lineage T cell subsets (panel 1) and CD4 T-
helper/T-Regulatory subsets (panel 2) using the following
anti-human monoclonal antibodies (mAbs) obtained from BD
Biosciences (Wokingham, UK) (unless stated otherwise):

Panel 1 anti-CD3 PE-Cy7 (UCHT1), anti-CD4 APC-R700
(RPA-T4), anti-CD8 APC-H7 (SK1), anti-CD11b PE-CF594
(ICRF44), anti-CD27 BB515 (M-T271), anti-CD28 BV510
(CD28.2), anti-CD45RA BV786 (HI100), anti-CD69 BV650
(FN50), anti-CD95 BV421 (DX2), anti-CD127 AF647 (HIL-
7R-M21), anti-CCR7 PE (3D12), anti-7-AAD PerCP-Cy5.5.
Panel 2 anti-CD3 PE-Cy7 (UCHT1), anti-CD4 APC-R700
(RPA-T4), anti-CD25 PE (M-A251), anti-CD45RO BV786
(UCHL1), anti-CD127 AF647 (HIL-7R-M21), anti-CXCR3
PE-CF594 (1C6), anti-CCR4 BV421 (1G1), anti-CCR6
BV711 (11A9), anti-IL-6R FITC (AS12), anti-TIGIT PerCP-
Cy5.5 (MBSA43) (eBioscience, San Diego, CA, US), and
Live/Dead-Fixable Viability Stain 780. 

Data analysis
Flowjo version 10 (FlowJo LLC, Oregon) was used to analyse
flow cytometry data. Doublets were removed using FSC-A
versus FSH-H dot plots. Dead cells positive for 7-AAD via-
bility stain were removed, and lymphocytes were selected
based on size on SSC-A versus FSC-A dot plots. Total T cells
were selected as CD3+, and further selected as separate CD4+

and CD8+ populations. Spider gates were used within CD4+

and CD8+ populations to define distinct progressively differ-
entiated subsets as outlined in supplementary Figure 1; naïve
(CD45RA+CCR7+), TSCM (CD45RA+CCR7+CD95+CD127+),
central memory (CM: CD45RA-CCR7+), effector memory
(EM: CD45RA-CCR7-), early differentiated (ED: CD45RA-

CCR7-CD27+CD28+), early-like differentiated (ELD:
CD45RA- CCR7- CD27-CD28+) and intermediately differen-
tiated (ID: CD45RA- CCR7-CD27+CD28-), and effector
memory re-expressing CD45RA (EMRA: CD45RA+CCR7-).
The gating strategy for TSCM is displayed in supplementary
Figure 2. Single cell surface expression of CD69, CD11b,
CD127, and CD95 was gated on CD4 and CD8 naïve, CM,
EM, and EMRA T cell subsets. 

CD4+ T cells were further divided into T-helper (supplemen-
tary Figure 3) and T-Regulatory (supplementary Figure 4)

Figure 2 CD8+ EMRA during vigorous intensity exercise in T1D
and control participants
Flow cytometry was used to determine the frequency (cells/µl) of
CD8+ EMRA populations in control and T1D participants during vigor-
ous intensity exercise. Error bars represent SEM.
Note:
Δ  percentage change

* p ≤ 0.05
** p ≤ 0.01

*** p ≤ 0.001

Figure 3 T-Regulatory cell subsets during vigorous intensity exercise in T1D and control participants
Flow cytometry was used to determine the frequency (cells/µl) of CD4+ TReg, mTReg, and nTReg subsets in control and T1D participants dur-
ing vigorous intensity exercise. (a) The frequency of CD4+ TReg cells (b) CD4+ mTReg cells and (c) CD4+ naTReg cells during vigorous intensi-
ty exercise. Error bars represent SEM. 
Note:
Δ  percentage change

* p ≤ 0.05
** p ≤ 0.01

*** p ≤ 0.001



CD8+ EMRA mobilisation is impaired in T1D •   83

EIR 25 2019

Ta
b
le
 2
 C
D
8+

lin
ea

g
e 
su
b
se
ts
 f
o
llo
w
in
g
 v
ig
o
ro
us
 in
te
ns
it
y 
ex
er
ci
se

M
ea

n,
 s

ta
nd

ar
d 

de
vi

at
io

n,
 a

nd
 s

ta
tis

tic
al

 a
na

ly
si

s 
of

 C
D

8+
 s

ub
 p

op
ul

at
io

ns
 fo

r 
co

nt
ro

l a
nd

 T
1D

 s
ub

je
ct

s 
du

rin
g 

vi
go

ro
us

 in
te

ns
ity

 e
xe

rc
is

e.
 S

ig
ni

fic
an

t 
re

su
lts

 h
ig

hl
ig

ht
ed

 in
 b

ol
d 

ch
an

ge
s 

ov
er

 t
im

e 
w

er
e 

st
a-

tis
tic

al
ly

 s
ig

ni
fic

an
t 

fo
r 

bo
th

 g
ro

up
s 

in
de

pe
nd

en
tly

 i.
e.

 p
 v

al
ue

s 
<

0.
05

 w
er

e 
co

ns
id

er
ed

 s
ig

ni
fic

an
t, 

an
d 

th
e 

pe
rc

en
ta

ge
 in

cr
ea

se
 w

as
 c

on
si

de
ra

bl
y 

bl
un

te
d 

in
 t

he
 T

1D
 (<

50
 Δ

%
 c

om
pa

re
d 

to
 c

on
tr

ol
 h

ig
hl

ig
ht

ed
in

 r
ed

). 
N

ot
e:

 a
Δ

%
 P

er
ce

nt
ag

e 
ch

an
ge

 fr
om

 b
as

el
in

e 
(T

1)
 t

o 
im

m
ed

ia
te

ly
 p

os
t 

ex
er

ci
se

 (T
2)

 o
r 

1 
ho

ur
 p

os
t 

ex
er

ci
se

 (T
3)

. b
R

es
ul

ts
 w

er
e 

an
al

ys
ed

 u
si

ng
 m

ul
tip

le
 r

eg
re

ss
io

n 
an

al
ys

is
 in

 c
on

tr
ol

 a
nd

 T
1D

 g
ro

up
s

in
de

pe
nd

en
tly

. 
c

C
on

tr
as

t 
di

sp
la

ys
 c

ha
ng

es
 f

ro
m

 b
as

el
in

e 
(T

1)
 t

o 
im

m
ed

ia
te

ly
 p

os
t 

ex
er

ci
se

 (T
2)

 a
nd

 1
 h

ou
r 

po
st

 e
xe

rc
is

e 
(T

3)
.d

R
es

ul
ts

 w
er

e 
an

al
ys

ed
 u

si
ng

 m
ul

tip
le

 r
eg

re
ss

io
n 

an
al

ys
is

 in
 c

on
tr

ol
 a

nd
 T

1D
gr

ou
ps

 c
om

bi
ne

d.
1 C

on
tr

ol
s 

n=
11

, 2
T1

D
 n

=
9



84 •   CD8+ EMRA mobilisation is impaired in T1D

EIR 25 2019



CD8+ EMRA mobilisation is impaired in T1D •   85

EIR 25 2019

Ta
b
le
 3
 C
D
8+

lin
ea
g
e 
su
b
se
t 
su
rf
ac
e 
m
ar
ke
rs
 f
o
llo
w
in
g
 v
ig
o
ro
us
 in
te
ns
it
y 
ex
er
ci
se

M
ea

n,
 s

ta
nd

ar
d 

de
vi

at
io

n,
 a

nd
 s

ta
tis

tic
al

 a
na

ly
si

s 
of

 C
D

69
+

, C
D

11
b+

, C
D

12
7+

, a
nd

 C
D

95
+

 o
n 

C
D

8+
 n

aï
ve

, C
M

, E
M

, a
nd

 E
M

R
A

 p
op

ul
at

io
ns

 fo
r 

co
nt

ro
l a

nd
 T

1D
 p

ar
tic

ip
an

ts
 fo

llo
w

in
g

vi
go

ro
us

 in
te

ns
ity

 e
xe

rc
is

e.
 S

ig
ni

fic
an

t 
re

su
lts

 h
ig

hl
ig

ht
ed

 in
 b

ol
d 

w
he

re
 c

ha
ng

es
 o

ve
r 

tim
e 

w
er

e 
st

at
is

tic
al

ly
 s

ig
ni

fic
an

t 
fo

r 
bo

th
 g

ro
up

s 
in

de
pe

nd
en

tly
 i.

e.
 p

 v
al

ue
s 

<
0.

05
 w

er
e 

co
ns

id
-

er
ed

 s
ig

ni
fic

an
t, 

an
d 

th
e 

pe
rc

en
ta

ge
 in

cr
ea

se
 w

as
 c

on
si

de
ra

bl
y 

bl
un

te
d 

in
 th

e 
T1

D
 (<

50
 Δ

%
 c

om
pa

re
d 

to
 c

on
tr

ol
 h

ig
hl

ig
ht

ed
 in

 re
d)

N
ot

e:
a

Δ
%

 P
er

ce
nt

ag
e 

ch
an

ge
 fr

om
 b

as
el

in
e 

(T
1)

 to
 im

m
ed

ia
te

ly
 p

os
t e

xe
rc

is
e 

(T
2)

 o
r 

1 
ho

ur
 p

os
t e

xe
rc

is
e 

(T
3)

.
b

R
es

ul
ts

 w
er

e 
an

al
ys

ed
 u

si
ng

 m
ul

tip
le

 r
eg

re
ss

io
n 

an
al

ys
is

 in
 c

on
tr

ol
 a

nd
 T

1D
 g

ro
up

s 
in

de
pe

nd
en

tly
.

c
C

on
tr

as
t d

is
pl

ay
s 

ch
an

ge
s 

fr
om

 b
as

el
in

e 
(T

1)
 to

 im
m

ed
ia

te
ly

 p
os

t e
xe

rc
is

e 
(T

2)
 a

nd
 1

 h
ou

r 
po

st
 e

xe
rc

is
e 

(T
3)

.
d

R
es

ul
ts

 w
er

e 
an

al
ys

ed
 u

si
ng

 m
ul

tip
le

 r
eg

re
ss

io
n 

an
al

ys
is

 in
 c

on
tr

ol
 a

nd
 T

1D
 g

ro
up

s 
co

m
bi

ne
d.

