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Phagocytic responses of peritoneal macrophages and
neutrophils are different in rats following prolonged
exercise
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OBIJECTIVE: To analyze the effects of exhausting long-duration physical exercise (swimming) sessions of different
durations and intensities on the number and phagocytic capacity of macrophages and neutrophils in sedentary rats.

INTRODUCTION: Exercise intensity, duration and frequency are important factors in determining immune response
to physical effort. Thus, the effects of exhausting long-duration exercise are unclear.

METHODS: Wistar rats were divided into two groups: an untreated group (macrophage study) and oyster glycogen-
treated rats (neutrophil study). In each group, the animals were subdivided into five groups (10 rats per group):
unexercised controls, an unadapted low-intensity exercise group, an unadapted moderate-intensity exercise group,
a preadapted low-intensity exercise group and a preadapted moderate-intensity exercise group. All exercises were
performed to exhaustion, and preadaptation consisted of 5, 15, 30 and 45 min sessions.

RESULTS: Macrophage study: the number of peritoneal macrophages significantly decreased (9.22 + 1.78 x 10°)
after unadapted exercise but increased (21.50 + 0.63 x 10°) after preadapted low-intensity exercise, with no
changes in the moderate-intensity exercise group. Phagocytic capacity, however, increased by more than 80% in all
exercise groups (low/moderate, unadapted/preadapted). Neutrophil study: the number of peritoneal neutrophils
significantly decreased after unadapted (29.20 + 3.34 x 10°) and preadapted (50.00 + 3.53 x 10°) low-intensity
exercise but increased after unadapted (127.60 + 5.14 x 10°) and preadapted (221.80 + 14.85 x 10%) moderate
exercise. Neutrophil phagocytic capacity decreased by 63% after unadapted moderate exercise but increased by
90% after corresponding preadapted sessions, with no changes in the low-intensity exercise groups.

CONCLUSION: Neutrophils and macrophages of sedentary rats respond differently to exercise-induced stress.
Adaptation sessions reduce exercise-induced stress on the immune system.
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INTRODUCTION

glucocorticoids, which are immunosuppressive in lympho-
Cytes.3

Glucocorticoids can exert different effects on nonspecific
functions of macrophages, including chemotaxis and pha-
gocytosis, as well as more specific functions such as the

It has been shown that stress induced by exercise
stimulates the phagocytic capacity of macrophages and
neutrophﬂs.1 As a result, the general stimulation of

phagocytosis during exhausting physical exercise can
potentially compensate for a decrease in lymphoid activity,
thus preventing the entrance and survival of microorga-
nisms in situations of immunoclepression.2 In some cases,
this response is also mediated by stress hormones, such as
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presentation of antigens.*> Neutrophils and monocytes can
be stimulated by catecholamines."®” Phagocytosis and
catecholamine levels have been proposed to be neuro-
immune-endocrine physiological markers in athletes.® Other
hormones, such as thyroid hormones (T3 and T4), prolactin
(PRL), growth hormones (GH) and B-endorphins, contribute
in general to the effects of exercise-induced stress on
phagocytosis.”*°

Although several investigations have demonstrated a
correlation between hormone or neuropeptide levels and
the immune response to acute exercise, few studies have
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attempted to evaluate the ]i)hagocytic response to an
adaptation period of exercise.'’ Batista et al.'” stated that
reports on the function of peritoneal macrophages following
exercise training are rather controversial. For example,
Vitorino et al."® found no effect of shark liver oil supple-
mentation, exercise or their combination on the innate
immune system.'® This response depends on variables of
physical exercise, such as intensity, duration and frequency,
along with the exercise type. In addition, few studies have
evaluated the immunomodulatory effect of exercise training
on peritoneal macrophage function, as activated macro-
phages are important sources of proinflammatory factors.

