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Highlights 

 

 Exercise and hypoxia induce distinct and overlapping immune responses. 

 Physiological responses to both exercise and hypoxia regulate metabolism, 

resilience and effector functions of immune cells. 

 The controlled combination of exercise and hypoxia could be used to harness 

synergistic/complementary immune effects. 

 Altitude acclimatization, appropriate exercise training and nutritional strategies 

mitigate increased immune risks of exercising in hypoxia. 

 

  

                  



Abstract 

Immune outcomes are key mediators of many health benefits of exercise and are determined 

by exercise type, dose (frequency/duration, intensity), and individual characteristics. 

Similarly, reduced availability of ambient oxygen (hypoxia) modulates immune functions 

depending on the hypoxic dose and the individual capacity to respond to hypoxia.  

How combined exercise and hypoxia (e.g., high-altitude training) sculpts immune responses is 

not well understood, although such combinations are becoming increasingly popular. 

Therefore, in this paper, we summarize the impact on immune responses of exercise and of 

hypoxia, both independently and together, with a focus on specialized cells in the innate and 

adaptive immune system. 

We review the regulation of the immune system by tissue oxygen levels and the overlapping 

and distinct immune responses related to exercise and hypoxia, then we discuss how they may 

be modulated by nutritional strategies. Mitochondrial, antioxidant, and anti-inflammatory 

mechanisms underlie many of the adaptations that can lead to improved cellular metabolism, 

resilience, and overall immune functions by regulating the survival, differentiation, activation, 

and migration of immune cells. 

This review shows that exercise and hypoxia can impair or complement/synergize with each 

other while regulating immune system functions. Appropriate acclimatization, training, and 

nutritional strategies can be used to avoid risks and tap into the synergistic potentials of the 

poorly studied immune consequences of exercising in a hypoxic state. 
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1. Introduction 

Regular physical exercise of moderate intensity and duration can improve immune function.
1,2

 

In contrast, strenuous exercise as performed by athletes may transiently compromise the 

immune system and promote infection.
1,3

 The threshold between beneficial and detrimental 

amounts of exercise varies individually. It not only depends on exercise intensity and volume 

but also on genetic and medical preconditions, sleep, and dietary habits, as well as 

psychological and environmental stressors like extreme temperatures and high-altitude 

hypoxia.
4,5

 The interplay among all these factors is complex and poorly understood, but it also 

influences the immunological outcomes of exercise. Performing exercise in a hypoxic state, 

such as when trekking or climbing high mountains and training or competing at terrestrial 

moderate or high altitude, but also in normobaric or hypobaric hypoxia rooms (i.e., for 

preparatory, performance-enhancing or therapeutic reasons) has become extremely popular.
6–8

 

In contrast to the well-described modulation of immune function by exercise, the evidence for 

immune effects of hypoxia is rather scarce, and the combination of exercise and hypoxic 

conditions is, in particular, poorly understood. Therefore, the present narrative review aims at 

advancing our understanding of and developing theories around the immune consequences of 

exercising in hypoxia in order to pave the way for the future data-acquisition required for 

meaningful systematic assessment of this topic. This narrative review presents the current 

knowledge on the potential immune consequences of exercising in a normobaric or hypobaric 

hypoxic state as well as the modulatory effects of different exercise characteristics, hypoxia 

levels, and nutritional measures. We compare the different and overlapping immune system 

components, along with their distinct activation mechanisms, through exercise and exposure 

to hypoxia; we derive preliminary exercise recommendations and identify knowledge gaps. 

 

2. The immune system and hypoxia 

2.1 Innate and adaptive immunity 

The immune system is composed of a network of cells and organs, including primary 

lymphoid organs (e.g., thymus and bone marrow), secondary lymphoid organs (e.g., lymph 

nodes, spleen, and mucosal-associated lymphoid tissues), blood and the lymphatic system, 

and cells of the myeloid and the lymphoid lineage (i.e., leukocytes).
9
 Innate and adaptive 

immunity form the 2 major arms of the immune system, which work together to clear 

pathogens to maintain normal body physiology and to protect the body from infection. Innate 

immunity consists of germline-encoded molecular and cellular defense mechanisms and 

includes physical and chemical barriers against pathogens. It provides the first line of defense 

(destroying pathogens, controlling the adaptive immune response) against infection by 

resident (epithelial and endothelial) cells, blood components, antimicrobial peptides, and 

proteins, and it is responsible for the activation of neutrophils, macrophages, mast cells, 

dendritic cells, and natural killer cells (Fig. 1). These mediate a fast but non-specific immune 

response. In contrast, adaptive immunity evolves and adapts to improve during the course of 

action. Adaptive immunity relies on B and T lymphocytes, antigen-presenting cells, 

antibodies, and cytokines, including interferon gamma (IFN-γ) and tumor necrosis factor 

                  



alpha (TNFα). Antigen-activated B and T lymphocytes can differentiate into effector cells and 

memory cells and induce humoral and cell-mediated immune responses. Effector B cells 

facilitate the antibody-mediated humoral immune response, while effector CD4+ helper T 

cells and CD8+ cytotoxic T cells facilitate the cell-mediated immune response by either 

mobilizing other immune cells via cytokines or by killing target cells. Lastly, memory cells, 

produced during the primary adaptive immune response, enable a faster and more effective 

secondary immune response to subsequent infections by the same pathogen.
10

 Several 

leukocytes (natural killer cells, dendritic cells, macrophages) play roles in both innate and 

adaptive immunity. 

 

Fig. 1. Innate and adaptive immune responses. M1 and M2 describe the 2 primary activities of 

macrophages; pro-inflammatory M1 activity damages tissue, while M2 activity increases cell 

proliferation and tissue repair.  PMNs = polymorphonuclear cells. 

