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Con sistemi chemogenetici e optogenetici si è dimostrato che 
I circuiti delle aree motorie fanno aumentare rapidamente la 
mobilizzazione dei neutrofili dal midollo osseo ai tessuti 
periferici tramite delle chemochine specifiche.
L'area paraventricolare dell'ipotalamo controlla l'uscita di 
monociti e linfociti dagli organi linfoidi secondari e dal sangue 
al midollo osseo tramite dei segnali legati ai gluccorticoidi

Questa doppia via dimostra che, da un lato,  lo stress acuto 
modifica l'immunità innata riprogrammando i neutrofili e 
dirigendoli verso i siti di lesione. Dall'altro lato, gli spostamenti 
dei leucociti mediati dai neuroni dell'ormone di rilascio della 
corticotropina (CRH) proteggono dall'insorgenza di 
autoimmunità, ma indeboliscono l'immunità nei confronti delle 
infezioni da virus  influenzali.
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Brain motor and fear circuits regulate 
leukocytes during acute stress

Wolfram C. Poller1,2 ✉, Jeffrey Downey1,2,3,4,5, Agnes A. Mooslechner2, Nargis Khan3,4,5, 
Long Li6, Christopher T. Chan1,2, Cameron S. McAlpine1,2,6, Chunliang Xu7, Florian Kahles2, 
Shun He2, Henrike Janssen1,2, John E. Mindur2, Sumnima Singh1,2, Máté G. Kiss1,2, 
Laura Alonso-Herranz2, Yoshiko Iwamoto2, Rainer H. Kohler2, Lai Ping Wong8,9, 
Kashish Chetal8,9, Scott J. Russo6, Ruslan I. Sadreyev8,9, Ralph Weissleder2,10, 
Matthias Nahrendorf2, Paul S. Frenette7,11, Maziar Divangahi3,4,5 & Filip K. Swirski1,2 ✉

The nervous and immune systems are intricately linked1. Although psychological 
stress is known to modulate immune function, mechanistic pathways linking stress 
networks in the brain to peripheral leukocytes remain poorly understood2. Here we 
show that distinct brain regions shape leukocyte distribution and function 
throughout the body during acute stress in mice. Using optogenetics and 
chemogenetics, we demonstrate that motor circuits induce rapid neutrophil 
mobilization from the bone marrow to peripheral tissues through skeletal-muscle-
derived neutrophil-attracting chemokines. Conversely, the paraventricular 
hypothalamus controls monocyte and lymphocyte egress from secondary lymphoid 
organs and blood to the bone marrow through direct, cell-intrinsic glucocorticoid 
signalling. These stress-induced, counter-directional, population-wide leukocyte 
shifts are associated with altered disease susceptibility. On the one hand, acute stress 
changes innate immunity by reprogramming neutrophils and directing their 
recruitment to sites of injury. On the other hand, corticotropin-releasing hormone 
neuron-mediated leukocyte shifts protect against the acquisition of autoimmunity, 
but impair immunity to SARS-CoV-2 and in"uenza infection. Collectively, these data 
show that distinct brain regions di#erentially and rapidly tailor the leukocyte 
landscape during psychological stress, therefore calibrating the ability of the immune 
system to respond to physical threats.

How the central nervous system might control leukocytes during acute 
stress has previously been surmised2, but there has been little focus on 
the processes that link brain networks with leukocyte dynamics. To 
investigate this, we exposed mice to different acute stressors, including 
restraint (Fig. 1a). Within 1 h of exposure, we observed a decrease in the 
numbers of circulating monocytes and lymphocytes and an increase in 
the number of neutrophils (Fig. 1a and Extended Data Fig. 1a). To assess 
the kinetics of these changes, we performed time-course experiments. 
We observed two distinct patterns in the blood—whereas lymphocyte 
and monocyte numbers diminished gradually and returned to the 
baseline during stress recovery, neutrophil numbers increased quickly 
and sharply returned to the baseline (Fig. 1b). Less numerous leukocyte 
types behaved similarly to lymphocytes and monocytes (Extended 
Data Fig. 1b). Restraint stress of only 30 s was sufficient to induce peak 
neutrophilia, albeit after a 1 h delay, but maximal monocytopenia and 

lymphopenia required at least 4 h of restraint (Fig. 1b and Extended Data 
Fig. 1c). We confirmed these data using intravital microscopy (Fig. 1c). 
Thus, in response to restraint, we observed an early period of opposing 
leukocyte flux characterized by lymphopenia and monocytopenia on 
the one hand, and neutrophilia on the other.

Fluctuating cell numbers in the blood during acute stress motivated 
us to characterize the tissue destination and source of the leukocytes. 
First, we found that acute stress diverted lymphocytes and monocytes 
out of peripheral organs and sequestered them in the bone marrow 
(Fig. 1d), where they resided temporarily (Fig. 1e and Extended Data 
Fig. 1d). Given the importance of secondary lymphoid organs to immu-
nity, we enumerated B and T cells in the lymph nodes and spleen and, 
similarly, observed a substantial lymphocyte reduction, consistent 
with redistribution to the bone marrow, followed by a protracted 
return (Fig. 1f). Even 40 h of recovery was insufficient to replenish the 
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Bay and Pedersen Myokines in Muscle-Organ Crosstalk

FIGURE 1 | I Irisin and Cathepsin B enhance BDNF production and thereby hippocampal neurogenesis. IL-6 inhibits appetite and stimulates lipolysis. IL-6 also plays

a role in decreasing the amount of visceral fat. IL-6, irisin and meteorin-like are involved in turning white adipose tissue into a brown phenotype. IL-15 retards skin

aging. IL-6, decorin, FGF-2 and IGF-1 positively influence bone formation. Myostatin negatively influence bone formation. Musclin, LIF, IL-4, IL-6, IL-7, and IL-15 are

involved in mediating muscle hypertrophy, whereas myostatin obstructs muscle hypertrophy. IL-6 and BDNF stimulate AMPK activation and hence fat oxidation. IL-6

e stimulates glucose uptake and hepatic glucose output during exercise. IL-6 induces the expression of GLP-1 by the L cells of the intestine leading to enhanced

insulin secretion. IL-6 exerts anti-inflammatory effects by inhibiting TNF production and by stimulating IL-1ra and IL-10 production. IL-6 enhances cortisol production,

leading to neutrocytosis and lymphopenia. FSTL-1 has beneficial effects on endothelial function and revascularization of atherosclerotic blood vessels.