1
C

on
tr

ol
s 

n=
11

, 
2 

T1
D

 n
 =

9



86 •   CD8+ EMRA mobilisation is impaired in T1D

EIR 25 2019

subsets; CD4+ T-Regulatory (CD127loCD25hi), naïve T-Reg
(CD45RO-CD127loCD25hi), memory T-Reg (CD45RO-

CD127loCD25hi), T-helper (Th: CD127+CD25-CD45RO+),
Th1 (CXCR3+CCR6+CCR4-), Th2 (CXCR3-CCR6-CCR4+),
and Th17 (CXCR3-CCR6+CCR4+). 

Statistical analysis
Statistical analysis was performed using SPSS version 24
(IBM, Chicago) and GraphPad Prism version 7 (GraphPad
Software, California). Firstly, normality tests were performed
on all data using Q-Q plots in SPSS. Data which was not nor-
mally distributed was logged and normality tests were repeat-
ed, confirming all subsets have normal distribution. Multiple
regression analysis was used to analyse within subject’s effect
(time) and between subject’s effects over time (time*group).
Main effects of exercise are described as changes over time.
Changes immediately post-exercise and 1 hours post-exercise
are compared to baseline values and are reported in tables for
each group under the heading “contrast”. P values were
reported as sphericity assumed however where mauchly’s test
of sphericity was violated i.e. p ≤0.05, Greenhouse-Geisser
corrected value was used. Student T-tests were performed on
baseline characteristics. The p values, F values, and degrees of
freedom (df) are reported in tables as [F = (df, df error) value,
p-value]. Variation in n numbers is a result of a participant
having no data for 1 hour post-exercise time-point. Data are
presented in tables as mean ± standard deviation (SD) unless
otherwise stated. P values ≤0.05 were considered significant.
Significantly mobilised subsets in control and T1D groups,
however demonstrate a blunted egress immediately post exer-
cise in T1D group, are highlighted in the results tables in bold.

RESULTS

Participants anthropometric and physiological characteristics
are shown in table 1. No statistically significant differences
between groups were found for anthropometric and physio-
logic characteristics. The results obtained for CD8+ lineage
subpopulations are summarized in tables 2-3. CD4+ T-Regula-
tory and T-helper subpopulations are summarized in table 4.
Extensive T cell subpopulations analysis is included in sup-
plementary tables 1-3.

The mobilisation CD8+ EMRA T cells is blunted in T1D
during vigorous intensity exercise
Lymphocytosis and CD8+ T cell mobilisation occurs in both
T1D and control groups as summarized in supplementary
table 1. However, the most dramatic changes were observed
within the CD8+ lineage subsets (depicted in Figure 1) during
vigorous intensity exercise in T1D and control participants.
The results for CD8+ lineage subsets are displayed in table 2.
As anticipated, within the CD8+ T cell populations, less dif-
ferentiated cells such as naïve, TSCM, and CM subsets did not
significantly change with exercise in either group. As expect-
ed, significant changes were however observed in the more
differentiated subsets such as CD8+ ED, ELD, ID, EM, and
EMRA subsets during vigorous exercise. Therefore, the
increase in CD8+ T cells is driven by mobilisation of later dif-
ferentiated CD8+ T cell subsets, and these changes were most
significant in the CD8+ EMRA subsets for each group. 

Although statistically significant changes in CD8+ TSCM were
not observed during vigorous intensity exercise in either
group, increases in the number CD8+ TSCM immediately post-
exercise were suggested in both control and T1D participants
(table 3). However, during vigorous intensity exercise a blunt-
ed response is noted in the T1D group. CD8+ TSCM decreased
following vigorous exercise by 90.97% in the T1D group but
increased dramatically by 1898.69% in the control group. It is
worth noting that the total cell numbers for CD8+ TSCM subsets
were very small. 

Within the later differentiated subsets, CD8+ ED significantly
changed during vigorous intensity exercise overall only
(p=0.040), but this was not seen in either T1D or control
groups independently. There was an overall change in CD8+

ELD during vigorous intensity exercise (p<0.001), with a
non-significant trend to change in the T1D group (p=0.054)
but not in the control group. This change was driven by an
increase in CD8+ ELD post-exercise followed by a significant
decrease below baseline in CD8+ ELD 1 hour post vigorous
exercise in the T1D group only (p=0.029). CD8+ ID signifi-
cantly changed over time with vigorous exercise (p<0.001)
but not in either T1D or control groups independently. CD8+

ID significantly decreased below baseline 1 hour post vigor-
ous exercise in the control group only (p=0.027). CD8+ EM
showed a trend to mobilise during vigorous exercise
(p=0.067), driven by a trend to increase post-exercise, with a
decrease below baseline at 1 hour post-exercise (p=0.040) in
the T1D group. No significant changes were observed for
CD8+ EM in the control group. 

Finally, CD8+ EMRA cell frequency significantly changed
overall during vigorous intensity exercise (p=0.001). CD8+

EMRA were significantly mobilised by vigorous intensity
exercise, driven by a trend to increase post-exercise, in T1D
(p=0.004) and control groups (p=0.010). There was a signifi-
cant decrease 1 hour post-exercise in both T1D (p=0.019) and
control groups (p=0.004). In summary, CD8+ EMRA were the
only CD8+ T cells subset mobilised by vigorous intensity
exercise in both the T1D and control group. However, the per-
centage increase post vigorous intensity exercise is much
lower in the T1D group (control: 66.67%, T1D: 26.45%) sug-
gesting a blunted egress of CD8+ EMRA during exercise in
T1D (Figure 2); however, no significant time*group differ-
ences were observed.

Vigorous intensity exercise mobilises fully differentiated
CD8+ EMRA T cells expressing markers of activation and
adhesion in T1D and control participants, with evidence of
a blunted response in T1D
A number of cell surface markers were measured on CD8+ T
cells to define the homing propensity and function of circulat-
ing CD8+ populations in T1D and control participants. These
were examined on naïve, CM, EM, and EMRA CD8+ T cell
subsets. These markers included CD69 (a marker of activation
and tissue-resident populations), CD11b (an adhesion marker
involved in lymphocyte migration), CD127 (IL-7Rα, neces-
sary for memory CD8+ T cell maintenance), and CD95
(expressed on memory subsets and a marker of apoptosis).
The combination of CD27 and CD28 expression was used to
define the differentiation status of CD8+ EMRA subsets. Con-
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ventionally EMRA are defined as CD27-CD28-. However, more
recently further subdivisions of EMRA differentiation based on
the differential expression of CD27 and CD28 have been
described and also shown in this study herein [24, 25].

As described earlier, CD8+ EMRA are the only subsets which
are significantly mobilised in both T1D and control participants.
Interestingly, the percentage increase of CD8+ EMRA T cells is
blunted in T1D. Further phenotyping of CD8+ EMRA T cell sub-
sets using the surface markers described above show that CD8+

EMRA expressing markers of activation and tissue residency
(CD69), homing propensity (CD11b), and are the most differen-
tiated (CD27-CD28-) are significantly mobilised by acute vigor-
ous intensity exercise in both groups. Again, the percentage
increase of these CD8+ EMRA T cell subsets is blunted in T1D
compared to control participants. No significant mobilisation
was observed for CD8+ EMRA expressing CD127 or CD95 in
either group independently. The results for the above cell surface
markers on CD8+ lineage subsets during vigorous intensity exer-
cise in T1D and control participants are displayed in table 3 and
described below.

Vigorous intensity exercise significantly mobilised all but naïve
subsets expressing CD69. The most profound effect was
observed CD8+ EMRA T cells expressing CD69. Vigorous
intensity exercise resulted in the mobilisation of CD8+CD69+

EMRA T cells in T1D (p=0.002) and control groups (p=0.003),
with a significant increase immediately post-exercise observed
in the control group only (p=0.010). The percentage increase
was blunted in the T1D group following vigorous (T1D:
29.87%, Control: 161.43%) intensity exercise (table 3).  

Likewise, the most profound effect on CD8+ T cell subsets
expressing CD11b was observed for the EMRA. Vigorous inten-
sity exercise significantly mobilised CD8+ EMRA T cells
expressing CD11b in T1D (p=0.007) and control groups
(p=0.001), with no significant changes in CD8+CD11b+ naïve,
CM, or EM subsets during vigorous exercise in either group.
There was a significant increase immediately post-exercise in
the control group only (p=0.010). However, in the T1D group,
this subset significantly decreased below baseline 1 hour post
vigorous exercise (p=0.006). The percentage increase of
CD8+CD11b+ EMRA was blunted in the T1D group following
vigorous intensity exercise (T1D: 37.70%, Control: 91.48%)
(table 3).

Lastly, fully differentiated CD8+ EMRA (CD27-CD28-) were the
only subset of EMRA to significantly mobilise both the T1D
(p=0.050) and control group (p=0.037) independently. The per-
centage increase post vigorous exercise was considerably blunt-
ed in the T1D group (T1D: -7.02%, control: 113.76%). There
was a significant decrease below baseline 1 hour post vigorous
intensity exercise in the T1D group only (p=0.005). 

Vigorous intensity exercise mobilises CD4+ T-Regulatory
cells, mainly comprised of memory T-Regulatory cells, in
control but not T1D participants
Vigorous intensity exercise mobilises CD4+ T cells in control
but not T1D participants (supplementary table 1). A similar pat-
tern was observed for CD4+ lineage subsets (supplementary
table 2-3). Significant mobilisation patterns were also observed

within the CD4+ T-Regulatory and T-helper subsets, and is
described below.

Total CD4+ T-Regulatory cells (CD127loCD25hi), and the naïve
(CD45RO-CD127loCD25hi) and memory (CD45RO-

CD127loCD25hi) compartment, were measured during vigorous
intensity exercise in T1D and control participants. The results
are displayed in table 4. CD4+ TReg subsets were significantly
mobilised by vigorous intensity exercise overall (p=0.010) and
in control (p=0.009) but not T1D participants. There was a sig-
nificant decrease below baseline 1 hour post-exercise overall
(p=0.038), but this was not seen in either T1D or control groups
independently (Figure 3a). The percentage change following
exercise was much lower in the T1D compared to the control
group (T1D: 23.74%, Control: 47.65%). Further delineation of
CD4+ TRegs revealed that memory TReg subsets were signifi-
cantly mobilised by vigorous intensity exercise overall
(p=0.004) and in the control group (p=0.006) (Figure 3b). There
was a significant decrease below baseline overall 1 hour post-
exercise (p=0.042), but this was not seen in either T1D or con-
trol group independently. Naïve TReg subsets did not signifi-
cantly mobilise (Figure 3c). 