 

Immune system activation is not only a consequence of pathogens or pathogen-associated 

molecular patterns (PAMPs). Independent factors leading to inflammation can be reactive 

oxygen species (ROS) or other damage-associated molecular patterns (DAMPs) following 

cellular injury. PAMPs and DAMPs induce immune responses and inflammation. 

Mitochondria, which are the primary energy producers in cells, make important contributions 

to this process; that is, various mitochondrial components (e.g., ROS, mitochondrial DNA, or 

membrane components) trigger immune responses when released into the cytoplasm. 

However, mitochondria also play a role in regulating and modulating immune responses.
11–13

 

                  



Another crucial factor in innate and adaptive immune system activation is the cell-

environmental oxygen level.
14

 

 

2.2 Hypoxia and immune responses 

Physiological oxygen concentrations are required for the normal functioning of cells. The 

term hypoxia denotes a state of low oxygen. Ambient hypoxia refers to reduced oxygen 

availability due to low barometric pressure (hypobaric hypoxia, which occurs, for example, at 

high altitudes) or low oxygen concentrations under normal barometric pressure conditions 

(normobaric hypoxia, which is frequently used in hypoxic chambers or in cell culture 

incubators), both of which result in the lower partial pressure of oxygen (pO2). The pO2 also 

determines oxygen availability on the tissue and cellular levels.  

Acute ambient hypoxia has been defined as the initial phase of a hypoxia exposure, 

encompassing the most pronounced (patho) physiological responses (duration from minutes to 

days), and chronic hypoxia refers to a prolonged (continuous or intermittent) hypoxia 

exposure following the acute phase (days to years). 

Physiological oxygen levels are highly tissue-dependent and influence specialized cell 

functions.
15

 Changes in ambient oxygen levels, increasing oxygen demand (e.g., by skeletal 

muscles during exercise
16

), or pathological changes, such as those due to ischemia, 

inflammation,
14

 or cancer,
17

 can reduce cellular oxygen availability below normal levels.  

Hypoxia responses involve many biochemical and molecular processes,
18

 with hypoxia-

inducible factors (HIFs) being master transcriptional regulators of cellular adaptations to 

hypoxia.
19,20

 HIFs are primarily regulated by oxygen availability. HIF α-subunits are 

continuously degraded under normoxic conditions after their hydroxylation by prolyl 

hydroxylases and ubiquitination by the Van Hippel Lindau protein.
21–24,18,25,26

 Three α-subunit 

isoforms heterodimerize with a constitutive β subunit under hypoxic conditions. The 

ubiquitous HIF-1 and cell-specific HIF-2 isoforms are better understood than HIF-3 and 

regulate the expression of many genes
27

 and pathways, including cell proliferation and 

survival, glycolysis, metabolism, angiogenesis, metastasis, erythropoiesis, apoptosis, and 

autophagy. 

Tissue-specific oxygen level variations affect immune cells.
28

 Physiological hypoxia exists in 

several primary and secondary lymphoid organs. In the bone marrow and thymus, pO2 is < 10 

mmHg; in the spleen, it is about 4–34 mmHg, and in the lymph nodes, it is < 4–46 mmHg. 

Compare this to a pO2 of 80–100 mmHg in arterial blood.
14

 Such spatial hypoxic lymphoid 

regions are functionally important because they maintain the turnover of hematopoietic stem 

cells and regulate the antigen-specific antibody production by germinal centers, thus 

modulating both innate and adaptive immune responses.
29–31

 

Recent advances in immunometabolism research indicate that the metabolic state of immune 

cells determines their immune function; thus, their function depends on cell-environmental 

nutrient and oxygen availability, on the one hand, and on internal redox and metabolic states, 

on the other.
32,33

 Hypoxia is an important regulator of the immune system and inflammation, 

with HIFs representing key mediators primarily due to their role in regulating cellular 

                  



metabolism. However, inflammation is also associated with high energyand thus oxygen—

demand (e.g., by activated immune cells), and vascular damage and can lead to tissue 

hypoxia.
34–36

 

 

2.3 Hypoxia and HIFs regulate the innate and adaptive immune system 

Hypoxia regulates both resident and infiltrating mediators of the immune response (Fig. 2). 

The immune barrier function of resident cells is strongly modulated by hypoxic stress. While 

hypoxia-related injury and reduced energy availability jeopardize barrier functions, the 

induction of HIFs has been linked to protective effects. For example, hypoxia-induced 

intestinal permeability is counteracted by the HIF-1 regulation of human intestinal trefoil 

factor
37

 and surface-expressed ecto-5'-nucleotidase (CD73),
38

 while epithelial and endothelial 

cell resilience is enhanced by HIF-1-mediated increased expression of the multidrug 

resistance gene MDR1.
39

 HIFs are further involved in the regulation of mucin and 

antimicrobial peptide production.
35

 In addition, local states of hypoxia lead to the recruitment 

of a variety of leukocytes, including macrophages.
40

 HIFs importantly contribute to the 

differentiation and activation of these cells, primarily by preserving energy in a hypoxic 

environment, allowing leukocytes to translocate to target tissues and execute their immune 

functions.
36

 

 

Fig. 2. Regulation of immune cells by hypoxia. M1 and M2 describe the 2 primary activities 

of macrophages; pro-inflammatory M1 activity damages tissue, while M2 activity increases 

cell proliferation and tissue repair. HIFs = hypoxia inducible factors; NF-κB = nuclear factor 

kappa-light-chain-enhancer of activated B cells. 

