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ABStr Act

High-intensity training is becoming increasingly popular outside 
of elite sport for health prevention and rehabilitation. This ex-
panded application of high-intensity training in different popula-
tions requires a deeper understanding of its molecular signature 
in the human body. Therefore, in this integrative review, cellular 
and systemic molecular responses to high-intensity training are 
described for skeletal muscle, cardiovascular system, and the im-
mune system as major effectors and targets of health and perfor-
mance. Different kinds of stimuli and resulting homeostatic per-
turbations (i. e., metabolic, mechanical, neuronal, and hormonal) 
are reflected, taking into account their role in the local and sys-
temic deflection of molecular sensors and mediators, and their 
role in tissue and organ adaptations. In skeletal muscle, a high 
metabolic perturbation induced by high-intensity training is the 
major stimulus for skeletal muscle adaptation. In the cardio-vas-
cular system, high-intensity training induces haemodynamic 
stress and deflection of the Ca 2+ handling as major stimuli for 
functional and structural adaptation of the heart and vessels. For 
the immune system haemodynamic stress, hormones, exosomes, 
and O2 availability are proposed stimuli that mediate their effects 
by alteration of different signalling processes leading to local and 
systemic (anti)inflammatory responses. Overall, high-intensity 
training shows specific molecular signatures that demonstrate its 
high potential to improve health and physical performance.
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Introduction
Physical training can improve performance and health by changes 
in almost all organs and tissues in the human body. In competitive 
sports, it is common practice to use different types of exercise pro-
tocols to achieve specific adaptation in the athlete’s body to opti-
mise physical performance. High-intensity training (HIT) and 
sprint-interval training (SIT) have enjoyed increasing popularity in 
elite sports since the middle of the last century besides high-vol-
ume training (HVT). At the beginning of this century, it has been 
suggested that training methods with higher intensity such as HIT 
and SIT can provide beneficial effects for patients with a chronic 
disease and should be included in the comprehensive medical man-
agement plan [1]. For an optimised use of HIT and SIT to increase 
physical performance and/or health, it is important to understand 
the molecular and cellular mechanisms of this training in the dif-
ferent target groups. A specific feature of HIT, and even more of 
SIT, is the high physical strain occurring only for a limited time. 
Therefore, HIT and SIT are characterised by specific metabolic, me-
chanic, hormonal, and neuronal perturbations in different tissue 
and organs with subsequent systemic, local and cellular signalling 
[2–4]. This integrative review aims to demonstrate molecular sig-
natures of HIT and SIT in selected tissues and organs with respect 
to acute effects and chronic adaptations. The review focuses pri-
marily on HIT or SIT, but comparisons to HVT are mentioned when 
available. As this manuscript is an integrative review, the literature 
search was not conducted systematically and, therefore, does not 
claim to consider all published articles in the presented research 
field. The included studies had to follow a mechanistic approach.

Definition of Intensity Zones in Endurance 
Training
In recent years, there has been a lively discussion about the poten-
tial of different endurance training protocols, especially of differ-
ent training intensities, in inducing endurance-type adaptations 
and health benefits. One of the first studies to trigger this discus-
sion and comparing short-term SIT with traditional continuous low-
intensity endurance training (HVT) found similar adaptations after 
two weeks of training, despite the large difference in training vol-
ume [5]. Hundreds of publications dealing with this topic followed.

▶Figure 1 gives an overview of the range of intensity of the en-
durance training and the training zones currently used, including 
its current nomenclature. Generally, HVT (Zone 1) consists of con-
tinuous exercise at 50–75 % of VO2max and durations of 1–6 h [6]. 
The following Zone 2 is called the “threshold zone”, also mainly 
consisting of continuous exercise with intensities of 75–85 % of 
VO2max or between lactate threshold 1 (LT1) and the maximal lac-
tate stead state (MLSS) and durations 45–90 min. There has not 
been a clear nomenclature and differentiation for and between the 
last two zones, but at present, it is mainly differentiated as HIT 
(Zone 3) and SIT (Zone 4). The prescription for HIT and SIT consists 
of the manipulation of several variables including interval intensity 
and duration, recovery interval intensity and duration, number of 
repetitions, and number of series [7]. HIT includes longer intervals 
of 2–5 min and intensities of > 85–100 % of VO2max, and SIT con-

sists of short bouts ( ≤ 45 sec) of “all-out” intervals, both inter-
spersed with recovery periods [7]. Generally, the work:rest ratios 
during HIT are larger ( ≥ 1) than during SIT ( ≤ 1).