Th1 (CXCR3+CCR6+CCR4-), Th2 (CXCR3-CCR6-CCR4+),
and Th17 (CXCR3-CCR6+CCR4+) cells were measured during
vigorous intensity exercise in T1D and control participants. The
results are displayed in table 4. Vigorous intensity exercise
mobilised CD4+ Th2 cells in control but not T1D participants.
However, neither CD4+ Th1 or Th17 cells significantly
mobilised in either control or T1D groups independently. In
summary, CD4+ T-helper subsets do not significantly mobilise in
T1D participants. However, some mobilisation of Th2 subsets
were observed in control participants, shifting the Th1/Th2 ratio
towards anti-inflammatory subsets. Th2 subsets significantly
mobilised during vigorous intensity exercise in control
(p=0.042) but not T1D participants, with a significant increase
post-exercise in the control group (p=0.039). 

DISCUSSION

This study has, for the first time, characterised the effects of acute
exercise on the mobilisation of T cell subsets in people with T1D.
The use of surface markers to define T cell function and fate
improves understanding of the specific subpopulations mobilised
during exercise in a T cell mediated autoimmune disease.

Acute exercise causes an intensity-dependent lymphocytosis in
people with T1D. Total lymphocytes, including CD3+ T cells are
mobilised in both T1D and control participants. This agrees with
previous studies where vigorous exercise induces a significant
rise in peripheral blood lymphocytes, followed by lymphopenia,
in healthy cohorts [49, 57-59, 82]. Within the T cell compart-
ment, CD4+ T cells mobilised during vigorous exercise in the
control group, but not the T1D group. This had a downstream
effect on CD4+ T cell subsets in T1D participants because no
significant mobilisation of differentiated CD4+ T cell lineage
subsets was observed during exercise. In agreement with previ-
ous studies, the changes seen during exercise within the CD4+

compartment were minimal compared to changes seen within
the CD8+ compartment [51, 52].
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Vigorous intensity exercise significantly mobilised CD8+ T cells
in both T1D and control participants. CD8+ T cells increased to
the same extent after vigorous intensity exercise in both the T1D
and control group. As reported in previous studies, CD8+ EMRA
were the most sensitive T cell subset to mobilisation, and are
shown to mobilise by vigorous exercise in this study herein and
others [51-53]. However, the percentage increase of CD8+ EMRA
in the T1D group following vigorous intensity exercise was blunt-
ed. Further phenotyping of CD8+ EMRA populations revealed
that the mobilised subsets mainly comprised of fully differentiat-
ed (CD27-CD28-), recently activated tissue-resident (CD69+)
EMRA with migratory capacity (CD11b+). Again, the percentage
increase of these CD8+ EMRA subsets following vigorous exer-
cise was blunted in the T1D group. To the best of our knowledge,
this is the first time this effect has been described in T1D.

Furthermore, the effects of exercise on TSCM subsets have not
been previously examined. This is the first time this has been
investigated in T1D and healthy cohorts. Although no significant
changes over time for either CD4+ or CD8+ TSCM were found, a
trend to increase following vigorous intensity exercise as shown
by percentage increase was observed in healthy participants.
Furthermore, an impaired response in T1D was noted for CD4+

and CD8+ TSCM subsets, with both subsets decreasing following
vigorous intensity exercise. 

In this study, we used additional cell surface markers to define
the function and fate of CD4+ and CD8+ T cell lineage subsets.
Increases in both CD69 and CD11b on CD4+ and CD8+ lympho-
cytes have been reported following exercise previously, but not
on specific T cell subsets as demonstrated in this study herein
[58, 83-91]. An increase in CD4+ and CD8+ T cell lineage sub-
sets expressing CD69 is evident in both groups, with a larger
percentage increase post-exercise observed in healthy partici-
pants. CD4+ and CD8+ T cell lineage subsets expressing CD11b
is also noted following exercise in both groups. However, the
percentage increase post-exercise in the T1D participants is
smaller. CD95+ memory T cells are known to mobilise following
vigorous intensity exercise in healthy participants [61, 64]. In
our study, CD95+ EM and EMRA T cells from both the CD4+

and CD8+ compartments increased immediately post-exercise,
however this increase did not reach statistical significance.
Again, it is evident that this response is blunted in T1D as the
percentage increase following vigorous intensity exercise is
much lower than that of the control group. 

There are a number of potential reasons for this blunted response
in T1D. Firstly, blood glucose levels are elevated in people with
T1D (above 5mM) during and following. High glucose condi-
tions affect the mobilisation of several cell types and therefore
may affect lymphocytosis. Elevated plasma glucose in T1D and
T2D rodent models have been reported to impair CD34+ HSPC,
CD45+, and fibroblast cell migration [92, 93]. Furthermore,
fewer lymphocytes were found in the wound site of streptozo-
tocin-induced diabetic mice compared to control, suggesting
lower migration of lymphocytes in T1D [94]. Therefore, high
glucose levels in T1D may have an effect on T cell migration
during exercise.

Secondly, the T cell subsets which exhibit blunted lymphocyto-
sis during vigorous exercise in T1D are those which typically

exhibit a high level of beta-adrenergic receptor expression. It is
recognised that catecholamine responses can be blunted in T1D.
Natural killer (NK) cells and cytotoxic T lymphocytes express
much higher levels of beta-adrenergic receptors than other
mononuclear cells, causing their dramatic mobilisation during
exercise [95-98]. Alterations in these receptors in T1D would
alter the stress response to exercise. Reduced beta-adrenergic
sensitivity of lymphocytes in T1D has been reported, resulting in
a dampened adrenaline response [99-101]. During acute exer-
cise, increased beta-adrenoceptor density and sensitivity of lym-
phocytes is noted in healthy participants. However, patients with
congestive heart failure (CHF) exhibited a blunted increase in
beta-adrenoceptor density and no increase in sensitivity [102]. A
similar effect may be seen in T1D and may impact exercise-
induced lymphocytosis. A limitation to our study is that we did
not measure plasma epinephrine, norepinephrine or cortisol
which would offer insight into the adrenaline response following
acute exercise in people with T1D.

Lastly, the T cell subsets exhibiting blunted lymphocytosis dur-
ing vigorous exercise share characteristics with those
sequestered in the T1D pancreas [6, 7, 103, 104]. These include
CD8+CD69+ T cells [103, 105], CD8+CD11b+ T cells [6, 7], and
highly differentiated memory T cells [2, 4, 8]. The proportion of
CD8+CD69+ T cells was higher in the pancreas than salivary
glands taken from NOD mice [103]. CD8+CD11b+ T cells have
also been found within NOD islets [6, 7] and found to be higher
in the islets of NOD mice compared to peripheral blood [104].
Furthermore, antigen-experienced islet reactive CD8+ T cells
were found sequestered in the pancreas of T1D donors [4]. Islet
reactive CD8+ T cells have been shown to exhibit a highly differ-
entiated memory phenotype [2, 8], similar to the CD8+ EMRA T
cell phenotype. More recently, islet specific CD8+ T cells were
shown to display a TSCM phenotype. In our study, lymphocytosis
of highly differentiated CD8+ EMRA that express CD69 and
CD11b was blunted immediately following vigorous exercise in
T1D. Both CD4+ and CD8+ TSCM also displayed a blunted per-
centage increase following vigorous exercise compared to the
control group. It therefore is possible to postulate that the blunt-
ed increase following exercise in these CD8+ T cell subsets is
due to their sequestration in the pancreas in T1D. 

The results of our study have a number of implications for T1D.
Firstly, this study provides  imperative evidence of the effects of
acute exercise on immunity in people with T1D. Importantly,
this provides a platform for future investigations of exercise in
T1D, allowing for new avenues to be explored to increase the
initial honeymoon phase following diagnosis [106], reduce dis-
ease severity, and ultimately for the treatment of T1D. Acute
exercise has the potential to regulate immunity in T1D through
increased immunosurveillance, deletion of islet reactive T cells
and thereby creation of immune space. Lymphocyte trafficking
and tissue redistribution is essential for immunosurveillance
and regulation [59, 60]. The deletion of exercise sensitive EM
and EMRA CD8+ T cells following acute exercise has the
potential to regulate immunity through the creation of
“immunological space” in people with T1D [61-66]. This
immune space following exercise could be taken up by newly
generated HSPC and reprogram immune memory [67, 68],
thereby reducing aggressive memory T cell phenotypes and
ultimately modulating beta cell autoimmunity in T1D.
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Furthermore, acute exercise could be used in combination
with current trial immunotherapies, and possibly boost the
response to immunotherapeutic agents, which to date have
been lacking for treatment of T1D. Some immunotherapeutic
approaches to modulate beta cell autoimmunity in T1D aim to
reduce aggressive memory phenotypes and promote the gen-
eration of new naïve cells in T1D. This has been achieved pre-
viously with both acute exercise and exercise training in
healthy cohorts. Therefore, exercise in T1D may be used as an
adjunct for other immunotherapeutic agents. One such
immunotherapy, teplizumab, a nonactivating anti-CD3 mono-
clonal antibody, aims to reduce effector memory subsets, and
increase naïve and early memory subsets. This could poten-
tially also be achieved solely by an acute exercise bout or used
to boost target T cell populations by administering the treat-
ment directly after an acute exercise bout. Anti-CD3 mAbs
that are non-Fc receptor (FcR) binding, like teplizumab, selec-
tively induce apoptosis of antigen-activated T cell phenotypes
such as those with memory/pathogenic phenotypes but not
naïve T cells [107]. Teplizumab treatment resulted in main-
tained or improved beta cell function for at least 2 years post
treatment in recent-onset T1D patients [108-111]. Evidence
for beta cell preservation was also reported in long standing
T1D patients up to 1 year post clinical diagnosis [112]. One
study identified a group of responders who had higher activat-
ed CD8+ terminally differentiated effector and CD8+ EM in T
cells at baseline [113]. This is consistent with increased CD8+

terminally differentiated EM T cells following acute exercise.
Therefore, frequent bouts of acute exercise could create an
environment in which T1D participants respond better to
treatment. 