 

HIF-1 maintains innate and adaptive immune homeostasis under physiological and acute 

hypoxic conditions,
14,41

 while chronic pathophysiological hypoxic conditions result in 

immunosuppression.
42,43

 HIF-1 regulates metabolism and transcription in immune cells of 

both the myeloid lineage (e.g., neutrophils, eosinophils, basophils, monocytes, macrophages, 

                  



dendritic cells) and the lymphoid lineage (e.g., B and T cells).
14,35

 Of these, neutrophils, 

constituting a significant 50%–70% of circulating leukocytes, are the first responders 

recruited in response to a stimulus.
44

 In the acutely hypoxic micro-environment at the site of 

pathogen infiltration, HIFs enhance neutrophil migration and survival by inhibiting apoptosis 

and their associated-effector functions, including phagocytosis and the production of 

antimicrobial peptides.
45

 Acute exposure to high-altitude/hypoxia has been suggested to cause 

an initial priming of the innate immune system combined with a synergistic toll-like receptor 

4 (TLR4)-induced sensitization to the ensuing inflammatory stimuli, as well as the activation 

and recruitment of neutrophils.
46

 Thus, attenuation of the inflammatory response is required to 

prevent the development of hypoxia-induced pathologies; this attenuation usually occurs 

during acclimatization. The rarer populations of other granulocytes (eosinophils and 

basophils) and mast cells are key mediators in allergic and anti-parasitic infiltration.
47

 Like 

neutrophils, HIFs also enhance their survival and chemotactic ability, and increase their 

cytokine profile expression, especially that of interleukin 8 (IL-8), TNF-ɑ, vascular 

endothelial growth factor (VEGF), and IL-4.
48

 

Phagocytic myeloid antigen-presenting cells, including macrophages and dendritic cells, form 

cellular bridges between the innate and adaptive immune systems.
49

  Of the 2 HIF isoforms, 

HIF-1 specifically enhances the pro-inflammatory cytokine profile (including TNF-ɑ, IL-1, 

IL-12, and IL-6 among the classically activated inflammatory M1 macrophages), thereby 

contributing to their antimicrobial activity. HIFs also promote the survival and migration of 

dendritic cells as well as dendritic cell-mediated T cell activation.
50

 As with the myeloid 

lineage in the innate immune response, HIFs also regulate the adaptive immune response of 

lymphoid lineage cells. HIFs enhance the survival, differentiation, and effector functions of 

both CD4+/CD8+ T cells and B cells. Of the several sub-populations of CD4+ T cells, HIFs 

specifically upregulate Th1 and Th17 subtypes, both of which are involved in inflammation 

and cell-mediated immunity.
51

 Although HIFs seem to downregulate regulatory T cells, 

preventing the repression of immune responses, their role in controlling regulatory T cells is 

still controversial.
52

 Like CD4+ cells, HIFs also enhance the survival of cytotoxic CD8+ T 

cells, one of the key players in cell-mediated immunity.  HIFs upregulate the production and 

release of their lytic proteins, perforin and granzyme, thereby facilitating target-cell death.
53

 

In addition to controlling cell-mediated immunity, HIFs regulate humoral immunity by 

regulating the activation, survival, proliferation, and development of B cells. HIFs also 

orchestrate B cell antibody class-switching in germinal centers as well as their cytokine 

profile.
54

 

 

2.4 Crosstalk between hypoxia/HIFs and the immune system/inflammation 

Hypoxic conditions can lead to inflammation, and inflammation can cause hypoxia.
14

 This is 

due to the increased oxygen consumption induced by pathogens, infiltrating immune cells and 

inflamed cells, and the reduced oxygen supply due to vascular pathology.
36

 The resulting 

inflammatory hypoxia leads to HIF stabilization. Low oxygen levels and the canonical 

stabilization via inhibited prolyl hydroxylases contribute to HIF accumulation and/or 

increased activity, as do various oxygen-independent factors. Notably, these include 

inflammatory cytokines such as IL-1β and TNFα, which increase HIF-1 protein levels (IL-1β) 

                  



or HIF-1 binding to DNA (IL-1β, TNFα).
55

 Moreover, adenosine (which prevents cullin-2-

based HIF-α degradation
56

) and various microbe-derived products influence HIF activity and 

stability.
35

 Thus, the microbiome can stabilize HIF and enhance its transcriptional activity 

through diverse mechanisms, including specific microbial toxins. In the adaptive immune 

system, TH-17 cell-specific polarizing cytokines, IL-6, and transforming growth factor β 

(TGF-β) upregulate STAT3-dependent HIF-1ɑ expression.
57

 HIF-1α, in turn, upregulates 

miR-210 expression, thereby stimulating TH-17 differentiation. In both CD4+T (especially 

TH-17 cell type) and CD8+T cells, T cell antigen receptor (TCR) engagement upregulates and 

stabilizes HIF-1α, resulting in its accumulation.
58

 

While HIF is considered to be a master regulator of transcriptional responses to hypoxia, other 

transcription factors are also involved. One of these is the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB), which is activated by hypoxia as well.
59

 NF-κB, the 

main transcriptional regulator of inflammation, regulates HIF transcription and its DNA 

interactions,
60

 while HIFs regulate NF-κB transcription and the expression of toll-like 

receptors (TLRs).
36

 The hypoxia-induced upregulation of TLRs further stimulates innate 

immune responses.
61

 

 