Osteoprotegerin, angiogenin, and IL-6 possess beta-cell protective actions against inflammatory cytokines. AMPK, 5’-AMP-activated protein kinase; BDNF,

brain-derived neurotrophic factor; FGF-2, fibroblast growth factor 2; FGF-21, fibroblast growth factor 21; FSTL-1, follistatin-related protein 1; GLP-1, glucagon-like

peptide 1; IGF-1, insulin-like growth factor I; IL-1ra, IL-1 receptor antagonist; LIF, leukemia inhibitory factor; TGF-b, transforming growth factor b; TNF, tumor necrosis

factor. Adapted with permission from Severinsen and Pedersen (2020).

wheel running or control. It appeared that exercising mice had
a significant decrease in tumor mass and incidence.

Myokines are involved in mediating the e�ect of exercise on
tumor growth. When breast cancer cells were treated with irisin,
they were more likely to undergo apoptosis (Hojman et al., 2018).

The myokine oncostatin M (Pedersen et al., 2016) was shown
to inhibit breast cancer cell proliferation. The myokine, secreted
protein acidic and rich in cysteine (SPARC) was shown to reduce
tumor in the colon of exercising mice (Aoi et al., 2013).

Exercise also induces acute increases in epinephrine and
norepinephrine, which are involved in recruiting NK cells
in humans during exercise. Breast cancer cells exposed to
serum collected after a single bout of acute exercise and
thereafter injected into mice, led to a reduction of tumor
formation (Dethlefsen et al., 2017). This e�ect was, however,
completely blunted when we blocked b-adrenergic signaling, the
pathway through which epinephrine and norepinephrine work
(Dethlefsen et al., 2017).
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Medical Association for the 1984 Olympic Games in Los
Angeles.8 This review concluded there was “no clear experi-
mental or clinical evidence that exercise will alter the fre-
quency or severity of human infections. . . Further studies will
be needed before it can be concluded that exercise affects the
host response to infection in any clinically meaningful way.”8

This conclusion was consistent with the existing evidence at
that time and at the same time provided a framework for future
investigations. During the same time period (1980!1989),
seminal papers were published with evidence that heavy exer-
tion was associated with transient immune dysfunction, ele-
vated inflammatory biomarkers, and an increased risk of upper
respiratory tract infections (URTIs).9!18 For example, acute
bouts of intense and prolonged exercise were linked by several
early exercise immunology pioneer investigators to suppressed
salivary immunoglobulin A (IgA) output, decreased natural

killer cell (NK) lytic activity, reduced T- and B-cell function,
and a 2- to 6-fold increased URTI risk during the 1!2 week
postrace time period.9!18 In 1989, the International Society of
Exercise Immunology was founded, leading to biannual con-
ferences and the highly successful Exercise Immunology
Review journal (www.isei.dk).5

During the time period from 1990 to 2009, additional focus
areas were added to the field of exercise immunology, including
the interactive effect of nutrition,7,19,20 effects on the aging immune
system,21!23 and influences on inflammatory cytokines.24!27 With
advances in mass spectrometry and genetic testing technology
since 2010, increasing attention is being focused on metabolomics,
proteomics, lipidomics, gut microbiome characterization, and
genomic approaches to exercise immunology, and how this infor-
mation can be used to provide personalized exercise and nutrition
guidelines.28!33 Additionally, acute and chronic exercise-induced
immune changes are now being described as important mechanistic
pathways for elucidating reduced cancer and heart disease risk
among the physically active.34!36

2. Acute and chronic effects of exercise on the immune
system

The acute immune response to exercise depends on the inten-
sity and duration of effort. For the purposes of this review, moder-
ate and vigorous exercises are differentiated using an intensity
threshold of 60% of the oxygen update and heart rate reserve, and
a duration threshold of 60 min. Exercise immunology investigators
had an early focus on the large perturbations of basic leukocyte
subsets associated with the physiological stress of athletic endeav-
or.2,9!14,27 Increasing attention is being directed to the enhanced
immunosurveillance of distinct immune cell subtypes during

Fig. 1. Key research areas and basic findings in exercise immunology.

Fig. 2. Exercise immunology research can be organized into 4 distinctive periods.