Several studies, however, have shown that regular
moderate exercise stimulates many aspects of the immune
response.'"'*!° Dos Santos et al.'® showed that the increase
in macrophage function induced by exercise is supported by
enhanced glutamine consumption and metabolism (animals
trained 1 h/day for six weeks at moderate intensity). During
exercise bouts, animals swam with an extra load equivalent
to 5.5% of their total body weight attached to their tail to
enhance aerobic training. Physical exercise can improve the
macrophage-mediated immune response to pathogen attack
(including antigen presentation) in animals with metabolic
syndrome.17 The above-mentioned studies, however, mea-
sured macrophage function 1 and 72 h after exercise,
respectively, and neutrophil phagocytosis was not accessed.
These exercise training-induced changes in the immune
response can be influenced by multiple factors, including
mode, duration and intensity of exercise; they also vary
according to the time since the last exercise session.'®

Considering that the observed differences between study
protocols are determinants for immune responses to
exercise, the phagocytic response to prolonged exercise is
not completely understood, especially for cases in which an
adaptation period and different intensities are added. Given
that exercise relies on the interplay between both intensity
and duration, an experimental design that incorporates both
of these variables would increase our understanding of this
immunological response. We hypothesized that after adap-
tation to exercise training, a decrease in the stressor effect of
exhausting exercise would occur. Therefore, the purpose of
this investigation was to analyze the effects of exhausting
long-duration physical exercise of different durations and
intensities on the number and phagocytic capacity of
macrophages and neutrophils in rats.

MATERIALS AND METHODS

Animals

Two-month-old male Wistar rats (Rattus novergicus var.
albinus, Rodentia, Mammalia) with a mean weight of 200 g
were used. The animals had free access to water and chow
and were kept in collective cages (three rats per cage) at a
constant temperature of 23 (+ 2) T and a cycle of 12 h of
light and 12 h of dark (lights on from 06:00 h to 18:00 h). This
research was approved by the Federal University of Sdo
Carlos Committee of Experimental Animals.

Experimental Groups

The animals were divided into two groups: untreated rats
(macrophage study) and oyster glycogen-treated rats (neu-
trophil study). In each group, five subgroups were formed
(10 rats per group): unexercised controls, an unadapted low-
intensity exercise group, an unadapted moderate-intensity
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exercise group, a preadapted low-intensity exercise group
and a preadapted moderate-intensity group. The animals in
the exercised groups performed swimming until exhaus-
tion, and the animals in the preadaptation groups were
submitted to four adaptation sessions lasting 5, 15, 30 or
45 min before the exhaustion session.'” The rats in the
neutrophil study were treated with oyster glycogen appro-
ximately 4 h before exercise. Each animal received an
intraperitoneal injection of 10 ml of type II oyster glycogen
(2%) in PBS to induce the mi%ration of circulating neutro-
phils to the peritoneal cavity.

Physical Exercise

The physical exercise model chosen was swimming in a
tank with a water temperature of 30 + 2 °C during the
afternoon. The unadapted groups were submitted to
physical exercise at low or moderate intensity only once
(EXAGL and EXAGM, respectively). The animals in the
preadapted groups were submitted to four days of adapta-
tion with low- and moderate-intensity exercise (EXADL and
EXADM, respectively). The groups exercised at low-
intensity were given no additional load. Conversely, the
groups submitted to moderate-intensity exercise had a load
of 5% of their body weight placed on their backs, which
corresponded to an intensity below the point of inflection of
the lactate threshold curve.”** The collection of cells was
performed immediately after the exercise.

Leukometry and Differential Leukogram

Total leukocyte counts were performed with Turkey
liquid and counting in a Neubauer chamber. Differential
leukocyte counts were accomplished with an optical
microscope using a blood smear colored with May-
Griinwald and Giemsa (Sigma, St. Louis, MO, USA).