2.5 Pathophysiological hypoxia-associated immune response 

While physiological hypoxia is important for normal immune system function, 

pathophysiological hypoxia, such as occurs in high-altitude associated illnesses, pulmonary 

hypertension, ischemia, and cancer, favors immune suppression.
62,63

 To maintain homeostasis, 

the acute and chronic hypoxia experienced at high altitudes influence sympathoadrenal 

pathway-associated physiologic and metabolic adaptations. The sympathetic nervous and 

endocrine systems contribute to restoring the disturbed homeostasis at high altitudes by first 

increasing epinephrine and cortisol, then norepinephrine, under prolonged hypoxic 

conditions.
64

 These sympathoadrenal pathways also affect the immune system and decrease 

lymphocyte numbers, particularly CD4+ T cells, impair T cell activation and proliferation, 

and increase the numbers of immunoglobulins, neutrophils, natural killer cells, and 

inflammatory cytokines, including IL-6, IL-1, and c-reactive protein (CRP). Hypoxia together 

with hypoxia-induced adenosine upregulate the expression of immune checkpoints, including 

programmed cell death-1 (PD-1), PD1-ligand (PD-L1), cytotoxic T-lymphocyte associated 

protein-4 (CTLA-4), immunosuppressive cytokines (TGFβ), and regulatory T cells, all of 

which function as physiological negative feedback mechanisms of immune activities, 

ultimately leading to immunosuppression.
65

 Hypoxia also impairs T cell activation by down-

regulating the required vital signals, including the major histocompatibility complex (MHC) 

and the positive co-stimulatory molecules CD80/CD86 on the antigen-presenting cells.
66

 

Thus, although acute hypoxia-induced inflammation plays a protective role and mounts an 

adaptive response, chronic hypoxia-associated inflammation could aggravate the disease, 

especially in several high-altitude pathologies (e.g., acute mountain sickness, high-altitude 

pulmonary edema, high-altitude cerebral edema, high-altitude pulmonary hypertension, 

erythrocytosis).
67

 The varied HIF-mediated immune responses to both physiological and 

pathophysiological hypoxia are depicted in Fig. 3. In addition to the HIF-pathway genes 

EGLN1 (encoding prolyl hydroxylase 2) and EPAS1 (encoding HIF-2α), several inflammatory 

                  



pathway genes such as IL-1α, IL-1β, IL-6, TNF, nitric oxide synthase 1 (NOS1), and NOS2 

also display positive selection in high-altitude native populations
68–70

; thus, evidence suggests 

that epigenetic mechanisms could regulate immune response at high altitudes.
68,71

 Moreover, 

increased frequencies of the MHC class II alleles HLA-DR6 and/or HLA-DQ4 are associated 

with susceptibility to high-altitude pulmonary edema.
72

 Since class II MHC molecules present 

antigens to CD4+T cells to regulate cell-mediated and humoral immune responses, they may 

contribute to immunosuppression at high altitudes.
73

 

Manella and colleagues
74

 recently demonstrated that living at a high altitude (5100 m) 

substantially affects the blood transcriptome. This included the downregulation of innate 

immune system-related genes, for example, those involved in myeloblast differentiation and 

neutrophil activation. Such changes are expected to compromise innate immunity.
74

 These 

results are therefore a further indication of the potential negative effects of severe hypoxia on 

immune functions, comparable to excessive exercise (see Section 3). 

 

Fig. 3. Immune response to physiological and pathophysiological hypoxia. HIF mediates 

innate and adaptive immune homeostasis in the immune-system-associated physiological 

hypoxia state, while it mediates immunosuppression in the pathophysiological hypoxia state 

associated with high altitudes, cancer, and ischemia. CD = cluster of differentiation; CTLA = 

cytotoxic T-lymphocyte associated protein-4; HIF = hypoxia-inducible factor; MHC = major 

histocompatibility complex; PD = programmed cell-death; PD-L = programmed cell-death 

ligand; pO2 = partial pressure of oxygen; TGF = transforming growth factor; Treg = T 

regulatory cells. 

 

3. The immune system and exercise 

Many of the health benefits of regular exercise, such as improved quality of life or reduced 

mortality from chronic diseases,
75

 may be mediated by its protective effects on immune 

function
1,2

 and depend on the characteristics of exercise programs. 

 

                  



3.1 Immune responses depend on exercise characteristics 

Exercise benefits for the human immune system decline or even become detrimental when the 

volume and/or intensity of exercise exceeds a certain threshold of the individual’s stress 

tolerance.
1,4,76–78

 An excessive training load/intensity hampers immune functions and 

increases the risk of infection and disease development.
1,79

 Thus, understanding the immune 

consequences of different forms of exercise (i.e., type, volume, and intensity) is crucial. Based 

on the knowledge available a decade ago, Walsh and colleagues
80

 concluded in their position 

statement that acute intensive exercise of any type causes the transient depression of several 

aspects of the acquired immune function, but also that the affected cell numbers and functions 

usually recover within 24 h. They also expressed concerns about the chronic suppression of 

acquired immunity observed after prolonged periods of intense exercise training with 

insufficient recovery time.
80

 

3.2 Endurance exercise: volume and intensity, acute and chronic effects 

Many studies indicate that regular moderate-intensity continuous training (MICT) with a 

duration below 60 min is associated with improved immune defense.
2
 

Moreover, regular exercise enhances mitochondrial integrity and reduces oxidative stress, 

thereby reducing inflammation.
81

 Immune system-enhancing and anti-inflammatory effects, 

therefore, are believed to be important components of exercise benefits, which reduce the risk 

of developing inflammatory diseases.
82

 

In contrast, acute bouts of high-intensity or high-volume aerobic exercises seem to 

temporarily reduce immune cell counts and compromise immune function for periods of 3–72 

h depending on the subject’s characteristics, type of exercise, and the markers analyzed.
5
 

Acute exercise activates the immune system via, for example, the production of ROS and 

activation of beta-2-adrenergic receptors on lymphocytes.
83

 This leads to improved 

immunocompetence by increasing the immune cell availability in peripheral tissues,
84

 such as 

cytotoxic natural killer cell subtypes and CD8+ T cells,
85

 possibly primarily immature B 

cells,
86

 and preferentially plasmacytoid dendritic cells
87

 and macrophages.
88

 Granulocyte 

levels also rise in an exercise dose-dependent manner.
89

 The hours directly following 

intensive acute aerobic exercise are often associated with lymphopenia (i.e., a reduction in the 

numbers of circulating lymphocytes below baseline levels), which is believed to reflect a cell 

redistribution, including of cytotoxic T and B cells.
83,90,91

 