202 D.C. Nieman and L.M. Wentz
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exercise bouts of less than 60 min that have potential prevention
and therapeutic value.37!48

2.1. Enhanced immunosurveillance with acute exercise bouts
of less than 60 min

During moderate- and vigorous-intensity aerobic exercise
bouts of less than 60 min duration, the antipathogen activity of
tissue macrophages occurs in parallel with an enhanced recir-
culation of immunoglobulins, anti-inflammatory cytokines,
neutrophils, NK cells, cytotoxic T cells, and immature B cells,
all of which play critical roles in immune defense activity and
metabolic health (Fig. 3).37!40,44!47 Acute exercise bouts pref-
erentially mobilize NK cells and CD8+ T lymphocytes that
exhibit high cytotoxicity and tissue migrating potential.38,46,48

Stress hormones, which can suppress immune cell function,
and proinflammatory cytokines, indicative of intense meta-
bolic activity, do not reach high levels during short duration,
moderate exercise bouts.40 Over time, these transient, exer-
cise-induced increases in selective lymphocyte subsets
enhance immunosurveillance and lower inflammation, and
may be of particular clinical value for obese and diseased
individuals.41!43

In general, acute exercise is now viewed as an important
immune system adjuvant to stimulate the ongoing exchange of
leukocytes between the circulation and tissues.37 An ancillary
benefit is that acute exercise may serve as a simple strategy to
enrich the blood compartment of highly cytotoxic T-cell and
NK cell subsets that can be harvested for clinical use.38,44!46

Metabolically, moderate exercise induces small, acute eleva-
tions in IL-6 that exert direct anti-inflammatory effects,
improving glucose and lipid metabolism over time.49,50

Another benefit may include an enhanced antibody-specific
response when vaccinations are preceded by an acute exercise

bout, but more research is needed with better study designs to
control for potential confounding influences.51

2.2. Transient immune dysfunction after heavy exertion

The measurement of immune responses to prolonged and
intensive exercise by athletes continues to receive high
attention. Taken together, the best evidence supports that
high exercise training workloads, competition events, and
the associated physiological, metabolic, and psychological
stress are linked to immune dysfunction, inflammation, oxi-
dative stress, and muscle damage.9!14,24,27,52!54 NK cell
and neutrophil function, various measures of T- and B-cell
function, salivary IgA output, skin delayed-type hypersensi-
tivity response, major histocompatibility complex II expres-
sion in macrophages, and other biomarkers of immune
function are altered for several hours to days during recov-
ery from prolonged and intensive endurance exercise.52!58

The contrast in the magnitude of immune responses between
a 30- to 45-min walking bout and 42.2-km marathon race is
summarized in Fig. 4.3,4,27,40,52!57 These immune changes
occur in several compartments of the immune system and
body including the skin, upper respiratory tract mucosal tis-
sue, lung, blood, muscle, and peritoneal cavity. Although
some investigators have challenged the clinical significance
and linkage between heavy exertion and transient immune
dysfunction,58 the majority of investigators in the field of
exercise immunology have supported the viewpoint that the
immune system reflects the magnitude of physiological
stress experienced by the exerciser.3!5,27,54,56,57

Recent improvements in mass spectrometry technology and
bioinformatics support have improved the capacity to use a
systems biology approach when measuring the complex inter-
actions between exercise stress and immune function within
the human athlete.29!33,59!63 Metabolomics, proteomics, and
lipidomics have revealed that metabolism and immunity are
inextricably interwoven and has led to a new area of research

Fig. 3. Acute exercise stimulates the interchange of innate immune system

cells and components between lymphoid tissues and the blood compartment.

Although transient, a summation effect occurs over time, with improved

immunosurveillance against pathogens and cancer cells and decreased sys-

temic inflammation.

Fig. 4. The contrast in acute immune responses to heavy exertion (e.g., a mar-

athon race) and a 30- to 45-min walking bout. DTH = delayed-type

hypersensitivity; IgA = immunoglobulin A; Ne/Ly = neutrophil/lymphocyte

ratio; NK = natural killer; OB = oxidative burst.
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Sample Collection
Blood samples were collected at each time point (see Figure 1) during the day of
the 2 h cycle at 90% TV2 test. A qualified phlebotomist collected the blood sample
at each time point from an antecubital vein. At each of seven time points, 43.5 mL
of blood was taken, totalling 304.5 mL.

Assessment of Lymphocyte Subsets
Lymphocytes were assessed using the Simultest™ IMK-Lymphocyte kit (Becton
Dickson (BD) Bioscience, California, USA). The Simultest™ IMK-Lymphocyte
kit quantitatively and qualitatively measures the number of lymphocytes in the
blood. This method has been used for the quantifying of peripheral blood lympho-
cytes. This kit includes reagents containing and phycoerythrin (PE) conjugated
antibodies (mAbs) specific for T (CD4/CD8), B (CD19), and NK (CD16/CD56)
lymphocytes. Samples were analysed according to the manufacturer’s instruc-
tions. Briefly, in six separate tubes, 100 µL of blood (collected in EDTA anti-
coagulation blood collection tubes) (BD Vacutainer, New Jersey, USA) were
mixed with 20 µL of each of six reagents (BD Bioscience) containing mAbs to
identify lymphocyte subsets. Samples were then incubated for 20 minutes at room
temperature in the dark. Next, 2 mL of lysing solution (BD Bioscience) were
added and samples were incubated (Grant W14, Massachusetts, USA) for 10 min-
utes at room temperature in the dark. Immediately after incubation, tubes were
centrifuged (Thermo Scientific, Massachusetts, USA) at 300 × g for 5 minutes.
The supernatant was removed. Samples were twice washed with phosphate buffer
saline (PBS (Iso-Wash, Kinetik, Queensland, Australia) and centrifuged for 5
minutes at 200 × g, and the supernatant was removed at the end of each step.
Finally, 500 µL of 1% paraformaldehyde were added to each tube. Flow cytomet-
ric analysis (BD FACS Calibur, New Jersey, USA) was performed using the IMK
acquisition and analysis protocol specific for T, B, and NK lymphocytes, where a
total of 5000 events were counted.