For simplicity, we refer to the above-mentioned classification in 
this review. However, it must be taken into account that the SIT 
zone covers a very large speed or power range compared to the 
other zones (i. e., HVT, Threshold, HIT). Therefore, it has been sug-
gested that all-out training can be further divided into repeated 
sprint training (RST), consisting of short intervals (3–10 sec), and 
SIT, consisting of long all-out intervals (30–45 sec). The manipula-
tion of training variables can lead to very different acute reactions 
and long-term adaptations, e. g., prolongation of duration alone 
with the same intensity and work:rest ratio leads to higher glyco-
gen depletion and blood lactate levels. This illustrates that even 
small modifications to the protocol can change the outcome, and 
thus, complicate the comparison between studies.

However, according to the mentioned studies, some questions 
remain unanswered. For example, why these completely different 
training regimes can induce similar training adaptations? Howev-
er, the use of a polarized training approach by elite athletes shows 
that a clear difference between HVT, HIT and SIT is very likely to 
exist [8]. Currently, it is suggested that it is necessary to perform 
high volumes of low-intensity training (70–80 %) to maximize pe-
ripheral adaptations and low volumes of HIT/SIT (10–20 %) to max-
imize cardiac adaptations [8, 9].

Stimulus- and Perturbation-Based Exercise 
Prescriptions
It will be necessary in the future to think about additional physio-
logical stimulus-based and perturbation-based (metabolic, me-
chanical, neuronal and hormonal) exercise prescriptions alongside 
the usual ones, and to understand how these stimuli and resulting 
homeostatic perturbations challenge and disrupt cellular homeo-
stasis. Of course, the numerous training parameters (i. e., intensi-
ty, volume, frequency etc.) and their different combinations dur-
ing each exercise session, as well as the complex nature of the 
whole training regimes is far too complex to find a clear relation-
ship between a training stimulus (i. e., a certain combination of 
stimuli and resulting homeostatic perturbations) and long-term 
adaptation. This complex processing nature of single training ses-
sions and whole training regimes on the cellular level might be one 
reason why it is impossible to recommend an “ideal” training pro-
gram for each individual based on sound scientific evidence [10]. 
However, it should be a first step to think about the general induc-
tion of stimuli and the resulting homeostatic perturbations via a 
specific training intervention. This might include the distribution, 
duration, amplitude and frequency of stimuli, and the four specif-
ic homeostatic perturbations. This train of thought has already 
been introduced by Laursen [11]. Based on several molecular stud-
ies about HVT, HIT and SIT, Laursen et al. suggested that HIT and 
SIT are more or less energy (metabolic) driven. During HIT, and es-
pecially during SIT, the cell is confronted with maximal energy de-
mand in a short time which leads to a change in the ATP/AMP ratio 
and an activation of adenosine monophosphate kinase (AMPK). 
The AMPK is a kinase that modulates cellular metabolism acutely 

196



Wahl P et al. The Molecular Signature of … Int J Sports Med 2022; 43: 195–205 | © 2021. The Author(s)