Hill et al.
 92

 found elevated gut barrier permeability and increased pro- and anti-inflammatory 

cytokine concentrations after 1 h of treadmill exercise at 65% of individual maximum rate of 

oxygen consumption (VO2max) in normobaric hypoxia (fraction of inspired oxygen (FiO2) = 

13.5%), which could promote an“open window” of susceptibility for infections following the 

workout. These authors also demonstrated a state of immunosuppression caused by this type 

of acute hypoxic exercise.
93

 

A recent meta-analysis on immune function following interval training (IT), defined as an 

aerobic training strategy including high-intensity efforts, confirmed transitory leukocytosis 

(for up to 6 h) and lymphocytosis followed by transitory lymphopenia.
94

 

                  



Regarding T cells, this decrease is also due to apoptosis, with different T cell subtypes being 

differentially affected depending on whether IT or continuous training had been performed.
95

 

This observed apoptosis after exercise may later facilitate immune progenitor cell 

mobilization from bone marrow.
96

 Lymphocyte counts usually recover to baseline levels after  

about 24 h of aerobic exercise
83

 and can then sometimes exceed baseline levels, as observed 

for regulatory T cells.
97

 

Transient negative effects are often compensated for by the long-term health benefits of 

regular exercise mediated by anti-inflammatory effects, which are elicited by exercise-

provoked cytokines and/or the downregulation of TLR expression.
98

 Favorable functional 

adaptations of lymphocytes, monocytes, and neutrophils were seen after chronic IT.
92

 Regular 

endurance training may promote lymphocyte homeostasis and improve lymphocyte resistance 

to apoptosis, thereby counteracting transient immune suppression following an acute exercise 

bout.
97

 Regular aerobic exercise also favors the development of more anti-inflammatory (M2-

like) vs. pro-inflammatory (M1-like) macrophage subtypes in adipose tissue,
99

 thereby 

attenuating systemic inflammation. Macrophages
88,100

 and neutrophils
101

 also exhibited better 

metabolic and phagocytic capacities after chronic exercise. This has been shown to improve 

dendritic cell activity against tumor cells in rats
102

 and to attenuate excessive dendritic cell 

maturation and activation in a rodent model of asthma.
103

 The availability and functions of 

immune cells, including natural killer cells, neutrophils, T cells, and B cells, were shown to be 

less strongly affected by age-related changes with regular exercise.
104

 

Depending on the exercise intensity and type and the individual immune status, exercise can 

have diverse effects on the immune system. The potential beneficial outcomes of moderate 

endurance exercise on specialized immune cells are summarized in Fig. 4. 

 

                  



 

Fig. 4: Immune responses to moderate acute and regular aerobic exercise.  

Sufficiently intense acute exercise bouts trigger immune responses that depend on the 

intensity, duration, and type of exercise, with excessively intense or long acute exercise 

sessions having detrimental effects on immune functions. Moderate intensity exercise bouts 

are depicted. 

 

Thus, a single session of high-intensity or high-volume endurance exercise may challenge cell 

homeostasis and immune function, while endurance exercise of moderate intensity and 

volume will acutely improve immunosurveillance and immunocompetence. When performed 

on a regular basis, such moderate endurance exercise improves immune functions while 

reducing chronic inflammation.
84

 

 

3.3 Resistance exercise: volume and intensity, acute and chronic effects 

In comparison to endurance exercise, the immune effects of resistance exercise have been less 

thoroughly investigated. Petridou and colleagues
105

 suggested that moderate- to high-intensity 

resistance exercises (3 sets of 10 exercises with 10–12 repetitions at 70%–75% of the 1-

repetition maximum) did not exert considerable negative effects on immune function in 

healthy men based on the unchanged serum concentrations of cell adhesion molecules. 

                  



Allsopp et al. evaluated effects on the leukocyte responses in healthy adults (18–35 years) 

following a bout of resistance exercise performed in normobaric hypoxia (FiO2 = 14.4%).
106

 

These authors showed that neutrophils were amplified following resistance exercise, but all 

other leukocyte subsets remained unaffected, indicating non-detrimental responses to 

exercise.
106

 In contrast, in older adults (60–70 years), a bout of resistance exercise in 

normobaric hypoxia (14.4%) elicited an increased lymphocyte response but did not affect 

other leukocyte populations.
107

 

Results of a systematic review indicate that even a single acute bout of resistance exercise can 

activate the NF-κB signaling pathway in peripheral blood mononuclear cells (PBMC) in both 

younger and older individuals.
108

 Notably, the activity of natural killer cells after an exercise 

bout was increased in older but reduced in younger subjects. Moreover, the cytosolic 

oxidative stress response to acute resistance training increased and the antioxidant enzyme 

expression improved when regular resistance training was continued.
108

 Not surprisingly, 

acute neutrophilia, lymphocytosis, and monocytosis seem to occur more rapidly and 

extensively after a single bout of high-dose as compared to low-dose resistance exercises.
109

 

Lower intensity seems to benefit immune function more than higher intensity resistance 

training, also in the long term. Accordingly, 6 weeks of strength endurance training at 40% of 

the 1-repetition maximum, but not intensive strength training (80% of 1-repetition maximum), 

was associated with a reduction in the relative and absolute counts of senescence-prone T 

cells.
110

 

Taken together, these findings indicate that resistance training modulates immune function 

and, especially if practiced moderately and regularly, may enhance long-term immune system 

function. In comparison to research on endurance training, research on the relationship 

between resistance training and immune functions is scarce. The roles of resistance training 

characteristics (e.g., intensity, frequency, training session composition), individual 

predispositions, and mechanisms (e.g., interactions of molecular consequences of resistance 

training with immune system components) deserve further scrutiny. 