Phagocytic Function Assay
Oxidative burst activity was measured using Phagotest® (Orpegen Pharma
GmbH, Heidelberg, Germany) according to the manufacturer’s instructions. This
kit has been used for quantifying neutrophil phagocytic function in previous exer-
cise immunology studies (13, 41). Phagocytic function was measured using 50 µL
of lithium heparinised (BD Vacutainer) whole blood mixed with 10 µL FITC-
labelled opsonized E. coli bacteria (Orpegen Pharma) (adjusted according to
polymorphonuclear leukocyte (PMN) cell concentration before the assay was
started) and incubated for 10 minutes at 37°C (sample) or on ice (control). Next,
50 µL of quenching solution (Orpegen Pharma) was added to remove FITC. Sam-

2 h at 90% 

TV2 

pre-exercise post-
exercise

2 h 4 h 6 h 8 h 24 h 

Figure 1: Blood sampling schedule for 2 h cycle test

RESULTS

Significant post-exercise increases were measured for blood counts of total neu-
trophils and lymphocytes (Figure 2 and Figure 5) immediately post-exercise.

A significant decrease was found in neutrophil phagocytic function (Figure
3) from 2 h post-exercise to 6 h and 24 h post-exercise, whereas neutrophil oxida-
tive burst activity (Figure 4) remained unchanged.

Lymphocyte subset data are summarised in (Figure 6 and Figure 7). A sig-
nificant increase was measured in CD4+ cells from pre-exercise to 4 h and 6 h
post-exercise, whereas no change was seen in CD8+ cells.

NK cell counts significantly decreased in response to exercise (Figure 8)
from pre-exercise to 4 h, 6 h, and 8 h post-exercise, however NKCA remained
unchanged (Figure 9). NK phenotype data are summarised in (Figure 10), where
there was a significant increase in CD56brightCD16- NK cells from pre- to imme-
diately post-exercise, but there was no change in CD56dimCD16+ NK cells.

Eosinophil counts significantly increased (Figure 11) from 2 h and 4 h post-
exercise, to 6 h and 8 h post-exercise.
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Figure 2: Changes in neutrophil concentrations in response to an
acute bout of exercise
a (p<0.05) Pre-exercise – Immediately post-exercise; b (p<0.01)
Pre-exercise – 2 h, 4 h, 6 h, 8 h post-exercise; c (p<0.05) Immedi-
ately post-exercise – 24 h post-exercise; c (p<0.01) Immediately
post-exercise – 8 h, 24 h post-exercise.
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Figure 3 Changes in neutrophil phagocytic function in response to
an acute bout of exercise a (p<0.05) 2 h post-exercise – 6 h, 24 h
post-exercise.

Neutrophil Phagocytic Function
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Figure 4: Changes in neutrophil oxidative burst function in
response to an acute bout of exercise

Neutrophil Oxidative Burst
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Figure 5: Changes in lymphocyte concentrations in response to an
acute bout of exercise a (p<0.01) Pre-exercise – Immediately post-
exercise; b (p<0.001) Immediately post-exercise – 2 h, 24 h post-
exercise; c (p<0.01) 2h post-exercise – 4 h, 8 h post-exercise; d
(p<0.001) 2 h post-exercise – 6 h post-exercise; e (p<0.01) 4 h
post-exercise – 6 h post-exercise; f (p<0.05) 4 h post-exercise – 8
h post-exercise; g (p<0.01) 6 h post-exercise – 24 h post-exercise;
h (p<0.05) 8 h post-exercise – 24 h post-exercise.
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Figure 6: Changes in CD4+ T-cell concentration in response to an
acute bout of exercise a (p<0.05) Pre-exercise – 4 h post-exercise;
b (p<0.01) Pre-exercise – 6 h post-exercise; c (p<0.05) Immediate-
ly post-exercise – 4 h, 6 h post-exercise.
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Figure 7: Changes in CD8+ T-cell numbers in response to an acute
bout of exercise
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Figure 8: Changes in NK cell numbers in response to an acute
bout of exercise a (p<0.05) Pre-exercise – 4 h, 6 h post-exercise; b
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bout, physically fit individuals have lower resting levels in con-
trast with those who are overweight and unfit. Fig. 7 compares
serum CRP (4.4-fold difference) and plasma IL-6 (1.3-fold) in
large groups of obese individuals (n = 950; mean BMI =
31.7 kg/m2) and endurance athletes (n = 383; mean BMI =
23.0 kg/m2) studied over the course of the past 2 decades in the
author’s laboratory. There is increasing evidence that regular
exercise training has an overall anti-inflammatory influence
mediated through multiple pathways including improved
control of inflammatory signaling pathways, release of muscle

myokines that stimulate production of IL-1ra and IL-10
(perhaps by blood mononuclear immune cells), a decrease in
dysfunctional adipose tissue and improved oxygenation,
enhanced innate immune function, and an improved balance of
oxylipins.7,33,50,55,120

The persistent increase in inflammation biomarkers is
defined as chronic or systemic inflammation, and is linked
with multiple disorders and diseases including obesity, arthri-
tis, atherosclerosis and cardiovascular disease, chronic kidney
disease, liver disease, metabolic syndrome, insulin resistance
and type 2 diabetes mellitus, sarcopenia, arthritis, bone resorp-
tion and osteoporosis, chronic obstructive pulmonary disease,
dementia, depression, and various types of cancers.121!127

Obesity induces a constant state of low-grade inflammation
characterized by activation and infiltration of proinflammatory
immune cells such as macrophages and granulocytes, and a
dysregulated production of acute-phase proteins, reactive oxy-
gen species, metalloproteinases, oxylipins, adipokines, and
proinflammatory cytokines.124,128 Many of the inflammation
biomarkers increased transiently after intense and prolonged
exercise bouts are chronically expressed at lower levels in
obese individuals (resting state).