Total Number of Peritoneal Macrophages and

Neutrophils

PBS (10 ml, pH 7.2) was injected into the animal’s
peritoneum, and the area was massaged. After the sacrifice,
the peritoneum was then longitudinally sectioned, and the
injected liquid was collected with a Pasteur pipette. The
liquid was placed in a glass tube and centrifuged for 1 min at
2000 rpm until a pellet was formed. The supernatant was
discarded, and the pellet was suspended again in 10 ml of
PBS (10x dilution, tube 1). A 1 ml sample was extracted from
tube 1 and deposited in another tube with 9 ml of PBS (10x
dilution, tube 2). After this step, 100 ml of the sample in tube 2
was collected and placed in a plastic tube. Then, 100 ml of
tryplan blue (Sigma, St. Louis, MO, USA) was added to the
plastic tube, and the contents were homogenized with a
pipette (2x dilution). The Neubauer chamber was filled, and
the numbers of peritoneal macrophages and neutrophils (4 h
before counting, the animals received an intraperitoneal
injection of 10 ml of a solution of type II oyster glycogen)
were determined using a microscope. The results are
reported as number of cellsN x 10° [number found at the
sum of the four quadrants, 4 (number of quadrants) x 50
(dilution= 10 x 10 x 2) = number x 10%].

Phagocytic Capacity of Peritoneal Macrophages
and Neutrophils

Macrophages or neutrophils were incubated with 10 ml of
PBS containing zymosan (zymosan: 50 pl, Sigma, St. Louis,
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MO USA) for 30 min at 37 “C. After incubation, a 100 ul
aliquot was extracted and deposited in a plastic assay tube
to which 100 pl of tryplan blue was added. The Neubauer
chamber was filled, and 100 cells (macrophages) were
identified. The number of cells among the 100 identified
macrophages that had incorporated zymosan was deter-
mined; the macrophages were only considered valid if at
least three zymozan particles had been incorporated.
Therefore, the counting defined the percentage of peritoneal
macrophages that had incorporated at least three particles of
zymosan, according to the methodological descriptions
provided by Curi et al.*°

Statistical Analysis

The normality of distribution of all parameters was
checked with the Kolmogorov-Smirnov test. The statistical
analysis was performed using an ANOVA (p = 0.05). We
compared the exercise groups with the control group, the
exercise groups given the same duration of exercise to each
other and the exercise groups with different protocols.
When a significant value was observed, Tukey’s post-hoc
test was used. The results are expressed as the mean +
standard error of the mean.

RESULTS

In the macrophage study, the mean time of swimming
until exhaustion was 425.0 + 3.0 min. In the study of
neutrophils, the swim time was 35.0 + 4.0 min.

4.1. Leukometry and Differential Leukogram

When compared to the control groups, significant
leukocytosis was observed in the unadapted acutely
exercised and preadapted groups following exercise to
exhaustion at both low and moderate intensities for both
protocols (P = 0.05, see Figure 1). For the neutrophil groups,
a general increase in the percentage of monocytes and
neutrophils in the unadapted groups at low and moderate
intensities was observed in the differential leukogram. In
addition, a decrease in the percentage of neutrophils in the
preadapted groups at low- and moderate-intensity exercise
was observed. These effects were not observed in the macro-
phage study groups.

Total Number and Phagocytic Capacity of
Peritoneal Macrophages and Neutrophils

Macrophage study: There was a significant decrease in
the total number of peritoneal macrophages in the una-
dapted low-intensity group as compared to the control
group. Conversely, in the preadapted low-intensity group,
the total number of peritoneal macrophages increased, with
no changes in the moderate-intensity groups. A significant
increase was observed in macrophage phagocytosis in all
exercised rats in the macrophage study (Figure 2).