 

3.4 Comparing and combining endurance and resistance exercise: volume and intensity, 

acute and chronic effects 

When comparing the acute effects of endurance (cycling at 60% of peak power output) and 

resistance (70% of the 1-repetition maximum) exercise, the results reveal a more pronounced 

mobilization of immune cells and an altered systemic immune inflammation index (neutrophil 

× platelet counts/lymphocyte counts) after the endurance exercise session.
111

 Both 

submaximal endurance and resistance exercise performed at 85% of the individual VO2max 

or 1-repetition maximum, respectively, until exhaustion induced temporary (30 min post 

exercise) immune dysfunction, indicated by a decline in the CD4
+
/CD8

+
 T cell ratio and an 

increase in intra-cellular ROS levels.
112

 A reduced CD4
+
/CD8

+
 T cell ratio is indicative of a 

weaker immune system, characterized by the lower availability of CD4
+ 

helper T cells in 

comparison to cytotoxic CD8
+ 

T cells. In contrast, short-term and low-threshold combined 

resistance and endurance training reduced the number of hallmarks of immune aging in older 

people.
113

 A 6-week training intervention elevated the CD4
+
/CD8

+
 T cell ratio and reduced 

                  



both systemic interleukin (IL-6, I -8, and IL -10) and VEGF levels.
113

 The findings of a recent 

literature review suggest that secretory salivary immunoglobulin A is elevated after acute 

endurance exercise in older subjects, while the plasma/muscle levels of IL-6, IL-8, and TNF-α 

were elevated in this population after acute bouts of muscle strengthening exercises (e.g., 

isokinetic, eccentric, or knee extensor exercises).
114

 Recently, the role of the inflammasome 

NOD-like receptor protein 3 (NLRP3), an important mitochondria-associated pattern 

recognition receptor in the innate immune system, in the immunomodulation of exercise has 

been highlighted.
111

 NLRP3 activation upregulates several pro-inflammatory cytokines, 

including IL-1β and IL-18.
115

 These authors suggested that acute exercise bouts activate the 

NLRP3 inflammasome, while chronic moderate-intensity endurance training, high-intensity 

IT, and resistance training may inhibit it.
115

 

While our understanding of the effects of combined endurance and resistance exercise on 

immune outcomes is limited (due in part to the difficulties inherent in comparing endurance 

and resistance exercise intensities), several risks and potential complementary effects can be 

identified. At high intensity, both exercise types reduce immune functions; thus, sufficient 

recovery periods (at least 24 h) between intense exercise sessions of any kind are 

recommended. Although molecular overlaps and specificities of distinct exercise types still 

need to be defined in more detail, different aspects of the immune system can potentially be 

modulated more efficiently by practicing different exercise types. Therefore, general physical 

activity recommendations (e.g., from the World Health Organization
116

) that suggest 

minimum amounts of both endurance (at least 75 min of intensive training or 150 min of 

moderate training per week) and resistance training (2–3 times per week) are believed to 

effectively activate different immune pathways thus taking advantage of the potential 

synergistic or complementary immune system reinforcements.  

 

4. Combined effects of exercise and hypoxia on immune function 

Like severe hypoxia, intense exercise bouts may compromise immune function and increase 

infection risk.
73

 Exercising in hypoxic environments (i.e., in hypoxic chambers or at high 

altitudes), depending on the individual hypoxic responses and tolerance, may aggravate the 

risks of high intensity exercise. Like exercise does, moderate states of hypoxia may also exert 

favorable effects on the immune system.  

The immune-suppressive potential of exercise in a hypoxic state are firmly established, and 

both factors seem to be additive,
64,117

 requiring the modification of exercise characteristics 

depending on the severity of the hypoxia.
117

 The α/β-adrenergic system is believed to play an 

important role, since it increases inflammatory cytokine levels and activates immune cells, as 

well as being activated by and involved in adaptations to both exercise
118

 and hypoxia.
119

 

When the absolute workload is appropriately reduced under hypoxic conditions (applying the 

same relative intensity as in normoxia, e.g., via heart rate and/or blood lactate monitoring), the 

immune function does not seem to be more adversely affected by acute exercise in the 

hypoxic (normobaric or hypobaric) as compared to the normoxic state.
120

 The more 

pronounced immunological changes observed when exercising in hypoxia may partially result 

from the increased work intensity, but hypoxemia per se also directly regulates various 

                  



immune functions, such as macrophage migration and phagocytosis by polymorphonuclear 

cells (PMN).
121

 As previously discussed, oxygen signaling mechanisms (e.g., via HIF) also 

contribute to hypoxia-induced immune alterations.
40,122

 Since HIFs can be activated by 

exercise,
16

 immune responses to exercise in hypoxia may also be amplified. Similar overlaps 

of the molecular consequences of exercise and hypoxia that have direct consequences on 

immune function and inflammation occur at the level of mitochondrial adaptations and 

oxidative stress/antioxidant mechanisms. While hypoxia is acutely associated with increased 

oxidative stress and reduced mitochondrial respiration, cellular adaptations can eventually 

lead to improved antioxidative capacities and increase the mitochondrial and cellular 

resilience and metabolic reprogramming that allows the maintenance of cellular energy 

levels.
119

 Similarly, while excessive exercise may result in mitochondrial dysfunction,
123

 

regular moderate exercise improves mitochondrial integrity and functions and leads to a better 

cellular antioxidant defense.
81

 