Epidemiologic studies consistently show reduced white blood
cell count, CRP, IL-6, IL-18, tumor necrosis factor alpha, and
other inflammatory biomarkers in adults with higher levels of
physical activity and fitness, even after adjustment for potential
confounders such as BMI.129!131 For example, in a study of
1002 community-dwelling adults (aged 18!85 years), a general
linear model analysis showed that BMI had the strongest effect
on CRP followed by gender (greater in females), exercise fre-
quency, age, and smoking status.129 Another study of 1293 mid-
dle-aged Danes showed that cardiorespiratory fitness was
inversely associated with CRP, IL-6, and IL-18, and was only
partly explained by lower levels of abdominal obesity.130

Most randomized, controlled trials, however, have failed to
demonstrate that inflammation is decreased by a clinically sig-
nificant level with exercise training in the absence of weight
loss.132!136 There are several potential explanations for these
null findings when compared with epidemiologic studies,
including the small reported changes in aerobic fitness and
activity levels, the short duration of the intervention trials, and
issues with compliance. In general, moderate exercise training
is unlikely to lower chronic inflammation at the individual
level unless the exercise workload is increased to more than
300 min per week and significant weight loss is experienced.

3.3. Exercise!immune linkages to reduced chronic disease

Do exercise-induced perturbations in immunity help to
explain altered risks of cancer, heart disease, type 2 diabetes,
arthritis, nonalcoholic fatty liver disease, and other chronic
conditions? Research in this area is still emergent, but there is
increasing evidence that the circulation surge in cells of the
innate immune system with each exercise bout and the anti-
inflammatory and antioxidant effect of exercise training have
a summation effect over time in modulating tumorigenesis,
atherosclerosis, and other disease processes.36,137!139
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Figure 3. Metabolic response to short-term fasting: effects on organ system physiology and plasma substrate and 
hormone concentrations. The adaptive response to fasting is triggered by the absence of ingested carbohydrate, 
which causes a decrease in insulin secretion and increase in glucagon secretion. These changes in plasma 
hormones increase lipolysis of adipose tissue triglycerides and cause a shift in whole-body fuel consumption from 
glucose to fatty acids. Plasma glucose concentration is initially primarily maintained by hepatic glycogenolysis 
followed by hepatic gluconeogenesis. As fasting continues, the increased delivery of fatty acids to the liver in 
conjunction with alterations in the insulin:glucagon ratio stimulates hepatic ketogenesis, which increases plasma 
ketones (acetoacetate and β-hydroxybutyrate).     
 

V. Circadian rhythms and metabolic homeostasis 

a. Overview of circadian biology  

Physiological functions and behaviors of mammals, including humans, cycle throughout a 24-

hour period. These daily rhythms are widespread, from self-evident variations in behaviors such as 

sleep-wake and fasting-feeding cycles, to more subtle and involuntary rhythms such as daily variations 

Downloaded from journals.physiology.org/journal/physrev at Univ Di Padova (147.162.015.135) on July 19, 2022.

Petersen et al. Physiol Rev. 2022 Oct 1;102(4):1991-2034



Paoli A. 

Typical American Eating Pattern (3 meals plus a late evening snack every day) 

12 AM 12 AM 12 AM 

12 AM 12 AM 12 AM 

12 PM 12 PM 

12 PM 12 PM 

12 AM 12 PM 12 AM 12 PM 12 AM 

low 

low 

low 

low 

high 

high 

high 

high 

Glucose 

Ketones 

Glucose 

Ketones 

1 Day Fast  (e.g., alternate day fasting or ‘5:2’ IF) 

high 

high 

low 

low 

Time restricted feeding (18 hours of fasting every day) 

Ketones 

Glucose 

Figure'1'

A'

B'

C'

Mattson et al. Ageing Research Reviews, 31 Oct 2016, 39:46-58

TRE e immunità



Paoli A. 

TRE e immunità



Paoli A. 

CR

Fasting

KD

GH-IGF-1
hypothesis

Autophagy
hypothesis

Hormesis
hypothesis

Priming
low levels of stress

DNA 
reparing genes

Maintenance and repair
cells' mechanisms Resistance

to
stress

Mitochondriogenesis

ROS
Hypothesis

Growth Hormone
IGF-1

FOXO
Murf1

ROS production

ROS 
Protective systems

Inflammation
Hypothesis

Nf-kB
Cytokines

Immune 
System

efficency

Microbiota
Hypothesis

Paoli et al. Nutrients 2019, Mar 28;11(4)

TRE e immunità



Paoli A. 

Protection against allergic 

Enhanced tumor 
immunotherapy

Maintenance of 
liver homeostasis 

(Muckle-Wells syndrome/Gout)