The reduced T cell mobilisation seen in T1D may also con-
tribute to the three-fold increased susceptibility to infection
associated with this condition [114]. Mobilisation is an impor-
tant aspect of surveillance for infection and a reduced ability
for T cells to mobilise could potentially contribute to a poorer
handling of bacterial infections.

Preliminary data from this study herein also provides a basis
to investigate exercise training (as opposed to a single bout of
exercise) in T1D. Chronic exercise reduces senescent T cells
in the blood [115]. In an ageing study, physically fit age
matched controls had a lower proportion of peripheral blood
memory T cells (KLRG1+CD57+, KLRG1+CD28-) compared
to those with a lower VO2 max [66, 116]. Naïve-memory T
cell balance is disrupted in the ageing population and a similar
observation has been found in T1D [117]. Therefore, reduced
senescent memory T cell populations may also occur from
exercise training in T1D.

The mechanisms by which exercise training could preserve
beta cells in T1D have yet to be explored. Evidence of
immunomodulation by exercise training in T1D is limited.
Two studies to date have examined exercise training in T1D
mouse models.  The first study showed that 6 weeks of exer-
cise training in streptozotocin-induced T1D mice significantly
improved insulin content and insulin secretion in islets com-
pared to sedentary mice, suggesting a protective effect against
the destruction of the remaining beta cells or the generation of
new beta cells [69]. A more recent study has examined the

effects of exercise training on immune parameters in T1D
[70]. Twenty weeks of training in non-obese diabetic (NOD)
mice resulted in reduced immune cell infiltration into the pan-
creas and subsequently the insulitis index. This is the only
exercise study in a model of T1D to demonstrate the modula-
tory effects of exercise on islet immunity [70].

Although not well studied in T1D, exercise training has been
demonstrated to modulate immunity in other T cell mediated
autoimmune disorders [118]. Mice with EAE, a model for
multiple sclerosis (MS), underwent 6 weeks exercise training.
T cells taken from lymph nodes had an inhibited immune
response to autoantigen whilst sustaining an increased
immune response to non-specific stimulus such as con-
canavalin A [118]. This suggests the generation of new naïve
and early memory T cells with exercise training as the recall
response to autoantigen is reduced. Another study showed
improved immune modulation by exercise in EAE models
resulting in delayed onset of disease and increased T cells
with a regulatory phenotype [119]. However, other autoim-
mune disorders such as rheumatoid arthritis (RA) and sys-
temic lupus (SLE) have different responses to exercise, where
CD8+ T cells are reduced following exercise and CD4+ T cells
are reduced at peak exercise but increased after cessation
[120]. It is unclear if exercise training (as opposed to a single
bout of exercise) would result in responses to exercise that are
comparable to healthy participants. 

In conclusion, we show for the first time that acute exercise
preferentially mobilises differentiated and antigen experi-
enced CD8+ T cells in T1D, but to a lesser extent than in
healthy individuals. A contributing factor to the relatively
reduced mobilisation pattern in T1D was attributable to a
blunted response among highly differentiated CD8+ T cells,
which may indicate sequestering of CD8+ T cells in the pan-
creas. These findings need to be extended and investigated in
an exercise training programme, and the functional implica-
tions of this effect on beta cell function explored in a formal
clinical trial. 

We have previously hypothesised that an exercise training
programme has the potential to modulate beta cell loss in peo-
ple newly diagnosed with T1D [121]. We have tested this
hypothesis in a pilot randomised controlled trial [122, 123].
This study showed that beta cell function, when corrected for
the changes in insulin sensitivity that accompany physical
exercise, appears to be preserved in people with T1D. The
results of this most recent work exploring the effect of a single
bout of exercise on T cell mobilisation provides mechanistic
insight into how exercise may bring about a benefit to beta
cell health in people newly diagnosed with T1D. Further eval-
uation of the immunomodulatory effects of acute exercise on
autoreactive memory T cells in T1D is warranted to ascertain
impact on disease prognosis. These findings need to be vali-
dated in an exercise training study.



CD8+ EMRA mobilisation is impaired in T1D •   91

EIR 25 2019

Supplementary Figure 1 CD4 and CD8 T cell sub populations gating strategy shown by representative flow plots.
Representative flow cytometry plots showing following parent gate for CD3+ T cell populations (shown in figure 2) (1) CD3+CD4+ T cells gate (2)
CD3+CD8+ T cells gate (3) Quadrant gating for naïve (CD45RA+ CCR7+), central memory (CM: CD45RA- CCR7+), effector memory (EM:
CD45RA- CCR7-), and EMRA (CD45RA- CCR7-) (4) CD45RA- CCR7- selected to gate on early differentiated (ED; CD45RA- CCR7-
CD27+CD28+), early-like differentiated (ELD: CD45RA- CCR7- CD27-CD28+) and intermediately differentiated (ID; CD45RA- CCR7-
CD27+CD28-) populations.

Supplementary Figure 2 TSCM gating strategy shown by representative flow plots
Representative flow cytometry plots showing following parent gate for CD3+, CD4+ and CD8+ T cell populations (shown in figure 2 and 3) (1)
CD45RA+ CCR7+ T cell gate (2) CD45RA+ CCR7+CD95+ T cell gate (3) TSCM selection (CD45RA+ CCR7+ CD95+ CD127+).
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Supplementary Figure 3 CD4 T-helper cell gating strategy shown by representative flow plots.
Representative flow cytometry plots showing following parent gate for CD3+CD4+ T-helper populations (shown in figure 1) (1) CD127+CD25-
non-TReg gate (2) CD45RO+ T-helper cell gate (3) CXCR3+ gate for Th1 subsets, CXCR3- gate for Th2/Th17 subsets (4) CXCR3+CCR6- Th1
cells (5) Quadrant gate used to define CXCR3-CCR4+CCR6-Th2 cells and CXCR3-CCR4+CCR6+ Th17 cells.

Supplementary Figure 4 T-Regulatory cell gating strategy shown by representative flow plots
Representative flow cytometry plots showing following parent gate for CD3+CD4+ T-Regulatory cell populations (1) CD3+CD4+ TReg cells gate
(2) CD127lowCD25hi TReg cell gate (3) nTReg (CD45RO-) and mTReg (CD45RO+) distinction.
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Abbreviations

BMI Body Mass Index
BP Blood Pressure
CA2+ Calcium
CCL Chemokine Ligand
CCR Chemokine Receptor
CD Cluster of Differentiation
CMV Cytomegalovirus
CTL Cytotoxic T Lymphocyte
CXCR C-X-C chemokine receptor
ddH2O Double-distilled water
ED Early Differentiated
EDTA Ethylenediaminetetraacetic Acid 
ELD Early-like Differentiated
EM Effector Memory
EMRA Effector Memory  re-expressing CD45RA
EXTOD Exercise for Type One Diabetes
FBS Fetal Bovine Serum
FcR Fc Receptor
FMO Fluorescence Minus One
FoxP3 Forkhead winged helix transcription factor
FSC-A Forward Scatter-Area
FSC-H Forward Scatter-Height
HbA1c Haemoglobin A1c 
HSPC Hematopoietic Stem and Progenitor Cells 
ID Intermediately Differentiated
KLRG1 Killer cell Lectin-like Receptor subfamily G

member 1 
mAb Monoclonal antibody
mTReg memory T-Regulatory
naTReg Naïve T-Regulatory
NK Natural Killer
O2 Oxygen
PBS Phosphate Buffer Saline
pTReg periphery T-Regulatory cell
REC Research Ethics Committee
S1PR Sphingosine-1-Phosphate Receptor 
sIL2RA soluble IL2RA
sIL-6R soluble IL-6R
SSC-A Side Scatter- Area
SSC-H Side Scatter- Height
T1D Type 1 Diabetes
T2D Type 2 Diabetes
Th1 Type 1 helper 
Th2 Type 2 helper 
Th17 Type 17 helper 
TIGIT T cell immunoreceptor with Ig and ITIM

domains 
TReg T-Regulatory
TSCM Stem cell like memory T cells
UHBFT University Hospitals Birmingham NHS

Foundation Trust
WTCRF Wellcome Trust Clinical Research Facility
ZnT8 Zinc Transporter
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ABSTRACT

Background: Aerobic training (AT) decreases airway inflam-
mation in asthma, but the underlying cellular and molecular
mechanisms are not completely understood. Thus, this study
evaluated the participation of SOCS-JAK-STAT signaling in
the effects of AT on airway inflammation, remodeling and
hyperresponsiveness in a model of allergic airway inflamma-
tion.
Methods: C57Bl/6 mice were divided into Control (Co), Exer-
cise (Ex), HDM (HDM), and HDM+Exercise (HDM+ Ex).
Dermatophagoides pteronyssinus (100ug/mouse) were admi-
nistered oro-tracheally on days 0, 7, 14, 21, 28, 35, 42 and 49.
AT was performed in a treadmill during 4 weeks in moderate
intensity, from day 24 until day 52.
Results: AT inhibited HDM-induced total cells (p<0.001),
eosinophils (p<0.01), neutrophils (p<0.01) and lymphocytes
(p<0.01) in BAL, and eosinophils (p<0.01), neutrophils
(p<0.01) and lymphocytes (p<0.01) in peribronchial space.
AT also reduced BAL levels of IL-4 (p<0.001), IL-5
(p<0.001), IL-13 (p<0.001), CXCL1 (p<0.01), IL-17
(p<0.01), IL-23 (p<0.05), IL-33 (p<0.05), while increased IL-
10 (p<0.05). Airway collagen fibers (p<0.01), elastic fibers
p<0.01) and mucin (p<0.01) were also reduced by AT. AT also

inhibited HDM-induced airway hyperresponsiveness (AHR)
to methacholine 6,25mg/ml (p<0.01), 12,5mg/mL (p<0.01),
25mg/mL (p<0.01) and 50mg/mL (p<0.01). Mechanistically,
AT reduced the expression of STAT6 (p<0.05), STAT3
(p<0.001), STAT5 (p<0.01) and JAK2 (p<0.001), similarly by
peribronchial leukocytes and by airway epithelial cells.
SOCS1 expression (p<0.001) was upregulated in leukocytes
and in epithelial cells, SOCS2 (p<0.01) was upregulated in
leukocytes and SOCS3 down-regulated in leukocytes (p<0.05)
and in epithelial cells (p<0.001).
Conclusions: AT reduces asthma phenotype involving SOCS-
JAK-STAT signaling.