As is well known from high-altitude climbing, acclimatization to high altitude/hypoxia largely 

decreases the risk of adverse effects associated with acute hypoxia exposure.
124

 The 

acclimatization process is mediated by systemic physiological (e.g., hyperventilation and 

hemoconcentration) and molecular responses. The latter are orchestrated by transcription 

factors (including HIFs) and biochemical alterations, together affecting cellular 

functions/components like energy metabolism and mitochondria, REDOX-regulation, and 

inflammation.
124

 Comparable to the increased exercise tolerance following exercise training, 

the exposure to hypoxia (acclimatization or conditioning) improves resilience to subsequent 

hypoxic stress. The co-occurrence of 2 stressors (exercise and hypoxia), with partially 

overlapping adaptations required for both exercise and hypoxia conditioning, means increased 

physical strain. This renders the avoidance of overreaching and overtraining key aspects of 

exercising in hypoxia. Therefore, the coordination and incremental elevation of exercise and 

hypoxia levels together with regular monitoring of individual physiological responses are 

crucial for the optimal execution of exercise in hypoxia. 

 

5.  Immune-modulatory effects of diet when exercising in hypoxia  

The risks of exercising in a hypoxic state
121

 are the disrupted homeostasis of several 

physiologic systems, including immune function.
125

 Immunosuppression and related risks, 

such as an increased risk of illness and respiratory infection,
77

 seem to result from reduced 

mucosal immunity and inflammation and a predominance of the humoral immune response.
125

 

These adverse effects may be partly counteracted by appropriately modifying the exercise 

volume and intensity under hypoxic conditions, but also by applying nutritional strategies 

(e.g., meeting the demand for more iron, carbohydrates (CHO) and fluids, and antioxidant-

rich foods to maintain robust immunity).
125–127

 

The micronutrient iron is especially important at high altitudes as hypoxia increases 

hemoglobin mass gains, which depend on adequate iron availability. Iron is necessary for 

oxygen transport, energy metabolism, and immune function, with iron deficiency primarily 

impacting cell-mediated immunity.
128,129

 A suboptimal iron status (i.e., ferritin < 30 ng/mL) 

may result from limited energy and iron intake, poor bioavailability, or increased iron 

                  



demands due to high training loads and environmental factors (e.g., hypoxia-induced 

erythropoiesis or exercise-induced hemolysis).
130,131

 Therefore, the iron status should be high 

(e.g., ferritin > 50 ng/mL) when exercising under hypoxic conditions.
132

 An inadequate iron 

status can be corrected through supplementation in several ways. First, athletes should 

increase their dietary iron intake, and particularly from haem iron sources like red meat and 

seafood with the addition of legumes and green vegetables.
132

 Second, athletes with iron 

deficiency should use oral iron supplements for an 8- to 12-week period at doses between 40 

and 60 mg per day in conjunction with 500–1000 mg of vitamin C; this has proven to be the 

most effective approach.
132,133

 Recent research has shown that providing iron supplements on 

alternate days over a longer time period and in single doses optimizes iron absorption and 

might be a preferable dosing regimen in iron-depleted athletes.
134

 Moreover, excessive 

supplementation of iron is thought to increase oxidative stress and the production of free 

radicals.
135

 This is of utmost importance, as an elevated level of oxidative stress is already 

present at high altitudes, and acute exercise leads to oxidative stress.  

The low availability of energy can impair hematological adaptations to higher altitudes, as 

energy status interacts with iron metabolism.
136

 At high altitudes, energy and fluid 

requirements are higher due to increased respiratory water loss caused by increased breathing 

rates coupled with a more than 3-fold increase in the resting metabolic rate as compared to the 

rate at sea level. Weight loss frequently occurs at high altitudes due to hypoxia-induced 

appetite suppression, which can negatively influence lean body mass retention and systemic 

immune function and related risks (e.g., hypoglycemia injury and illness).
137

 

At high altitudes, the stress response to exercise is enhanced; thus, carbohydrate requirements 

are higher than at sea level when exercise of the same relative intensity is performed. Since 

reduced blood glucose levels are linked to increased immune activation, ingesting 

carbohydrates during and immediately after exercise is critical, especially for athletes training 

at altitude.
138

 Experts recommend 8–12 g of carbohydrates per kilogram of body mass per day 

for daily fuel needs and recovery,
139

 and additionally, as an ergogenic aid, 30–70 g of 

carbohydrates per h of exercise depending upon the intensity and duration.
138,140

 Several 

studies have been published on the value of carbohydrate intake as a countermeasure to 

exercise-induced immune changes. One consistent finding is that the carbohydrate intake 

during prolonged and intense exercise attenuates post-exercise inflammation by 30%–40% 

and results in higher plasma glucose and insulin levels and lower plasma stress hormones 

(epinephrine and cortisol).
2
 Recent evidence also indicates that sufficient supplementation 

with carbohydrates (8% maltodextrin, 200 mL every 20 min during exercise) and glutamine 

(20 g/day for 6 days) can effectively mitigate immunosuppression, with carbohydrate 

supplementation inducing more anti-inflammatory responses (changes in IL-10 and TNF-α 

concentrations) than glutamine.
141

 This does not prevent the high rating of perceived exertion 

during intense exercise under hypoxic conditions (equivalent to an altitude of 4500 m), but it 

can attenuate fatigue or tiredness in people who exercise under these conditions.
142

 

Immunonutrition can extend beyond carbohydrates to include polyphenols from fruits and 

vegetables, which are metabolized by gut microbial species and exert a variety of bioactive 

effects (e.g., anti-inflammatory, antiviral, antioxidative, and immune cell signaling effects).
143

 

A polyphenol-rich dietary pattern can also improve the functionality of intestinal microbiota 