fat

Ketogenesis

Protection against 

Th1 Th17

ILC2 γδ T
MΦs

CD8

MΦsNΦs

Ketogenic diet

FFA liberation

AcAc
βOHB

Caloric restriction
Fasting

MΦs

Increased mobilization to bone 
marrow - Protection against chronic 

CD8Tumor

Lung

Joint
CNS

Liver

BM

proteins & 
carbohydrates

GO

STOP

Th2

STOPSTOP

STOP

STOP

GO

GO

GOGO

TrendsTrends inin ImmunologyImmunology

Figure 1. Dietary restriction can regulate immune responses in humans and mice. Schematic representation of the effects of a ketogenic diet (KD) and fasting
on immune responses. Caloric restriction (CR) in the form of fasting, intermittent fasting, or administration of a KD leads to a decrease in available glucose but the liberation
of free fatty acids (FFAs). These liberated FFAs are used in the liver for the production of ketone bodies: acetoacetate and β-hydroxybutyrate (βOHB) [70]. Following
their synthesis, ketone bodies enter the blood circulation to supply extra hepatic tissues with energy [70]. In addition, CR, a KD, and fasting mediate a wide array of
immunoregulatory functions. Abbreviations: BM, bone marrow; CD8, CD8+ T lymphocytes; CNS, central nervous system; EAE, experimental autoimmune
encephalomyelitis; GO, promotional functions of a KD, CR, and fasting; ILC2, type 2 innate lymphoid cells; MS, multiple sclerosis; MΦs, macrophages; NΦs, neutrophils; STOP,
suppressive functions of a KD, CR, and fasting; Th1, T helper type 1 cells; Th17, T helper type 17 cells; Th2, T helper type 2 cells; βOHB, β-hydroxybutyrate; γδ T cells,
γδ T lymphocytes.

Box 1. Fasting and the ketogenic diet
During fasting, the amount of available dietary carbohydrates is drastically decreased, forcing a switch in the nutrient supply
[70]. As a result of fasting, ketogenesis is induced in the liver and results in the production of ketone bodies, mainly acetone,
acetoacetate, and βOHB from free fatty acids (FFAs) that are mobilized from adipose tissue [70]. Ketone bodies are secreted
from hepatocytes into the circulation and act as an alternative fuel source in peripheral organs, such as brain, heart, and
muscle, by replacing glucose as the major fuel [70]; this process can also be induced through a ketogenic diet (KD). The
reduced supply of proteins and carbohydrates forces the organism to rely on FFAs as the predominant fuel source through
the conversion of fat into ketone bodies, reflecting the central features of the starvation response [70]. This results in a radical
change in host metabolism that mimics fasting but not starvation, because minimal amounts of carbohydrate and
protein are still supplied to prevent depletion of essential nutrients and starvation [70]. This classic KD used in most
human studies consists of a 4:1 ratio of fat to proteins and carbohydrates [59–61]. Although minor adverse effects,
including nausea, diarrhea, and constipation, have been reported with long-term administration of a KD, these effects
are mostly transient [81].

Trends in Immunology
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Time-restricted eating effects on
performance, immune function, and body
composition in elite cyclists: a randomized
controlled trial
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Abstract

Background: Although there is substantial interest in intermittent fasting as a dietary approach in active
individuals, information regarding its effects in elite endurance athletes is currently unavailable. The present parallel
randomized trial investigated the effects of a particular intermittent fasting approach, called time-restricted eating
(TRE), during 4 weeks of high-level endurance training.

Methods: Sixteen elite under-23 cyclists were randomly assigned either to a TRE group or a control group (ND).
The TRE group consumed 100% of its estimated daily energy needs in an 8-h time window (from 10:00 a.m. to 6:00
p.m.) whilst energy intake in the ND group was distributed in 3 meals consumed between 7:00 a.m. and 9:00 p.m.
Fat and fat-free mass were estimated by bioelectrical impedance analysis and VO2max and basal metabolism by
indirect gas analyzer. In addition, blood counts, anabolic hormones (i.e. free testosterone, IGF-1) and inflammatory
markers (i.e. IL-6, TNF-α) were assessed.

Results: TRE reduced body weight (− 2%; p = 0.04) and fat mass percentage (− 1.1%; p = 0.01) with no change in
fat-free mass. Performance tests showed no significant differences between groups, however the peak power
output/body weight ratio (PPO/BW) improved in TRE group due to weight loss (p = 0.02). Free testosterone and
IGF-1 decreased significantly (p = 0.01 and p = 0.03 respectively) in TRE group. Leucocyte count decreased in ND
group (p = 0.02) whilst the neutrophils-to-lymphocytes ratio (NLR) decreased significantly (p = 0.03) in TRE group.

Conclusions: Our results suggest that a TRE program with an 8-h feeding window elicits weight loss, improves
body composition and increases PPO/BW in elite cyclists. TRE could also be beneficial for reducing inflammation
and may have a protective effect on some components of the immune system. Overall, TRE could be considered as
a component of a periodized nutrition plan in endurance athletes.

Trial registration: This trial was retrospectively registered at clinicaltrials.gov as NCT04320784 on 25 March 2020.

Keywords: Endurance, Elite cyclists, Inflammation, Immune system, Intermittent fasting
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10–12 h. In sports, intermittent fasting studies have
mostly focused on Muslim athletes during the Ramadan
period, a practice that requires abstention from food and
liquid throughout the day and consumption of meals at
night [6, 7]. To our knowledge, this is the first study that
has investigated the effect of TRE in a group of elite en-
durance athletes. Our data demonstrated that during 4
weeks of pre-season training, TRE allows for mainten-
ance of fat-free mass and reduction of fat mass, promot-
ing a diminution of total body weight. We confirm that
TRE reduced anabolic hormones (such as IGF-1 and tes-
tosterone) without affecting fat-free mass or endurance
sport performance. In addition, it seems that TRE may
exert a protective effect on some aspects of the immune
system in the context of exercise training.