Key words: asthma, exercise immunology, SOCS, JAK,
STAT.

INTRODUCTION

Asthma has now become the most prevalent chronic disease
in developed countries and affects over 10% of adults [1,2].
Asthma is a chronic inflammatory airway disease, which
involves interactions of genetic and environmental factors,
whose consequences leads to cough, wheezing, airway hyper-
responsiveness and obstruction, caused by inflammation,
mucus overproduction, angiogenesis and airway remodeling
[1,2]. The chronic inflammation of respiratory tract in asthma
is mediated by the increased expression of multiple inflamma-
tory proteins, including cytokines, chemokines, adhesion mol-
ecules, products derived of arachidonic acid and receptors.
Several signaling pathways have been proposed to be
involved in the pathogenesis of asthma. Among those, SOCS
(Suppressor of cytokine signaling protein family), JAK (Janus
kinase) and STAT (Signal transducer and activator of tran-
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scription) signaling pathways seems to have a key role [8-12].
However, the results are still controversial, since that in the
asthmatic context; some studies show SOCS proteins inhibit-
ing asthmatic phenotype, while others show SOCS increasing
asthmatic phenotype, through JAK/STAT modulation [8-12].
Aerobic exercise, which is the main component of pulmonary
rehabilitation programs [13] and improves physical fitness, is
a strong and effective therapy for pulmonary diseases includ-
ing asthma [37]. Beyond that, the participation in a pulmonary
rehabilitation program is associated with reduced exacerba-
tion [47]. Aerobic exercise, indeed, at low and moderate
intensity, can ameliorate lung inflammatory response in the
context of different lung diseases and insults, such as emphy-
sema and chronic obstructive pulmonary disease (COPD) [14,
20-22], pulmonary fibrosis [23,24], acute lung injury/acute
respiratory distress syndrome [25-27], air pollution [28,29]
and asthma [30-35]. However, specifically for asthma, the
possible involvement of SOCS, JAK and STAT signaling in
the beneficial effects of aerobic exercise is unknown. Aerobic
exercise is capable to modulate SOCS, JAK and STAT signal-
ing in different organs and cells, such as blood, testis, kidney,
skeletal muscle, endothelial cells, heart and lungs [14-19, 48].
However, until this moment, a single study has investigated
the effects of aerobic exercise on STAT3 expression in the
lungs, which was done in the context of an experimental
model of COPD [14].

Cellular and molecular mechanisms of asthma
Asthma is characterized by chronic inflammation of the respi-
ratory tract. The disease is associated with acute episodes or
simply, exacerbations, when the intensity of this inflammation
increases [49]. The majority of asthma patients are atopic and
have an allergic pattern of inflammation in their airways,
which extends from the trachea down to peripheral airways
[50]. Allergic inflammation is driven by CD4+ T-helper 2
(Th2) lymphocytes, which secrete interleukin(IL)-4, IL-5 and
IL-13 and is referred as Type 2 (T2) asthma, whereas some
asthmatic patients have different pattern of inflammation
which is known as non-T2 asthma and is associated with more
severe disease [51]. In T2 asthma, which represent the most
prevalent form of the diseases is characterized by accumula-
tion of eosinophils, mastocytes, CD4+ T helper cells, while
non-T2 asthma, beyond these classical cells involved in the
allergic process, also present high accumulation of neu-
trophils. Asthmatic inflammation results in airway narrowing
and airway hyperressponsiveness (AHR) which represent the
mains physiological abnormality of asthma [50]. The mecha-
nisms of AHR are still unclear but are probably associated
with increased release of pro-inflammatory mediators by
inflammatory cells (particularly mast cells), increasing the
contractility of airway smooth muscle, increasing the sensitiv-
ity of airway sensory nerves resulting in airway narrowing for
geometric reasons [50].

The molecular mechanisms involved in the pathogenesis of
asthma is still not fully understood, however it seems likely
that the inhaled allergens activate mast cells, epithelial cells
and dendritic cells to locally release several pro-inflammatory
mediators, such as chemokines. Released chemokines
(CCL17 and CCL22 from dendritic cells and CCL11 from
epithelial cells), recruit inflammatory cells especially TH2
cells from blood to the lungs. TH2 cells have a central role in

orchestrating the inflammatory response in allergy through
the release of interleukin-4 (IL-4) and IL-13 (which stimulate
B cells to synthesize IgE), IL-5 (which is necessary for
eosinophilic inflammation) and IL-9 (which stimulates mast-
cell proliferation). Mast cells release several bronchoconstric-
tor mediators, including mast cell tryptase, cysteinyl
leukotrienes and prostaglandins. In addition, Th17 cells are
also increased in asthmatic patients, preferentially in those
with severe asthma. These cells may orchestrate neutrophilic
inflammation by inducing the release of CXCL8 from airway
epithelial cells [52-53]. Furthermore, asthmatic patients may
have reduced number of regulatory T (TReg) cells, which sup-
press TH2 cells, suggesting further TH2-cell proliferation in
asthmatic condition [50].

Exercise-induced asthma
Exercise is one of the most common triggers of bronchospasm
in persons with and without asthma. Exercise-induced bron-
choconstriction (EIB) is defined as transient, reversible bron-
choconstriction that develops after strenuous exercise [54]. It
is a heterogeneous syndrome occurring in a variety of set-
tings, ranging from the asymptomatic military recruit (whose
condition is detected by diagnostic exercise challenge) to the
leisure-time athlete with known asthma to the elite athlete for
whom EIB may represent an overuse or injury syndrome [55].
Airway obstruction following exercise was first observed
among individuals with underlying asthma from which the
term exercise-induced asthma (EIA) was derived. Asthma is a
chronic inflammatory disorder of the airways in which many
cells and cellular elements play a role, and it is associated
with bronchial (or airway) hyperresponsiveness. Similar post-
exercise asthma-like symptoms have been observed in per-
sons without the presence of co-existing asthma, particularly
in athletes. In this population the phenomenon has been
referred to as exercise-induced bronchoconstriction (EIB)
[56]. According to work group report of American Academy
of Allergy, Asthma and Immunology, EIA represents a distinct
clinical category of asthma [56]. In fact, most if not all
patients with asthma develop symptoms of asthma after a suit-
able exercise challenge [56]. Moreover, even cases of asthma
in which exercise appears to be the only trigger of bronchial
obstruction (pure EIA) may be manifestations of chronic
inflammation of the airways [56].

Exercise as an anti-inflammatory therapy for asthma
Recent studies strongly support the notion that exercise inter-
vention improve asthma control in adults [57, 58]. These
includes improvements in measures such as lung function and
quality of life [59], breathlessness [60], and controller therapy
[61] while animal models have shown improvements in air-
way inflammation [62, 63, 64].

Yet asthma is a chronic inflammatory disease, it is highly
suggested that effective anti-inflammatory treatments for
asthma should reduce diseases progression and the risk of
exacerbations [65]. Although there are now effective medica-
tions for controlling asthma, it remains poorly controlled in
the community with frequent symptoms and exacerbations
[66]. It is clear, therefore, that the development of alternative
and effective anti-inflammatory therapies for the treatment of
asthma is probably the greatest unmet therapeutic need at
present. In health, a large body of evidence demonstrates that
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lack of physical activity or fitness is associated with an
increased risk of cardiovascular disease, stroke, cancer, dia-
betes and many other chronic diseases [67, 68]. The studies by
our group and the others demonstrate that exercise, specifical-
ly, chronic aerobic exercise, at low and moderate intensity,
can ameliorate lung inflammatory response in asthma condi-
tion [30-35, 69]. In a very recent study, our team demonstrat-
ed that aerobic exercise attenuated asthma phenotype through
modulation of inflammatory cytokines (e.g. IL-5 and IL-13)
as well as Leukotriene pathway (LTA4H, CysLT1 receptor,
CysLT2 receptor, LTC4 synthase, and BLT2) in an ovalbumin
(OVA) model of asthma (30). LTs are potent pro-inflammato-
ry mediators, involved in several aspects of asthma patho-
physiology, including bronchoconstriction, edema formation,
mucus hypersecretion, as well as inflammatory cell prolifera-
tion, activation, and survival [70-72]. In addition, aerobic
exercise attenuates dendritic cell and lymphocyte activation in
Ovalbumin (OVA) model of allergic airway inflammation
[31]. Dendritic cells are the major antigen-presenting cells in
the airways and play critical role in initiation and progression
of asthma. These cells release several chemokines (e.g,.
CCL17, CCL22) to attract Th2 cells into the airways, serving
as major regulators of Th2 immune response in asthma [73].
As mentioned previously, Th2 cells have a central role in
orchestrating the inflammatory response in asthma [49]. Aero-
bic exercise also attenuates lung inflammation through attenu-
ation of OVA-specific IgE and IgG1 titers [32]. Furthermore,
exercise increases the concentration and expression of several
anti-inflammatory mediators such as IL-10 and IL-1ra in the
lungs to attenuate lung inflammation [30-35]. Based on these
evidences it can be concluded that aerobic exercise decreases
airway inflammation and remodeling in, at least, a murine
model of asthma. In addition, the anti-inflammatory effects of
aerobic exercise on asthmatic airway inflammation has been
demonstrated not only in murine models of asthma, but also in
asthmatic individuals [37].

SOCS-JAK-STAT pathway in asthma and the role of
 exercise
Inflammation is etiologically linked to the pathogenesis of all
of most of the chronic diseases, and chronic low-grade sys-
temic inflammation is correlated with disease severity in
many [70-73]. Cytokines play a pivotal role in the initiation
and development of asthma by regulating the expansion of
Th2 cells and by mediating many of the Th2 effector func-
tions that underlie the pathogenic events of an asthmatic
response [70-73]. Several studies have recently been per-
formed to elucidate the signaling pathways used by cytokines
to mediate their actions. These studies have revealed that
cytokine-mediated signals are primarily transduced by the
JAK-STAT signaling cascade [8-12, 74-77]. The Janus kinase
(JAK)–signal transducer of activators of transcription (STAT)
pathway, is now recognized as an evolutionarily conserved
signaling pathway employed by diverse cytokines, interfer-
ons, growth factors, and related molecules and therefore,
involved in inflammatory processes. Jaks (tyrosine kinases)
engage with cytokine receptors and mediate tyrosine phos-
phorylation of their associated receptors and recruited pro-
teins, including STATs [78]. Tyrosine phosphorylated STATs
are released from the receptors and form homodimers, which
translocate to the nucleus where they bind canonical

sequences and modulate transcription [79]. In addition to
tyrosine phosphorylation, STATs are serine phosphorylated
within their transcriptional activation domain, influencing
their transcriptional activation function, stability, and non-
canonical functions [78]. STAT proteins are critical mediators
of immunity to pathogens. Indeed, inflammation was one of
the earliest biological functions associated with STAT pro-
teins, from the anti-viral functions of STAT1, to the polarized
T helper cell responses that required STAT4 and STAT6.
STATs are also acetylated, methylated, sumoylated, and ubiq-
uitylated, which alters their stability, dimerization, nuclear
localization, transcriptional activation function, and associa-
tion with histone acetyltransferases and histone deacetylases
[78]. Importantly, Jak/Stat activation is tightly regulated
through the expression of positive (cytokines, receptors, tyro-
sine kinases) and negative regulators (tyrosine phosphatases,
protein inhibitors of activated Stat, suppressor of cytokine sig-
naling [SOCS] proteins) [78].