through phosphorylation of metabolic enzymes and, over time, via 
transcriptional regulation [12]. On the other hand, HVT seems to 
be dominated by the activation of Ca2 + signalling pathways. The 
numerous sub-maximal repeated contractions during HVT are re-
lated to a constant Ca2 + -flux in the muscle cell and a prolonged rise 
in intramuscular which activates calcium-calmodulin kinase 
(CaMK). Both increases in AMPK and CaMK are associated with an 
increase in peroxisome proliferator-activated receptor-γ co-acti-
vator- 1α (PGC-1α) mRNA, a transcriptional co-activator that has 
been described in the literature as the ‘‘master switch’’ for mito-
chondrial biogenesis. It is of note that the increase in AMPK and the 
following increase of PGC-1α after SIT occurred without an increase 
in CaMK [11]. This example shows that improvements in endurance 
performance may be achieved through either high volumes or high 
intensities of endurance training, despite the activation of differ-
ent molecular sensors and signalling pathways. In addition to the 
role of AMPK in mitochondrial biogenesis, the induction of this en-
zyme is implicated in regulating glucose uptake during exercise as 
well as exercise-induced insulin-sensitizing effects [13]. Further-
more, there is growing evidence that AMPK is increasingly involved 
in mitigating endoplasmic reticulum stress [14, 15]. AMPK is fur-
ther regulated by extracellular receptor-mediated stimuli such as 
adipokines, catecholamines, and interleukins, suggesting many 
roles for AMPK in normal physiology, pathophysiology, and beyond 
energy-sensing [16].

In addition to mitochondrial biogenesis, such stimulus-and perturba-
tion-based exercise descriptions also need to be established for other ad-
aptational processes, like angiogenesis. As already mentioned, changes 

in Ca2 + , Adenosine diphosphate (ADP), Adenosine monophosphate 
(AMP), partial pressure of oxygen (PO2), and shear stress activates AMPK/
CaMK-PGC-1α, Hypoxia-inducible factor 1-alpha (HIF-1α), and nitric oxide 
(NO) signalling, which leads to the up-regulation of vascular endothelial 
growth factor (VEGF) expression and other growth factors [17]. There-
fore, also in this case, different stimuli and homeostatic perturbations 
seem to trigger angiogenic processes. But again, changes in Ca2 + , ADP, 
AMP, PO2, and shear stress are highly affected by the training protocol. 
Any exercise carried out is characterised by a specific blend of stimuli and 
resulting homeostatic perturbations (▶Fig. 2). The manipulation of in-
tensity, duration, or recovery periods etc. will lead to different stimuli and 
resulting homeostatic perturbations [11] and, therefore, to different re-
sponses [2], or however, perhaps even similar reactions in biomarkers and 
adaptations [7]. It was shown that capillarization increases after moder-
ate, as well as after HIT [18–21]. However, the extent to which the increase 
in capillarization occurs for the same functional purposes in response to 
different intensities is not known. Moderate-intensity training may induce 
capillary growth via Ca2 + and prolonged shear stress, to expand the oxy-
gen diffusion capacity by improving the diffusion area, reducing diffusion 
distance and increasing mean transit time. High-intensity training with a 
large contribution of anaerobic energy production may induce capillary 
growth via AMPK, local hypoxia, and high shear stress in a short period of 
time to improve the capacity for the removal of metabolites.

General Mechanisms Induced by Hit Leading 
to Molecular Signalling
In recent years, there has been a fundamental change in (molecular) 
exercise physiology, from the rather general “supercompensation hy-
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▶Fig. 1 Training intensity zones used for the control of endurance training. High-volume training (HVT) is performed for > 60 min at 50–75 % of 
VO2max or mainly up to lactate threshold (LT). Threshold training is performed for 45–60 min between LT and the maximal lactate steady state 
(MLSS). High-intensity training (HIT) is performed at longer intervals (4–5 min) and 85–100 % of VO2max. Sprint-Interval-Training (SIT) is mainly 
performed using all-out bouts of ≤ 30 sec. The blue line illustrates an exemplified lactate curve generated during a step test. Vmax/Pmax: maximal  
velocity/power output.
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pothesis” to the more specific “signal-transduction-hypothesis” of ad-
aptation. According to this “signal-transduction-hypothesis”, specific 
sensor proteins detect environmental or exercise-related signals, 
which are then further processed by transduction/signalling pathways, 
finally leading to changes in gene transcription, gene translation, pro-
tein synthesis or breakdown [2]. This results in the adaptation of the 
cell, the organ or the whole organism. In this way, exercise-related mo-
lecular signals can either be sensed at the whole organism level (i. e., 
endocrine and nervous system) or by organs, specific tissues, and in-
dividual cells containing the necessary machinery to sense changes in 
their local environment [10].