Body composition
The TRE employed in this study was a 16/8 modality
and consisted in 16 h fasting and 8 h feeding. We have
recently demonstrated that the same TRE protocol used
with resistance-trained athletes reduced total body
weight and fat mass [21]. In the present study, we con-
firmed the positive effect of TRE on body composition.
Total energy and nutrient intake were comparable be-
tween groups; for these reasons one possible explanation

of the greater weight loss in the TRE group could be
found in the increase in adiponectin. Adiponectin stimu-
lates PGC-1α expression and mitochondrial biogenesis
through the AMPK kinase [28], stimulating adipogene-
sis. Lower levels of adiponectin are associated with obes-
ity [29] and oxidative stress [30]; whilst elevated plasma
concentration of this cytokine correlates with improved
metabolism and resting energy expenditure [28, 31]. We
have previously demonstrated that adiponectin levels in-
crease after 8 weeks of TRE compared to a normal diet;
and these results correlated with weight loss [21]. In the
present study, the levels of adiponectin tended to in-
crease (+ 33%) after TRE compared to a blunted re-
sponse in the ND group (+ 8%). When data were
normalized relative to body fat mass, the apparent differ-
ence was even more pronounced (TRE + 50%; ND + 5%).
Thus, TRE seems to induce a rise in adiponectin which
may contribute to the reduction in body fat observed
after 4 weeks of treatment. We have however observed a
reduction in REE after TRE diet, which might seem a
counterproductive adaptation. A decrease in REE is a
common result of weight loss programs that involve cal-
orie restriction, and it normally correlates with a loss of
FFM and especially to changes in its composition [32,
33]. However, these studies are normally conducted in

Fig. 3 White blood cells response to 4 weeks of treatment. a White Blood Cells; b Neutrophils; c Lymphocytes and d Neutrophils-to-Lymphocytes
ratio (NTR). Data are mean ± SD * significantly different form pre values (P < 0.05). TRE, Time Restricted eating; ND, Normal Diet
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Phosphatidylserine (PS) is the major acidic 
phospholipid class that accounts for 13–15 % of 
the phospholipids in the human cerebral cortex 

Kim et al. Prog Lipid Res. 2014 October ; 0: 1–18
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Barnig et al. Resolution Pathways in Chronic Inflammation

FIGURE 3 | Overview of the pathways for synthesis of resolvins from omega-3 polyunsaturated fatty acids, DHA and EPA. DHA, docosahexaenoic acid; EPA,

eicosapentaenoic acid, MaR, maresin; PD, protectin; Rv, resolvin.

LXA4 binds to the ALX/FPR2. This receptor displays diverse
ligand affinities that extend beyond interactions with LXA4.
Indeed, ALX/FPR2 can interact with over 30 ligands with various
affinities, and has been identified as the first receptor to engage
both bioactive lipids and peptides/proteins, including annexin
A1 (50). ALX/FPR2 is widely expressed on human leukocytes,
including neutrophils, eosinophils, monocyte-macrophages, T
cells, NK cells, and ILC2 cells, as well as on tissue resident cells,
such as airway epithelial cells and fibroblasts (33, 51, 52). Its
expression is up-regulated by local inflammatory-mediators such
as IL-13 and IFN-γ (51, 53).

After initiation of the resolution of inflammation,
repolarization by resolvin E1 (RvE1) induces a M2 wound
healing-type macrophage (54). In addition, different Rv and
Mar interact with ERV1/ChemR23, GPR32 and GPR18 on
macrophages to enhance their efferocytosis, phagocytosis and
IL-10 transcription (54–61). Other more recently described
targets of these mediators are Treg cells and type 2 ILCs (33, 62).
SPMs can prevent naïve CD4+ T cell differentiation into Th1
and Th17 cells and enhance the generation of Treg cells (63).

Evidence for the functional importance of these lipid
mediators in the resolution of inflammation comes from mouse
models of diverse inflammatory disorders where SPMs are able
to control inflammation, limit tissue damage, shorten resolution

intervals, and promote wound healing [for a recent reviews see
(6, 16, 64)].

Annexin A1
An important mediator of the resolution of inflammation
is the glucocorticoid-regulated protein annexin (Anx) A1,
also known as lipocortin-1. AnxA1 is highly abundant in
myeloid-derived cells such as neutrophils and macrophages, and
exerts profound effects on several phases of the resolution of
inflammation (65). AnxA1 signals through the FPR2, which
also binds the SPMs LxA4 and RvD1 (50). Studies in mice
indicate that this protein has important modulatory functions
in neutrophil trafficking by reducing neutrophil infiltration and
activating neutrophil apoptosis. AnxA1 also promotes monocyte
recruitment, clearance of apoptotic neutrophils by macrophages
and can switch macrophages toward a pro-resolving M2
phenotype (65). Studies have demonstrated thatmast cell-derived
AnxA1 is important for the cromones-induced inhibition of
allergic mast cell degranulation (16).

IL-10
IL-10 is a cytokine important in controlling excessive
inflammation. It mediates its major functions through
inhibition of cytokine production and down-regulating antigen

Frontiers in Immunology | www.frontiersin.org 5 July 2019 | Volume 10 | Article 1699

Barnig et al. Front Immunol. 2019 Jul 23;10:1699
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consumption over time (59, 74). Supplementation with DHA ethyl esters or DHA triglycerides
required 1 to 3months to substantially increase DHA concentrations in plasma and red blood cells
in humans (138). Incorporation of EPA and DHA into the membrane phospholipids in immune
cells increased with FO consumption over 30 days in healthy human subjects (67). Similarly,
maximum incorporation of omega-3 FAs in cardiac phospholipids could be achieved in rats after
8 weeks of oral ingestion (6). Thus, oral intake or ingestion of omega-3 FA supplements requires
a prolonged period, over days to weeks, to achieve substantial cellular enrichment through which
they may yield protective effects on CVD. Several molecular mechanisms accounting for the
cardio- and neuroprotective effects of chronic omega-3 FA consumption have been proposed and
are described below and depicted in Figure 1.