In this signaling pathway, binding of a cytokines such as IL-4
or IL-12 to their receptors leads to the activation of members of
the JAK family of receptor-associated kinases. These kinases
subsequently activate, via tyrosine phosphorylation, preexistent
cytoplasmic factors termed STATs. Tyrosine phosphorylation
allows the STAT proteins to dimerize and translocate to the
nucleus, where they mediate changes in gene expression by
binding specific DNA elements. The SOCS (suppressors of
cytokine signaling) family proteins (in particular SOCS3) are
the best understood negative regulators of the JAK-STAT path-
way [10, 80-82], and are composed of eight proteins, i.e.
SOCS1–7 and SH2 cytokine-inducible protein (CIS) [80-82].
The regulatory function of SOCS proteins is critical to the nor-
mal functioning and cessation of the primary cytokine signal
and it is achieved at many levels in the intracellular biochemical
cascade [80-82]. For example, SOCS1 is thought to inhibit the
catalytic activity of JAKs by binding to the activation loop of
the catalytic domain through both its kinase inhibitory region
(KIR) and SH2 domain. Binding of SOCS1 to JAK kinases
therefore blocks further signaling in a negative feedback loop
[80-82]. Exercise has been shown to modulate SOCS-JAK-
STAT signaling pathways in different cells and tissues including
blood, testis, kidney, skeletal muscle, endothelial cells, heart
and lungs [14-19, 48]. However, no information is available
concerning the potential involvement of SOCS, JAK and STAT
signaling in the beneficial effects of aerobic exercise in asthma.
We have recently investigated the effects of aerobic exercise on
STAT3 expression in the lungs of smoked-exposed animals
[14]. We demonstrated that aerobic exercise reduced smoke-
induced STAT3 expression and phosphorylation in airway
epithelial cells, peribronchial leukocytes, and parenchymal
leukocytes. The reduction in STAT3 expression and phosphory-
lation was accompanied by reduction in smoked-induced
inflammatory cytokines (IL-1β, IL-17, TNF-α) and induction of
IL-10 levels in BALF and serum in the mice.

Therefore, we hypothesized that the anti-inflammatory
effects of aerobic exercise in an experimental model of asth-
ma, would be due to its effects on inflammatory cytokines,
involving SOCS-JAK-STAT signaling pathway.

Therefore, we aimed to perform an original study to inves-
tigate the potential role of SOCS-JAK-STAT signaling path-
way in the effects of aerobic exercise training on airway
inflammation, remodeling and hyperresponsiveness in a
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model of house dust mite-induced allergic airway inflamma-
tion. Of note, this is the first study testing the effects of aero-
bic exercise in face a real life allergen (house dust mite – der-
matophagoides pteronyssinus) inducing an asthma phenotype,
through a direct contact with the respiratory mucosa, like hap-
pens in humans.

MATERIALS AND METHODS

Animals and study design
The experimental protocol was approved by the ethical com-
mittee of the Nove de Julho University. All animal care and
experimental procedures followed the international recom-
mendations of the Helsinki convention for the use and care of
animals.

120 male C57Bl/6 mice (aged 8 weeks and weighing 20g
approximately) were maintained under standard conditions
with controlled temperature (22°C - 25°C) and relative
humidity (50%-60%) on a 12 h light/dark cycle. They were
provided with food and water ad libitum. The animals were
randomly distributed into the following experimental groups
(n = 3 x 10 animals in each group): 1. Control (Con - not sen-
sitized and untrained), 2. Exercise (Exe - not sensitized and
trained), 3. HDM (HDM - sensitized to HDM and untrained),
4. HDM + Exe (HDM + Exe - sensitized with HDM and
trained).

Protocol of chronic allergic lung inflammation
Under anesthesia using ketamine (100 mg/kg) and xylazine
(10 mg/kg), HDM groups received Dermatophagoides ptero-
nyssinus extract (HDM 100µg/mouse) (Greer Laboratories,
Lenoir, NC) diluted in 50µl of phosphate buffered saline
(PBS), orotracheally administered, on days 0, 7, 14, 21, 28, 35
e 42 [36].

Physical test and exercise training protocol
On days 14 to 16 mice were placed on the treadmill
(Inbramed, Brazil) for 15 min at a speed of 0.5 km/h and a
15% incline for adaptation to avoid stress induction [34,35].
On days 17 and 42 the maximal exercise test was performed
as previously described [34,35]. The treadmill training
occurred to 50% of maximal exercise capacity reached in the
physical exercise test, which correspond to the moderate
intensity [34,35]. It has begun on day 18 and was performed
over 4 weeks, 60 min per session for five days a week.

Total and differential cell counting in bronchoalveolar
lavage fluid (BALF)
The lungs were carefully washed with 1.5 ml of saline (3×0.5
ml) via tracheal cannula. The samples were centrifuged (900
×g for 7 min at 4°C), and the resulting cell pellet was re-sus-
pended in PBS (1 ml). BALF total cell count were performed
under staining using trypan blue using a hematocytometer
(Neubauer chamber) [34]. The differential cell count was car-
ried out after cytocentrifuge preparations (Cytospin®, Fanem,
Brazil) stained with May–Grünwald–Giemsa solution [34].

Cytokine measurements in BALF
The BALF levels of IL-4 (DY404; assay range: 15.6 - 1,000
pg/mL), IL-5 (DY405; assay range: 31.2 - 2,000 pg/mL), IL-

13 (DY413; assay range: 62.5 - 4,000 pg/mL), CXCL1
(DY453; assay range: 15.6 - 1,000 pg/mL), IL-17 (DY421;
assay range: 15.6 - 1,000 pg/mL), IL-23 (DY1887; assay
range: 39.1 - 2,500 pg/mL), IL-33 (DY3626; assay range:
15.6 - 1,000 pg/mL) and IL-10 (DY417; assay range: 31.2 -
2,000 pg/mL) were determined by ELISA, using R&D Sys-
tems Duo Set kits (MN, USA), according to the manufactur-
er’s recommendations. All reads were done in a SpectraMax
i3 microplate reader (Molecular Devices, CA, USA).

Airway inflammation and remodeling
The lungs were removed in bloc and perfused and fixed under
positive pressure of 20 cmH2O with 4% paraformaldehyde
solution for 24 hours. The lungs were embedded in paraffin
and sectioned in 4 µm slices. The staining was performed with
hematoxylin and eosin (HE) for quantification of eosinophils,
lymphocytes, neutrophils and macrophages in the peri-
bronchial space, with Picrossirius, for quantification of colla-
gen fibers and with Weigert’s resorcin–fuchsin with oxidation
for quantification of elastic fibers in airways wall [34]. Peri-
odic Schiff acid plus blue alcian was used for quantification of
mucus production in airway epithelium [30]. Five airways of
each mouse were used for the analysis [30,34]. All images
were taken using a camera QColor5 (Olympus, PA, USA)
attached to a microscope Olympus BX40 (Olympus, PA,
USA), while the image analysis was done using CellSens soft-
ware (Olympus, PA, USA) [30].

Immunolocalization and quantification of SOCS1,
SOCS2, SOCS3, STAT3, STAT5, STAT6 and JAK2
Immunohistochemistry was performed in 4 μm slices, which
were incubated overnight at 4°C with the following primary
antibodies: anti-SOCS1 (sc-7006; 1:2.000), anti-SOCS2 (sc-
7008; 1:2.000), anti-SOCS3 (sc-7010; 1:2.000), anti-JAK2
(sc-278; 1:20.000), anti-STAT3 (sc-482; 1:20.000), anti-
STAT5 (sc-835; 1:20.000) and anti-STAT6 (sc-981; 1:20.000)
(Santa Cruz Biotechnology, CA, USA). The reaction was fol-
lowed by incubation with proper secondary antibodies conju-
gated with biotin-streptavidin-peroxidase and counter-stained
with Harris’ hematoxylin, as previously described
[20,21,26,29,30,34,35]. Since the immunoreaction was
observed in airway epithelium and in peribronchial leuko-
cytes, the quantitative analysis of the expression of each pro-
tein was done as follow, in five airways of each mouse:

Positive peribronchial leukocytes: the number of positive
peribronchial leukocytes in the peribronchial space (area com-
prehended between airway basal membrane and airway
adventitia) was counted, and the results expressed as number
of positive cells per square millimeter [30,35].

Positive area of airway epithelium: the total area of airway
epithelium was measured, and the positive area of airway
epithelium for each protein was quantified. Then the results
were expressed as percentage of airway epithelium positive
for each protein [30,34].

Evaluation of airway hyperresponsiveness (AHR)
AHR was evaluated in conscious mice using whole body
plethysmograph (Buxco Europe, Winchester, UK) to growing
doses (Basal, PBS, 6,25 mg/mL, 12,5 mg/mL, 25 mg/mL and
50 mg/mL) of methacholine (MCh), by using the enhanced
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pause (Penh), which correspond to the level of airway
obstruction [30].

Statistical analysis
All data were analyzed, and the graphs were built using the
software GraphPad Prism 5.0 (CA, USA). Since all data pre-
sented parametric distribution, statistical analysis was per-
formed by one-way analysis of variance (ANOVA ONE-
WAY) and by Student-Newman-Keuls as post-hoc test. P
<0.05 was considered significant. All graphs were presented
as mean and standard deviation.