Any exercise carried out is characterised by a specific blend of 
stimuli and resulting homeostatic perturbations, to which tissues 
(e. g., muscle, endothelium) are subjected when activated. Hop-
peler [2] and other researchers distinguished (1) mechanical load, 
(2) hormonal adjustment, (3) neuronal activation, and (4) meta-
bolic disturbance as the main identifiable homeostatic perturba-
tions. Mechanical load includes tension, strain, pressure, and 
stretch. Hormonal adjustments include acute and long-term 
changes in systemic or local (i. e., autocrine, paracrine) hormone 
levels, as well as changes in hormone receptors. Metabolic distur-
bances are induced by chemical changes on the systemic, tissue or 
cellular level, including the energy status (i. e., ATP/AMP-ratio, free 
fatty acids [FFA], glycogen), hypoxia, H + -ions, lactate, Pi and reac-
tive oxygen species (ROS). Neuronal activation serves to integrate 
the duration, amplitude and frequency of intracellular Ca2 + fluctu-
ations [2]. Even though all four perturbations are induced by all 
kinds of exercise above a certain-often not easy to define-level, 

some perturbations dominate in certain types of exercise. In the 
so-called strength training situation, we typically find mechanical 
load and hormonal adjustments to be the dominant homeostatic 
perturbations. In the so-called endurance training, the mechanical 
load is low and metabolic disturbances, neuronal activation, and 
hormonal adjustments are high and usually persist over longer time 
periods [2, 22]. All these signals have a dual purpose. They serve to 
re-establish the homeostasis disrupted by exercise, however, they 
also serve to modify tissue so as to make it more efficient when 
dealing with similar homeostatic perturbations in the future (ad-
aptation) [2]. An acute (signalling) response and signalling related 
to long-term adaptations of tissues must therefore be distin-
guished.

In order to obtain a better understanding of adaptation process-
es and to recommend effective and specific training programs/
schedules, it is absolutely necessary to identify what kind of exer-
cise regimen induces different kind and amount of stimuli and ho-
meostatic perturbations, what kind of tissues and cells are activat-
ed and what causal connection exists between the cellular response 
and the training adaptations. The magnitude and type of adapta-
tion strongly depend on the specific molecular and cellular re-
sponse, which is governed by the training stimulus and the individ-
ual prerequisites (genome and epigenome). In order to assign acute 
reactions and long-term adaptations to specific training, the exter-
nal training load needs to be described and characterised as accu-
rately as possible, and potential stimuli need to be identified.
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• Mitochondrial biogenesis
• Fiber-type shift
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Local regulation

Local and systemic regulation

mechanical neuronal

Heart

Skeletal-
Muscle

Immune
system

HVT HIT SIT

that differ in distribution, duration, amplitude and frequency

are characterized by a specific blend of stimuli and homeostatic perturbations

metabolic hormonal

• MAPK

• Calcineurin

• HIF-1 alpha
• PGC-1 alpha
• AMPK

• CaMK

Homeostatic perturbation:

• Ca2+ oscillations
• ↑[Ca2+]i

• Ca2+ oscillations

• Na+/Ca2+exchanger

• miRNAs
• Microparticles

• NO-signalling
• Stem cell activating factors

• [Ca2+]i

• O2 availability

• Haemodynamic stress Sensors/Mediators:
• CaMK

Consequences:
• Cardic contractility

Consequences:
• resistance to redox disturbance

Sensors/Mediators:
• SOD, GPx, Catalase
• Otherwise mostly
    unknown/insufficiently
    studied enzymes

• Metabolic reprogramming

• Surface molecules of activation
    and adhesion↑↓

• Apoptosis markers (e.g. PD-1,
    CD95, Annexin V)↑

• Stem/progenitor cell
    activation

• Autophagy/protein synthesis
• Endothelial function/structureHomeostatic perturbation:

• Haemodynamic stress
• Hormones (i.e. (nor-)
    epinephrine, cortisol)