Neutrophil study: The total number of peritoneal neu-
trophils significantly decreased in the unadapted and
preadapted low-intensity groups and increased in the
unadapted and preadapted moderate-intensity groups. A
significant decrease was observed in neutrophil phagocy-
tosis in the unadapted moderate-intensity group; however,
an increase in the preadapted moderate-intensity group was
observed, with no changes in the low-intensity groups
(Figure 2).
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DISCUSSION

Leukocytosis associated with exhausting long-duration
exercise is well described in the literature and was first
reported in 1902.> The increase in immune cell count may
be caused by a combination of effects of glucocorticoids and
catecholamines or merely a redistribution phenomenon.**?®
In this study, leukocytosis was observed in both studies
regarding macrophages and neutrophils at low and mod-
erate exercise intensities (Figures 1A and B).

Monocytes are precursors of macrophages in circulation,
and they can be found in free or marginated forms.*® In
response to acute exercise, monocyte numbers increase as a
result of catecholamine-mediated demargination."” Exhau-
sting exercise reduces the number of peritoneal macro-
phages in rats, and the magnitude of this effect is correlated
with serum corticosterone concentration. There appears to
be an “optimal”” physiologic concentration at which gluco-
corticoids can stimulate macrophages, which is consistent
with the idea that low glucocorticoid levels can enhance
immunity instead of suppressing it.2?82% In this study, we
observed a tendency for monocytosis in the exercise groups
(Figure 1A). We also observed a decrease in the total count
of peritoneal macrophages in the unadapted animals
submitted to low-intensity exercise and an increase in the
animals preadapted to the same exercise regimen
(Figure 2A). One potential explanation for this finding
could be that muscular training may induce physiological
stress during acute exercise, resulting in an increase in the
total number of peritoneal macrophages (Figure 2A).

Physical exercise increases the plasmatic concentration of
many substances, including glucocorticoids, catechola-
mines, prolactin (PRL), thyroid hormones and B-endor-
phins.**?! All of these substances can enhance the
phagocytic capacity of macrophages.! According to
Sanders,®> most studies addressing the direct effects of
catecholamines and the sympathetic nervous system on
immunity have examined their effects on adaptive immu-
nity; however, little is known about adrenergic effects on
innate immunity. It has been observed that moderate
treadmill training upregulates stimulant-induced produc-
tion of nitric oxide (NO) and cytokines essential for
antimicrobial defense in cells of the monocyte/macrophage
lineage, suggesting a reduced risk of infection.""

Another possible mechanism occurs via mitogen-acti-
vated protein kinase (MAPK), which mediates the produc-
tion of proinflammatory cytokines, whereas MAPK
phosphatase (MKP)-1 plays an essential role in intracellular
homeostasis by negatively regulating macrophage MAPK
activation. Exercise training upregulates basal macrophage
MKP-1 expression, accelerates LPS-evoked MKP-1 upregu-
lation, and impacts LPS-evoked immune responses in
mice.'* Unfortunately, as a limitation of the present study,
hormones and intracellular pathways were not studied;
however, there was an increase in the phagocytic capacity of
macrophages in all of the exercised groups (macrophage
study) (Figure 2A). Similarly, another study reported that
phagocytic capacity and anion superoxide production by
peritoneal macrophages were significantly increased in
exercise-trained mice following 12 weeks of moderate
exercise training (15-120 min of treadmill running at a
speed of 13 m/min for 5 days/week).'”” Comparisons
between our results and those of other studies, however,
are difficult to interpret because physiological responses
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Figure 2 - Total number and phagocytic capacity of peritoneal macrophages and neutrophils. A, macrophage study. B, neutrophil
study. The results are expressed as the average number of peritoneal macrophages and neutrophils and the percentage of phagocytosis
+ standard error of the average. * p = 0.05 for exercise groups submitted to low- and moderate-intensity exercise (unadapted low
intensity = EXAGL; moderate intensity = EXAGM and corresponding preadapted groups, EXADL and EXADM) as compared to the
control group (C); # p = 0.05 for comparisons made among the groups.