RESULTS

Effects of aerobic exercise on physical capacity and on
body weight
The results showed that comparing the initial with final physi-
cal test in terms of time (minutes) the Control (2.4±2.04 min;
p>0.05) and HDM (3.25±3.95 min; p>0.05) groups did not
present significant increases in physical capacity. On the other
hand, Exercise (13.9±5.27 min; p<0.05) and HDM+Exercise

(11.91±3.23 min; p<0.05) presented significant improve-
ments. When the body weight was analyzed (final body
weight minus the initial body weight), the results showed that
no significant differences were found (p<0.05).

Aerobic exercise reduces pulmonary inflammation
Figure 2 shows that the HDM model of chronic allergic air-
way inflammation significantly increases the number of total
cells (Figure 2A; p<0.05), eosinophils (Figure 2B; p<0.01),
neutrophils (Figure 2B; p<0.01) and lymphocytes (Figure 2B;
p<0.05) in BALF. On other way, aerobic exercise reduces
HDM-induce increases the number of total cells (Figure 2A;
p<0.05), eosinophils (Figure 2B; p<0.05), neutrophils (Figure
2B; p<0.05) and lymphocytes (Figure 2B; p<0.05) in BALF.

Complementarily, quantitative histological analysis
revealed that HDM model of chronic allergic airway inflam-
mation significantly increases the number of eosinophils (Fig-
ure 3A; p<0.001), neutrophils (Figure 3B; p<0.001) and lym-
phocytes (Figure 3C; p<0.01) in the peribronchial space.
Again, aerobic exercise was able to reduce HDM-induce
increases the number of eosinophils (Figure 3A; p<0.001),
neutrophils (Figure 3B; p<0.001) and lymphocytes (Figure

Figure 1. Inflammatory and immune cells involvement in asthma. Inhaled allergens activate lung Dendritic cells and Mast cells to release
several chemotactic factors. Activated dendritic cells release the chemokines CCL17 and CCL22, which act on Chemokine-receptor 4 (CCR4)
to recruit T helper 2 (TH2) cells. Activation of the transcription factor GATA3 in TH2 cells leads to secretion of the cytokines IL-4 and IL-13 (which
stimulate B cells to synthesize IgE), IL 5 (which is necessary for eosinophilic inflammation) and IL 9 (which stimulates mast-cell proliferation).
Activated mast cells release several bronchoconstriction mediators including cysteinyl leukotrienes and prostaglandin D2. TSLP: thymic stromal
lymphopoietin., CCL17: CC chemokine ligand 17., CCL22: CC chemokine ligand 22., CCR3: CC- chemokine receptor 3., CCR4: CC-
chemokine receptor 4., IL-4: interleukin 4, IL-5: interleukin 5, IL-9: interleukin 9., IL-13: interleukin 13., GATA3: GATA binding protein 3.
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3C; p<0.001) in the peribronchial space. Figure 4A-D shows
representative photomicrographs taken from HE staining,
through which the peribronchial inflammation analysis were
done.

Aerobic exercise reduces pro-inflammatory cytokines and
increases IL-10
Figure 2 shows that the HDM model of chronic allergic air-
way inflammation significantly increases the BALF levels of
Th2 cytokines IL-4 (Figure 2C; p<0.001), IL-5 (Figure 2D;
p<0.001), IL-13 (Figure 2E; p<0.001), Th17 cytokine IL-17
(Figure 2G; p<0.01), IL-23 (Figure 2H; p<0.01), IL-33 (Fig-
ure 2I; p<0.05) and CXCL1 (Figure 2F; p<0.05), while
reduces the levels of IL-10 (Figure 2J; p<0.01). On contrary,
aerobic exercise reduces HDM-induce increases in the levels
of Th2 cytokines IL-4 (Figure 2C; p<0.001), IL-5 (Figure 2D;
p<0.001), IL-13 (Figure 2E; p<0.001), Th17 cytokine IL-17
(Figure 2G; p<0.01), IL-23 (Figure 2H; p<0.05), IL-33 (Fig-
ure 2I; p<0.05) and CXCL1 (Figure 2F; p<0.01), while
increases the levels of IL-10 (Figure 2J; p<0.05).

Aerobic exercise reduces airway remodeling
Figure 3 shows that the HDM model of chronic allergic air-
way inflammation significantly increases airway remodeling,
notably through accumulation of collagen fibers in airways
wall (Figure 3D; p<0.05), elastic fibers in airways wall (Fig-
ure 3E; p<0.001), and mucin production by airway epithelium
(Figure 3F; p<0.001). Importantly, aerobic exercise was able
to reduces HDM-induce increases in airway remodeling, as
noted through accumulation of collagen fibers in airways wall
(Figure 3D; p<0.05), elastic fibers in airways wall (Figure 3E;
p<0.01), and mucin production by airway epithelium (Figure
3F; p<0.01). Figure 4E-G shows representative photomicro-
graphs taken from Picrossirius staining, through which the
collagen fibers accumulation in airways wall analysis were
done.

Aerobic exercise reduces airway hyperresponsiveness
(AHR)
Figure 5 shows that the HDM model of chronic allergic air-
way inflammation significantly increases AHR, as demon-

Figure 2. Figure 2 shows the number of total cells in BAL (Figure 2A),
eosinophils, neutrophils, lymphocytes and macrophages in BAL (Fig-
ure 2B), IL-4 levels in BAL (Figure 2C), IL-5 levels in BAL (Figure 2D),
IL-13 levels in BAL (Figure 2E), CXCL1 levels in BAL (Figure 2F), IL-17
levels in BAL (Figure 2G), IL-23 levels in BAL (Figure 2H), IL-33 levels
in BAL (Figure 2I) and IL-10 in BAL (Figure 2J). * p<0.05, ** p<0.01 and
*** p<0.001.

Figure 3. Figure 3 shows the density of eosinophils (Figure 3A), neu-
trophils (Figure 3A) and lymphocytes (Figure 3C) in airways wall, and
of collagen fibers (Figure 3D), elastic fibers (Figure 3E) and mucin (Fig-
ure 3F) in the airways. * p<0.05, ** p<0.01 and *** p<0.001.
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strated through methacholine (MCh) aerosol challenge: 6,25
mg/mL (Figure 5C; p<0.01), 12,5 mg/mL (Figure 5D;
p<0.01), 25 mg/mL (Figure 5E; p<0.001) and 50 mg/mL (Fig-

ure 5F; p<0.01). Of note, aerobic exercise significantly
reduces HDM-induce increases in AHR, as demonstrated
through methacholine (MCh) aerosol challenge: 6,25 mg/mL
(Figure 5C; p<0.01), 12,5 mg/mL (Figure 5D; p<0.01), 25
mg/mL (Figure 45E; p<0.001) and 50 mg/mL (Figure 5F;
p<0.05).

Aerobic exercise reduces STAT6, STAT3 and STAT5 and
JAK2 expression
Figure 6 shows that the HDM model of chronic allergic air-
way inflammation significantly increases epithelial expres-
sion of STAT6 (Figure 6A; p<0.01), STAT3 (Figure 6B;
p<0.001), STAT5 (Figure 6C; p<0.001) and JAK2 (Figure 6D;
p<0.001). In addition, HDM model of chronic allergic airway
inflammation significantly increases the expression STAT6
(Figure 6E; p<0.001), STAT3 (Figure 6F; p<0.05), STAT5
(Figure 6G; p<0.01) and JAK2 (Figure 6H; p<0.001) by peri-
bronchial leukocytes. Contrarily, aerobic exercise significant-
ly reduces HDM-induce increases in epithelial expression of
STAT6 (Figure 6A; p<0.05), STAT3 (Figure 6B; p<0.001),
STAT5 (Figure 6C; p<0.01) and JAK2 (Figure 6D; p<0.001).
In addition, aerobic exercise also reduced HDM-induce
increases the expression STAT6 (Figure 6E; p<0.001), STAT3
(Figure 6F; p<0.05), STAT5 (Figure 6G; p<0.001) and JAK2
(Figure 6H; p<0.001) by peribronchial leukocytes. Figure 7
shows representative photomicrographs taken from STAT6
(Figure 7 A-D) and from STAT3 (Figure 7 E-H) immunostain-
ing.

Figure 4. Figure 4 shows representative photomicrographs of quanti-
tative histological analysis, being stained with hematoxylin and eosin
for analysis of airway inflammation (Figure 4A; 400x magnification)
and with picrosirius for analysis of collagen accumulation in the air-
ways (Figure 4B; 200x magnification). Scale bar are 25 µm and 50 µm,
respectively.

Figure 5. Figure 5 shows airway hyperresponsiveness (AHR) for
growing doses of methacholine (Mch), measured using whole body
plethysmography. The results are demonstrated as enhanced pause
(Penh). * p<0.05, ** p<0.01 and *** p<0.001.

Figure 6. Figure 6 shows the epithelial expression of STAT6 (Figure
6A), STAT3 (Figure 6B), STAT5 (Figure 6C) and JAK2 (Figure 6D) and of
STAT6 (Figure 56E), STAT5 (Figure 6F), STAT3 (Figure 6G) and JAK2
(Figure 6H) by peribronchial leukocytes. * p<0.05, ** p<0.01 and ***
p<0.001.
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Aerobic exercise modulates SOCS1, SOCS2 and SOCS3
expression
Figure 8 shows that the HDM model of chronic allergic air-
way inflammation significantly does not change epithelial
expression of SOCS1 (Figure 8A; p>0.05), but reduces
epithelial expression of SOCS2 (Figure 8B; p<0.001), while
increases epithelial expression of SOCS3 (Figure 8C;
p<0.05). In addition, HDM model of chronic allergic airway
inflammation does not change the expression of SOCS1
(Figure 8D; p>0.05) and SOCS2 (Figure 8D; p>0.05), by
peribronchial leukocytes, but increases the expression of
SOCS3 by peribronchial leukocytes (Figure 8F; p<0.05). Of
importance, aerobic exercise in non-sensitized (Ex) and in
sensitized (HDM+Ex) mice significantly increases the
epithelial expression of SOCS1 (Figure 8A; p<0.001). Aero-
bic exercise also restores the epithelial expression of SOCS2
(Figure 8B; p<0.001), while reduces HDM-induce epithelial
expression of SOCS3 (Figure 8C; p<0.05). Regarding the
expression SOCS1 (Figure 8D; p<0.001) and SOCS2 (Fig-
ure 8E; p<0.01) by peribronchial leukocytes, aerobic exer-
cise increases their expression in non-sensitized and in sensi-
tized mice. Furthermore, aerobic exercise reduces HDM-
induce the expression of SOCS3 by peribronchial leukocytes
(Figure 8F; p<0.001). Figure 8 shows representative pho-

tomicrographs taken from SOCS3 (Figure 8 G-J) immunos-
taining.