• Exosomes (i.e. via miRNAs)
• Soluble metabolites

• Serca
• PI3K/Akt/mTor signaling

Homeostatic perturbation:
• Haemodynamic stress -
    heart/vessel

• ATP/AMP ratio
• Hypoxia

▶Fig. 2 Potential stressors during exercises of different intensity and volume: high-intensity training (HIT), sprint interval training (SIT), high vol-
ume training (HVT). Mechanical load, hormonal adjustments, neuronal activation and metabolic disturbances all induce specific signalling events, 
transcription/translation, finally leading to adaptations.
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Impact of Hit Regimes on Different Organ 
Systems

Muscle
Studies directly comparing HVT with HIT or SIT often use exercise 
protocols that are matched for total-work or energy-expenditure 
(isocaloric). Although these types of matching are useful for (cer-
tain) research questions or special populations (e. g., untrained sub-
jects, patients), we must keep in mind that they are less meaning-
ful for athletes training, as the different types of protocols differ 
much more in volume in elite sports. Furthermore, the molecular 
response to acute exercise might differ significantly depending on 
the training status. In trained muscles signalling pathways and gene 
expression might be activated to a lesser extent after exercise than 
in untrained muscles [23].

To investigate the effects of different exercise protocols on skeletal 
muscle, acute exercise studies measure changes (i. e., phosphoryla-
tion, gene expression, or protein synthesis) in a variety of signalling 
proteins such as AMPK, CaMK, MAPK, and PGC-1α (▶Fig. 2). PGC-1α, 
a transcriptional coactivator, plays an important role in the regulation 
and coordination of mitochondrial biogenesis in skeletal muscle by 
controlling its oxidative enzyme expression [24]. The most important 
exercise-related regulators of PGC-1α are p38 MAPK, CaMKs, and 
AMPK. These signalling molecules induce different PGC-1α post-trans-
lational modifications (i. e., phosphorylation, acetylation, methylation, 
and ubiquitination) that regulate its stability and ability to interact 
with transcription factors [25, 26]. Activated PGC-1α might translo-
cate from the cytoplasm to the nucleus [27, 28] and mitochondria 
[29], where it modulates the transcriptional activity of its molecular 
partners and thus regulates gene expression.

As the ATP turnover rate during exercise can be over 100-fold greater 
than at rest [12], and AMPK activity dynamics are determined principally 
by ADP concentration [30], AMPK activity increases in response to cellu-
lar energy demand or exercise intensity, respectively. Effects of direct-
binding activators depend on their concentrations, binding affinities for 
AMPK, abilities to enhance AMPK phosphorylation, and the magnitudes 
of their allosteric activation of AMPK [30]. Calcium plays an important role 
during muscle contraction and allows the interaction between actin and 
myosin. After an action potential, Ca2 + is released from the sarcoplasmic 
reticulum and is transported back into the SR by Sarcoplasmic/endoplas-
mic reticulum calcium ATPase (SERCA) afterwards. The amplitude and 
duration of Ca2 + -oscillations depend on the level of force output by the 
muscle and thus on the intensity of the exercise, respectively. These os-
cillations modulate the kinase activity of CaMK, mainly CaMKII, which is 
the dominant isoform in skeletal muscle. Thereby, CaMKII is suggested to 
act as a stimulation-frequency decoder, being sensitive to different types 
of contractions based on the amplitude and frequency of calcium tran-
sients. This can result in different signalling transduction patterns [12]. 
p38 mitogen-activated protein kinase (p38MAPK) can stimulate up-
stream transcription factors of the PGC-1α gene. Constitutive activation 
of p38 MAPK increases markers of mitochondrial adaptation in skeletal 
muscle.

Egan et al. [31] compared the effects of two isocaloric (1674 kJ) 
bouts of continuous cycling performed at either 40 % or 80 % of 
peak oxygen consumption (VO2peak) on skeletal muscle signalling. 

PGC-1α mRNA increased 3.8-fold after low-intensity exercise, 
whereas it increased 10.2-fold after HIT. This generally supports an 
intensity-dependent regulation of PGC-1α expression. Also, Di Do-
nato et al. [32] were able to show that mitochondrial protein syn-
thesis was significantly greater after a more intense (30 min at 60 % 
Wmax) compared to a work-matched low exercise trial (60 min at 
30 % Wmax).