and/or

Cardiovascular and CNS
injuries and diseases

Omega-3-FA-enriched
membranes

Bioactive mediators

Omega-3 FAs

Omega-3 FAs

Protectins Maresins Resolvins

PGE3-PGI3
TXA3

LTB5-LTC5
LTE5

 Molecular pathways

Days–weeks
Chronic

Omega-3 FAs

Minutes–hours
Acute

Omega-3 FAs

njjjjjjj

• Mitochondrial functionality
• Oxidative stress
• In!ammatory pathways
• Cell death pathways
• Transcriptional regulation

and gene expression
• Modulation of ion channels
• Neurogenesis

Omega-3 FAsOmega-3 FAs

Figure 1
Molecular pathways modulated by chronic and acute administration of omega-3 FAs. Both chronic and acute
administration of omega-3 FAs show protective effects on the prevention and treatment of cardiovascular
and CNS injuries and diseases. However, whereas enrichment of omega-3 FAs into cell membranes through
diet or supplements (chronic administration) occurs over days to weeks (59, 74, 138), infusing these FAs
intravenously (acute administration) shows rapid increases in cell and tissue omega-3 FA contents within
minutes to hours (26, 105). The potential underlying molecular pathways in common between chronic and
acute administration of omega-3 FAs are associated with enrichment of cell membranes with omega-3 FAs
and synthesis of lipid bioactive mediators, as well as preservation of mitochondrial integrity, reduction of
oxidative stress, decrease of proin!ammatory response, promotion of cell survival pathways, transcriptional
regulation, modulation of ion homeostasis, and neurogenesis. Abbreviations: CNS, central nervous system;
FA, fatty acid; LTB5, leukotriene B5; LTC5, leukotriene C5; LTE5, leukotriene E5; PGE3, prostaglandin E3;
PGI3, prostaglandin I3; TXA3, thromboxane A3.
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An imbalanced consumption of n-3/n-6 PUFAs
may lead to gut microbial dysbiosis, in particular, 
a significant increase in the ratio of Firmicutes to 
Bacteroidetes, which eventually results in being
overweight and obesity. 

N-3 PUFA deficiency disrupts the microbiota 
community in metabolic disorders. In addition, 
accumulating evidence indicates that the 
interplay between n-3 PUFAs, gut microbiota, 
and immune reactions helps to maintain the 
integrity of the intestinal wall and interacts with 
host immune cells. 

Supplementation with n-3 PUFAs may be an 
effective therapeutic measure to restore gut
microbiota homeostasis and correct metabolic
disturbances associated with modern chronic
diseases.
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within infection and sepsis. In this setting, it appears that the pre-
vention of the cysteinyl-LT’s deleterious effects on the vascula-
ture (and hence host haemodynamics) assumes primacy as
the main cause of benefit in 5-LOX antagonism (or deletion). In
contrast, selective LTB4 inhibition prior to and post cecal ligation
and puncture (CLP) in a model of sepsis appears to have little
effect on vascular tone and permeability, but might have blunted
the innate immune response (specifically neutrophil trafficking),
exacerbating the infective insult (Lämmermann et al., 2013;
Rios-Santos et al., 2003). Hence the 5-LOX-derived mediators
play critical roles in the physiologic response of the host to
infection.
The complex interplay between AA-derived LM in systemic

inflammation has also been highlighted in recent results showing
that flavocoxid, a dual cyclooxygenase (COX)-2 and 5-LOX in-
hibitor, reduces the expression of NF-kB, COX-2, and 5-LOX
with improved survival in a murine-CLP model (Bitto et al.,
2012). Plasma IL-10 and counterintuitively LXA4 concentrations
were increased while TNF-a, IL-6, LTB4, and PGE2 were
decreased. The authors suggest that LXA4 is biosynthesized in
mice via another biosynthetic route, for example, initiation via
the combined mouse lipoxygenase that carries both 12-LOX

and 15-LOX activities in murine systems (a type of 15-LOX found
in humans) when both COX and 5-LOX are inhibited.Whether the
improvement in outcome is due to enhanced proresolution
effects driven by increased LXA4, decreased cytokine storm
(TNF-a and IL-6), augmentation of the immune response via
reducing PGE2 and 5-LOX-derived LTs (discussed below), se-
lective shunting of AA down the COX or LOX pathways (Chen
et al., 1994), or a combination of all the above is unclear.
Both biologically active ATL and aspirin-triggered resolvins

(Serhan, 2007) trigger resolution (Figures 1 and 3) by inhibiting
leukocyte trafficking in a NO-dependent manner in both murine
(Paul-Clark et al., 2004) and human inflammation (Morris et al.,
2009) and by downregulating extracellular release of superoxide
in neutrophils along with macrophage inflammatory peptide 2
and IL-1b production (Serhan, 2007). The importance of ATL
and LXA4 has previously been demonstrated in severe inflamma-
tion: the absence of LXA4 leading to unbridled inflammation and
elevated mortality in animal models of infection due to DC
hypersensitivity. Along these lines, certain parasites can
stimulate supraphysiologic amounts of LXA4 as part of their
highly evolved mechanism to evade the host response (Bannen-
berg et al., 2004; Serhan, 2007). Indeed, administration of

Figure 3. SPM Actions and Target Cell Type
Shown are the defining actions of SPM in the innate response of interest in immunology and the actions to stimulate termination and resolution. The precursor
essential polyunsaturated fatty acids (AA, EPA, DHA) are converted by leukocytes to separate chemically distinct families of mediators that stimulate active
resolution responses of isolated cell types and tissues in vivo in animal models. Some of the specific target cell types and representative potent actions of the
SPM members from each family of related structures are listed. All of these actions of SPMs are stereoselective and in the picogram-nanogram range potency.
See Serhan and Chiang (2013) and text for further details.
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