DISCUSSION

The present study shows for the first time the involvement of
SOCS-JAK-STAT signaling on the beneficial effects of regu-
lar aerobic exercise at low intensity reducing asthma pheno-
type, denoted as reduced eosinophilic inflammation, Th2
immune response, airway remodeling and AHR. In addition,
this is the first study performing a complete description of
several SOCS-JAK-STAT proteins in a model of HDM-
induced asthma.

Asthmatic airway inflammation is characterized by accu-
mulation of several cell types in airways wall, including mast
cells, dendritic cells, Th2 lymphocytes and eosinophils [2,3].
However, eosinophilic inflammation is considered a hallmark
of asthmatic airway inflammation and its levels is correlated

Figure 7. Figure 7 shows representative photomicrographs of quanti-
tative immunohistochemistry analysis of the expression of STAT6 (Fig-
ure 7A-D; Co, Ex, HDM and HDM+Ex groups, respectively) and STAT3
(Figure 7E-H; Co, Ex, HDM and HDM+Ex groups, respectively).
Images are at 400x magnification. Scale bar are 25 µm.

Figure 8. Figure 8 shows the quantitative analysis of the expression of
SOCS1 (Figure 8A), SOCS2 (Figure 8B), SOCS3 (Figure 8C) by airway
epithelium and of SOCS1 (Figure 8D), SOCS2 (Figure 8E), SOCS3
(Figure 8F) by peribronchial leukocytes. * p<0.05, ** p<0.01 and ***
p<0.001. Figure 8G-J shows representative photomicrograph of
quantitative immunohistochemistry analysis of the expression of
SOCS3, of Co, Ex, HDM and HDM+Ex groups, respectively. Images
are at 400x magnification. Scale bar are 25 µm.
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to asthma severity and risk of exacerbations [37]. The litera-
ture already has shown that aerobic exercise can reduces
eosinophilic inflammation in asthmatics patients [38] and in
experimental models of asthma induced by ovalbumin [30-
35], but this is the first study showing that aerobic exercise
can reduces eosinophilic inflammation in an experimental
model of HDM-induced asthma phenotype. Thus, using a
more physiological model of asthma using HDM, in which
sensitization occurs through a direct contact activating with
airways mucosa, i.e. airway epithelium [36,39], reinforce the
importance of aerobic exercise, the main component of a pro-
gram of pulmonary rehabilitation, in the control of
eosinophilic inflammation for asthma.

Th2 cytokines, such as IL-4, IL-5 and IL-13 present an
essential role in asthma pathogenesis and progression [4,8,30-
36,39]. Previous literature shows that aerobic exercise inhibits
accumulation of Th2 in BALF in ovalbumin models of asthma
[30-35]. Such inhibitory effects of AE are of importance, con-
sidering that Th2 cytokines are also involved not only in the
asthmatic inflammatory response, but also in the remodeling
and in the AHR [4,8,10]. Furthermore, IL-17 a Th17- and
epithelial-derived cytokine is thought to be involved in the
proliferation and activation of fibroblast, airway smooth mus-
cle and also in IL-8/CXCL-1 chemokine release, contributing
to impairment of airway remodeling, AHR and to the inflam-
matory response, attracting neutrophils to the airways [5,40].
In addition, the main inflammatory consequence of IL-17
inducing the release of CXCL-1 attracting neutrophils to the
airways, was observed in the present study, since the HDM
model used in this study also induced increases in the levels of
CXCL-1 and in the number of neutrophils in the lungs. In
contrast, the present study showed for the first time that AE
was able to inhibits HDM-induced IL-17 accumulation in the
lungs, as demonstrated by reduced levels of IL-17 in BALF,
effects that were followed by reduced levels of BALF CXLC-
1 and by reduced numbers of neutrophils in BAL. Such
effects of AE suggest that perhaps, AE can inhibit not only
eosinophilic asthma, but also difficult to treat asthma, which
is characterized by increased number of neutrophils in the air-
ways [5,40].

IL-23 has been recently described as an important cytokine
involved in asthma pathophysiology, mainly produced by
dendritic cells, macrophages and airway epithelial cells
[5,41]. It is involved primarily in the control of IL-17 synthe-
sis, but also with the sensitization process, beyond to con-
tribute to recruitment of both eosinophils and neutrophils to
the airways [5,41]. IL-23 also seems to induce IL-33 synthesis
and release, a cytokine involved in several aspects of asthma
pathogenesis and maintenance, as in inflammation, remodel-
ing and even in AHR [42]. IL-33 drives Th2 cells recruitment,
activation, polarization through NF-kB activation, beyond to
increase dendritic cells maturation and activation, which are
cell types presenting a key role for asthma development [42].
Here, we demonstrated for the first time that AE was able to
reduce IL-17, IL-23 and IL-33 in BALF of HDM-stimulated
mice, demonstrating an extensive anti-inflammatory role of
AE in the context of asthma. Of note, part of these anti-
inflammatory effects can be attributed to AE-induced IL-10
release, which is an anti-inflammatory cytokine, that positive-
ly contributes to the anti-inflammatory effects of AE, as previ-
ously demonstrated [14,20,21,23,24,26,27].

Beyond exacerbated airway inflammation, airway remod-
eling is a hallmark of asthma, which is characterized by
increased sub-epithelial deposition of extracellular matrix
proteins (i.e. collagen and elastic fibers, proteoglycans and
laminins), hypertrophy and hyperplasia of airway smooth
muscle and epithelium and basal membrane thickness [6,7].
These structural changes in the airways remains as main chal-
lenge for treatment of asthma and are closely related to sever-
ity of the disease, to airway obstruction, breathlessness and to
AHR [6,7]. In the present study, it was observed for the first
time in a model of HDM-induced airway remodeling that AE
reduced collagen and elastic fibers accumulation in the air-
ways wall as well as reduced mucus production by airway
epithelium, reinforcing the anti-fibrotic effects of AE, which
has been already demonstrated in models of ovalbumin-
induced asthma [30-35], COPD [14,20-22] and pulmonary
fibrosis [23,24]. In addition, the importance of the anti-fibrot-
ic effects of AE, which was observed in the present study,
could be, at least in part correlated to the inhibitory effects of
AE on AHR, which occurs in response to several factors, such
as airway inflammation and remodeling [7]. Also, this
inhibitory effect on AHR is particularly important, displaying
that the anti-inflammatory and anti-fibrotic effects of AE
result in improvement of functional response of the lungs.

Cytokine signaling depends of activation of intracellular
molecules, such JAK and STATs [8-12], while JAK and
STATs activation can be inhibited by SOCS proteins [8-12].
However, the literature is not unanimous concerning the
inhibitory effects of SOCS proteins, since SOCS1, for
instance, is upregulated in nasal epithelial cells of asthmatics
and correlates with asthma severity [8]. On the other hand, it
has been demonstrated that absence of SOCS1 resulted in
increased asthma phenotype in a model of ovalbumin-induced
asthma [43]. In the present study, which was performed using
a HDM model of asthma, no changes in the expression of
SOCS1 by peribronchial leukocytes or by airway epithelium
were found. However, AE resulted in increased expression of
SOCS1 by peribronchial leukocytes and by airway epithelium
in non-sensitized and in sensitized mice groups, effect that
can be involved in the inhibitory effects of AE on asthma phe-
notype, since that it has been demonstrated that SOCS1 sup-
press IL-13-dependent STAT6 activation, which constitute a
central pathway for asthma development [44]. This effect of
AE increasing SOCS1 expression can be reinforced, since AE
not only reduced HDM-induced asthma phenotype, but also
reduced the expression of STAT6, STAT5, STAT3 and JAK2
by peribronchial leukocytes and by airway epithelium. How-
ever, a direct causal effects cannot be definitively proved in
the present study.

Concerning SOCS2, it was observed that HDM administra-
tion significantly reduced epithelial expression of SOCS2,
while only a slight reduction in SOCS2 expression by peri-
bronchial leukocytes was observed. In addition, these effects
were followed by enhanced expression of STAT6, STAT5,
STAT3 and JAK2 by peribronchial leukocytes and by airway
epithelium. These findings are in partial agreement with a
study from Knosp et al 2011, where the authors demonstrated
exacerbated asthmatic phenotype and increased activation of
STAT6 and STAT5 in SOCS2 ko mice [10]. On the other
hand, AE was able to restore epithelial SOCS2 expression and
to increase significantly SOCS2 expression by peribronchial



Exercise inhibits asthma by modulation of SOCS-JAK-STAT •   107

EIR 25 2019

leukocytes, suggesting a possible mechanism underlying the
effects of AE on asthma. However, whether the anti-asthmatic
effects of AE are dependent of SOCS2 remain to be further
investigated.

Increased expression of SOCS3 have been described in T-
cells of asthmatic patients correlating to onset and mainte-
nance of Th2 immune response and increased IgE levels [8].
In addition, another study showed that SOCS3 expression is
increased in eosinophils of asthmatic patients and is function-
ally involved in eosinophil migration, adhesion and degranu-
lation involving STAT3 activation [45]. Furthermore, it has
been demonstrated that ovalbumin model of asthma results in
increased expression of SOCS3 in the lungs, and that silenc-
ing of SOCS3 abrogates asthma phenotype [46]. In line with
the current literature, the present study found that HDM
increases SOCS3 and also STAT3 expression by airway
epithelium and by peribronchial leukocytes. Such effects were
significantly inhibited by AE, reinforcing the potential
immunomodulatory role of AE on asthma involving SOCS-
JAK-STAT signaling.

In conclusion, aerobic exercise inhibits house dust mite
induce asthma phenotype, involving the modulation of SOCS-
JAK-STAT signaling in airway epithelium and in peri-
bronchial leukocytes. In addition, these experimental results
point out a possible immunological and molecular mechanism
underlying the beneficial effects of aerobic exercise on asth-
ma phenotype, which should be urgently investigated in a
clinical study in asthmatic individuals.
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