Besides the intensity itself, the interval character (on-off-pat-
tern of HIT or SIT) might be important too. The comparison of two 
work matched protocols ([~317 kJ] a continuous [30-min] and an 
intermittent exercise [30 × 1-min intervals separated by 1-min of 
recovery] at 70 % of VO2peak) revealed that AMPK, CaMKII, and 
p38-MAPK phosphorylation was greater when the session of the 
moderate-intensity exercise was divided into 1 min intervals, inter-
spersed with rest, compared to when it was performed as a contin-
uous 30 min session [33]. However, some studies failed to demon-
strate acute differences between intermittent and continuous ex-
ercise. Two different running protocols (HIT: 6 × 3-min at 90 % 
VO2max interspersed with 3-min recovery periods at 50 % VO2max 
vs. HVT: 50-min continuous running at 70 % VO2max) matched for 
average intensity, duration, and distance induced similar activa-
tion p38MAPK and PGC-1 mRNA transcription [34]. Also, four 
30 sec Wingate tests interspersed with 4 min of rest (SIT) or a bout 
of continuous exercise that was matched for total work (67  ±  7 kJ) 
elicited similar increases in AMPK and p38 MAPK, as well as PGC-1 
α mRNA expression [35]. However, despite similar acute signalling 
responses to the continuous and SIT protocols, continuous train-
ing did not increase the maximal activity or protein content of sev-
eral mitochondrial markers.

Despite the mentioned and other reported increases in PGC-1α 
mRNA expression after SIT [36], protein content often remained 
unchanged. These same findings were also shown for HVT lasting 
either 1 h [37] or 3 h [38]. Concerning the PGC-1α protein, several 
other changes have been described. The study of Burgomaster et 
al. 2008 [39] suggests that more than one bout of SIT (6 weeks;  
18 sessions) is necessary to increase PGC-1α protein content. How-
ever, after a reduced number of sessions (2 weeks; 6 sessions; 
8–12 × 60-sec intervals at ̴ 100 % of peak power output elicited dur-
ing a ramp VO2peak test), total PGC-1α protein content remained 
unchanged. Though, the nuclear abundance of PGC-1α was ̴25 % 
higher after training [40], suggesting a rapid upregulation of mi-
tochondrial gene transcription without the need for increases in 
PGC-1α total protein content. Burgomaster et al. also suggested 
that an increase in nuclear PGC-1α may be a more dominant mech-
anism of regulation in the trained state when PGC-1α total protein 
is already upregulated [39].

Another factor that generally has to be considered is the involve-
ment of muscle mass or the recruitment of different muscle fibre 
types. Their recruitment during exercise depends on both intensi-
ty and duration: type I fibres are mainly recruited at low-intensity 
exercise ( < 40 % of VO2peak) while increasing intensity leads to 
greater type II fibre recruitment [12]. When muscles are stimulat-
ed at physiological frequencies, intracellular Ca2 + concentration 
reaches 100–300 nM in slow-twitch (type I) fibres but may reach 
concentrations that are 10-fold higher (1–2 μM) in fast-twitch fibres 
[41]. Additionally, the increase in recruitment, which corresponds 
to the increase in the exercise intensity, leads to a progressive ac-
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cumulation of various metabolites (e. g., ADP) and the develop-
ment of fatigue in a working muscle. This might be one reason why 
AMPK and CaMKII are more activated after HIT/SIT involving more 
type II fibres. Indeed, skeletal muscle AMPK phosphorylation and 
AMPK expression are fibre type-specific in humans in the basal 
state, as well as during exercise [42].

Phosphorylation of AMPK α 1/2 Thr172 and several specific 
AMPK targets in type II fibres were more pronounced after HIT 
(6 × 1.5 min, 95 % VО2max  + 2.5 min, 40 % VО2max), while in type 
I fibres, these parameters changed to the same extent after both 
HIT and HVT (30 min, 69 % VО2max) [43]. Consequently, PGC-1 ex-
pression was 2.2-and 6-fold greater in type IIa than in type I and IIx 
fibres after 6 weeks of interval training consisting of 5 to 6 intervals 
of 1–3 min at 70–80 % of VO2peak [44].