                  



and intestinal permeability, which is strictly associated with chronic activation of the 

inflammatory response.
144

 These findings are relevant, since some evidence suggests that 

acute exposures to high altitudes damage the intestinal barrier through hypoxic and oxidative 

stress.
145

 In addition, chronic hypoxic exposures may lead to atrophy of the mucosal layers, 

further compromising the intestinal barrier. Gut microbiota, however, may contribute to a 

variability of host responses to high altitudes, regardless of the macronutrient composition of 

the diet.
146

 Certain probiotics may help to protect the intestinal barrier during exposure to 

hypoxic conditions and to lower the risk of upper respiratory tract infections by modulating 

the gut microbiota (enhanced intestinal barrier function and protection from pathogens), the 

mucosal immune system (enhanced bioactive metabolite production, such as short chain fatty 

acids), and lung macrophage and T lymphocyte functions.
147

 Some of these effects appear to 

be connected with alterations in tryptophan metabolism,
148

 which may play a role in the onset 

of central fatigue through the gut-brain axis.
149

 However, as with any dietary supplementation, 

probiotics should be considered in the overall context of a balanced dietary intake by taking a 

“food first” approach; namely, by consuming whole foods instead of supplements. For 

example, some food-based probiotic products (e.g., kefir and yogurt) contain energy, 

carbohydrates, protein, and other nutrients that can form an important part of an athlete’s 

overall nutrition plan.  

Finally, recent findings suggest a reconsideration of antioxidant use when exercising under 

hypoxic conditions. Antioxidant supplementation did not affect markers of oxidative stress 

associated with increased energy expenditure at high altitudes.
150

 An analysis of recent data 

also showed that more than doubling the daily antioxidant intake from natural food sources 

during a 3-week altitude camp (2320 m), first, did not negatively influence the adaptive 

response to altitude training in elite endurance athletes (measured as hemoglobin mass and 

maximal oxygen uptake)
151

 and, second, enhanced the antioxidant capacity and attenuated the 

altitude-induced increases in systematic inflammatory biomarkers (micro-CRP, IL13, IL6) 

but, again, had no impact on altitude-induced oxidative stress.
152

 Thus, although antioxidant 

supplementation may hinder ventilatory acclimatization, recent studies show that increasing 

the intake of natural antioxidant-rich foods (e.g., fruit-berry-vegetable smoothies, nuts, dark 

chocolate, and dried fruits/berries) is a sensible addition to elite athletes’ dietary routines that 

causes no harm while training at moderate altitudes. Indeed, it has been suggested that 

antioxidant supplementation may interfere with adaptations to exercise at sea level,
153,154

 

although a recent meta-analysis indicated that little evidence supports this.
155

 Overall, only 

moderate evidence shows that vitamins C and E benefit recovery. However, under hypoxic 

conditions equivalent to those present at an altitude of 4200 m, providing an environment 

associated with greater ROS production and vitamin E supplementation (250 mg) 1 h before 

exercise (60 min at 70% VO2max) reduced concentrations of blood markers for muscle 

damage (creatine kinase, myocardial band version of creatine kinase, and lactate 

dehydrogenase) and of inflammation markers (IL-6, TNF-α, IL-1ra, and IL-10).
127

 

In summary, immune consequences that occur when exercising under hypoxic conditions can 

be positively influenced by ensuring appropriate nutrition. Nevertheless, few studies have 

been conducted under hypoxic conditions to investigate immune responses. Future studies 

should examine caloric intakes that optimize hypoxic adaptations and prevent exercise-

induced immune changes. The micronutrient iron is especially important at high altitudes to 

                  



optimize hemoglobin mass gains. Both iron deficiency and excessive iron supplementation 

can negatively affect a healthy immune system. The higher demand for specific nutrients 

(e.g., antioxidant-rich foods, polyphenols from fruits, and probiotics) should also be 

considered in athletes, as these improve mucosal and systemic immunity, enhance resistance 

towards illness and respiratory infections and, last but not least, preserve mental well-being, 

all of which also help boost athletes’ immune systems. 

 

6. Conclusions 

Both exercise and hypoxia substantially modulate the immune system. While tissue-specific 

physiological hypoxia continuously regulates the function of immunological niches, exposure 

to ambient hypoxia or exercising rapidly induces the activation of immune cells or 

immunosuppresion. The outcome is determined by the exercise intensity and/or hypoxic dose, 

exercise type, and interplay among individual characteristics (e.g., genetics, gut microbiome 

composition), experiences (e.g., training status, acclimatization), environmental conditions 

(e.g., temperature), mood, diet, and behavior (e.g., hydration).  

On the one hand, the overlapping effects of exercise and hypoxia are potentially deterimental 

to the immune system. Even low exercise intensities may increase oxidative stress and 

cellular/tissue damage and eventually compromise immune function if performed under 

hypoxic conditions. Adequate acclimatization strategies, adjustment of exercise parameters to 

the hypoxic conditions, and nutritional strategies can buffer these detrimental effects (Fig. 5). 

On the other hand, the potentially complementary immune consequences of moderate exercise 

and hypoxia could enhance the immune benefits of exercise when combined with hypoxic 

exposure, like we see with the proposed complementary effects of endurance and strength 

training. The immune outcomes of exercise and hypoxia can interfere with or complement 

each other. To better understand the complexity of these effects, and how their interplay 

changes due to the amount, intensity, and type of both exercise and hypoxia, more 

interdisciplinary research needs to be carried out in traditional fields such as exercise 

physiology and immunology by applying modern approaches to molecular/computational 

biology. 

 

 

Fig. 5. Risks and opportunities to improve immune system function by exercise in hypoxia.  

                  



HIF = hypoxia inducible factor; NF-κB = nuclear factor kappa-light-chain-enhancer of 

activated B cells. 
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