depend on variables of physical exercise, such as intensity,
duration and frequency as well as exercise type. In addition,
in other studies, the time at which the immune response is
analyzed following exercise is widely variable.
Catecholamines have been shown to modulate neutrophil
cell levels.” An increase in catecholamines depends on
the exercise intensity, duration and adaptation. Moreover,

catecholamines promote acute exercise effects on neutro-
phils, whereas cortisol may be responsible for the main-
tenance of neutrocytosis after long-duration exercise.® In
this study, we observed neutrocytosis in unadapted animals
submitted to an exercise session at low and moderate
intensities (neutrophil study) and neutropenia in animals
that were preadapted to the same exercise regimens

Figure 1 - Leukometry and differential leukogram with the percentage of circulating neutrophils, lymphocytes and monocytes. A,
macrophage study. B, neutrophil study. The results are expressed as the average number of leukocytes and the percentage of cells +
standard error of the average. *, p = 0.05 for exercise groups submitted to low- and moderate-intensity exercise (unadapted low
intensity = EXAGL; moderate intensity = EXAGM and corresponding preadapted groups, EXADL and EXADM) as compared to the
control group (C); # p = 0.05 for comparisons among the groups; ## p = 0.05 for comparisons made between the macrophage and

neutrophil study groups.
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(Figure 1B). Regarding the total number of peritoneal
neutrophils, a decrease occurred in the unadapted and
preadapted groups submitted to low-intensity exercise
(neutrophil study), and an increase was noted in the groups
that exercised at moderate intensity (Figure 2B). It is
possible that the magnitude of the physiological stress
caused a redistribution of neutrophils during exercise and
adaptation, as was observed in our preadapted groups
submitted to both exercise intensities (neutrophil study)
(Figure 2B). An increase in the total number of peritoneal
neutrophils in the groups that completed moderate-inten-
sity exercise (unadapted and preadapted) was observed,
and the migration of neutrophils to the peritoneal cavity
increased proportionally with the intensity of exercise,
consistent with previous findings.*

Neutrophil phagocytic capacity is stimulated mainly by
glucocorticoids and catecholamines, as neutrophils have
receptors for these substances." Adrenaline is a potent
modulator of the immune system, and its level increases
with exercise intensity. This hormone is capable of reducing
the phagocytic capacity of peritoneal neutrophils in vitro.”
In addition, noradrenaline seems to stimulate neutrophil
functionality. A study with rats subjected to sympathetic
inhibition demonstrated a reduction in chemotaxis and
phagocytosis as compared to control rats.®” In the context of
our investigation, a reduction was observed in peritoneal
neutrophil phagocytic capacity in the group submitted to a
moderate-intensity exercise session, whereas an increase
was observed in the preadapted group subjected to the
same level of exercise (neutrophil study) (Figure 2B). The
increase associated with the preadapted group submitted to
moderate-intensity exercise may have resulted from a
decreased physiological stress response because of the
adaptation to physical exercise (Figure 2B). Future investi-
gations directed at testing this hypothesis are, therefore,
warranted. The major limitation of our data is that hormone
levels were not measured. Despite this limitation, the
current data demonstrate important novel findings regard-
ing exercise intensity and adaptation prior to exhaustive
endurance exercise.

In general, exhausting long-duration physical exercise
was found to reduce the total number of peritoneal
macrophages following low-intensity exercise; however,
this variable was increased in a separate group of animals
submitted to four adaptation sessions. The phagocytic
capacity of all groups, however, increased. Conversely, the
total number of peritoneal neutrophils decreased in the
groups submitted to low-intensity exercise and increased in
the groups performing moderate-intensity exercise. In
addition, the phagocytic capacity decreased in the sedentary
group following acute moderate-intensity exercise, whereas
an increase was observed in the preadapted groups.

It is possible that the adaptive response to exercise training
resulted in a decrease in the stressor effect of exhausting
exercise. In sedentary rats, neutrophils and macrophages
respond differently to the stress of exercise. In this sense,
adaptation sessions may be important for individuals who
are beginning an exercise-training program, to thus avoid
excessive physiological stress on the immune system.
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