Heart and blood-vessels
Improvement of the cardiovascular system to enhance the physi-
cal performance capacity by HIT is not limited to elite and recrea-
tional sports. HIT is also known to improve the performance and 
health of organs and tissues, including the cardiovascular system, 
in terms of preventive health and rehabilitation. Further, HIT exerts 
its beneficial effects mainly by high metabolic and mechanic per-
turbations and subsequent hormonal and neuronal deflection via 
different molecular mechanisms targeting the heart and vessels to 
change function and structure as shown in human and animal mod-
els (▶Fig. 2). Therefore, molecular and cellular mechanisms are 
described leading to acute and chronic adaptation of the heart and 
the vascular system.

HIT has been shown to improve cardiac function and structure 
through activation of Ca2 + /CaMKII, leading to hyperphosphoryla-
tion of phospholamban [45] with subsequent activation of SER-
CA2a. In conjunction with an increased expression of the Na + /
Ca2 + exchanger [46], this leads to improved Ca2 + cycling and final-
ly to better cardiomyocyte contractility. Ca2 + handling can also be 
restored to normal levels as a result of raised transverse tubule (T-
tubule) density, sarcoplasmic reticulum synchrony of Ca2 + release, 
and sarcoplasmic reticulum Ca2 + -ATPase (SERCA2a; Ca2 + transport-
er) activity [47].

Physiological hypertrophy of the heart can be induced by the 
phosphoinositol-3 kinase/Akt/ mammalian target of rapamycin 
(mTOR) signal transduction pathway that leads to higher riboso-
mal biogenesis and protein synthesis [48]. HIT can also induce car-
diac hypertrophy by alteration of autophagy-related gene expres-
sion such as LC3 and p62, mTOR [49]. HIT can also increase cardio-
protection and decrease heart injuries through the increase in 
G-CSF, G-CSFR, and C-kit levels which are known as stem cell re-
cruitment factors [50]. HIT improved cardiac function and levels of 
stem cell and cardiomyocyte markers, and reduced infarct size. The 
levels of stem cell regulating factors such as GATA4, Nkx2.5, and 
c-Kit, Sca-1, and CITED4 were significantly increased by a different 
kind of exercise, while the expression of the stem cell silencing fac-
tor C/EBPβ is reduced in the rat exercise postinfarction model. The 
effect is more pronounced by HIT [51].

Furthermore, incremental changes in the NO-, NO3
−, NO2

− axis 
may be one of the mechanisms through which a HIT program can 
contribute to myocardial protection and decrease myocardial in-
farct size after ischemia/reperfusion injury [52]. Although HIT is 

also able to reverse cardiac remodelling in the diabetic heart, it 
seems unable to restore the nitroso-redox imbalance imposed and 
observed in this condition [53].

In the vascular system, the effect of HIT can be explained by in-
tracellular and extracellular/systemic signalling leading to commu-
nication in and between tissue and organ. Besides other molecular 
factors, miRNAs and microparticles have the potential to spread 
molecular signalling throughout the body via the vascular system. 
miRNAs (such as microRNAs −16, −21, and −126) attenuate en-
dothelial inflammation and may mediate vascular-protective ef-
fects of physical exercise including HIT [54, 55]. HIT leads also to 
decreased endothelial microparticles (EMP) in the blood and pro-
motes a phosphatidylserine-dependent uptake of EMP into target 
endothelial cells, which is associated with the protection of target 
cells against apoptosis. The EMPs are carriers of various molecules, 
such as growth factors and miRNA, which show their biological rel-
evance as signal transducers [56].

Most of the effects of exercise on the vascular endothelium are 
mediated by intermittent increases of laminar shear stress. On the 
luminal side of the endothelial cells, direct signalling can occur 
through deformation of VEGF receptor 2 (VEGFR2) or platelet en-
dothelial cell adhesion molecule 1 (PECAM1) activating phosphati-
dylinositol 3-kinase (PI3K) to phosphorylate Akt (PKB) and induce 
Akt mediated endothelial NO synthase (eNOS) phosphorylation, 
leading to higher NO production. PDK, phosphoinositide-depend-
ent kinase [57]. The shear stress-mediated regulation of endothe-
lial cells is dependent on endothelial glycocalyx. Therefore, it seems 
interesting that 4 weeks of HIT induces a structural alteration of 
the microvascular glycocalyx. It has been demonstrated that mi-
crovascular glycocalyx thickness is dependent on physical perfor-
mance level and glycocalyx thickness increased with the improve-
ment in exercise capacity after HIT. The increase in glycocalyx thick-
ness was predicted by an acute elevation of miRNA-143 levels [58]. 
In an animal model, it was shown that mechanisms altering en-
dothelial function such as increased expression of MMP2 and 9 as 
well as increased protein modification by advanced glycosylation 
end products (AGE) can be counterbalanced by HIT [59].

A further structural effect of HIT is related to the microvascular 
system. HIT can increase the capillary density by an increase of en-
dothelial proliferation in a VEGF and bFGF independent manner in 
skeletal muscle [20]. The improvement of capillarization could be 
explained by the stimulation of other pro-angiogenic factors (such 
as SDF-1 and MMPs) that enhances the mobilisation/functionality 
of endothelial progenitor cells. Furthermore, the vascular resist-
ance against hypoxia can be increased by that way, as well as the 
depressed shedding of vascular endothelial cells induced by HIT 
[60]. HIT increases circulating endothelial progenitor cells (EPC), 
promotes the migration and tube formation of EPCs, diminishes 
the shedding of endothelial cells, and elevates plasma nitrite plus 
nitrate, stromal cell-derived factor-1, MMP-9, and vascular en-
dothelial growth factor-A concentrations enhancing EPC function-
ality and suppressing endothelial injury [60]. Altogether, HIT in-
duces several functional and structural alterations involved in the 
maintenance of the cardiovascular system by intracellular signal-
ling and extracellular molecular carrier allowing communication in 
the whole vascular system and the related tissue and organs.
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Immune system
An active lifestyle that includes regular exercise is supposed to reduce the 
risk of non-communicable inflammatory diseases by enhancing the func-
tion of the immune system and by gradually reestablishing immune ho-
meostasis [61, 62]. Similar effects account for exercise-induced health 
benefits in several disease populations. HIT represents an exercise regi-
men that is increasingly investigated over the last decade in both innate 
and adaptive immune cell subsets. In this regard, training intensity seems 
to have a selective effect on T cell subset apoptosis and mobilization into 
circulation. Krüger et al. [63] observed a greater mobilization and apop-
totic response in highly differentiated T cells of healthy untrained males 
immediately after HIT exercise, whereas moderate continuous training 
(here referred to as HVT) at 70 %VO2max mainly affected apoptosis in low 
differentiated T cells, including regulatory CD4 +  regulatory T cells, in the 
recovery period (3 h post-exercise). The authors suggest that the subset-
specific pattern of T cell mobilization and apoptosis might influence in-
fection immunology and the inflammatory response. Recently, Wadley 
et al. [64] showed that both acute HIT (10 × 4-min intervals at 85 %VO2max, 
2 min rest between intervals) and HVT (60 %VO2max) are able to increase 
the number of circulating programmed cell death receptors (PD-1)-pos-
itive CD8 + T cells immediately after exercise. PD-1 is a membrane-bound 
receptor that functions as an immune checkpoint to reduce cell-mediat-
ed immunity by increasing apoptosis of antigen-experienced effector T 
cells [65]. Interestingly, only HIT increased the cell count of PD-1 + central 
memory CD8 + T cells. Although representing only a small component of 
the exercise-induced lymphocytosis, the authors suggest that the HIT-
induced increase of this PD-1 + CD8 + T cell subset may be a homeostatic 
(anti-inflammatory) mechanism to limit T cell receptor activation, differ-
entiation, and redistribution after exercise. Another recent study revealed 
a decrease in the mean fluorescence intensity of surface PD-1 in the over-
all CD8 + T cell subset 1 h after HVT at 60 % peak power output [66]. De-
spite differences in sample size, the time point of significance, and the 
level of cell phenotyping, an intensity-dependent effect can be assumed 
but needs further validation.

It is suggested that a beneficial effect of exercise on the cellular 
level is linked to an upregulation of antioxidants and damage repair 
enzymes in response to an exercise-induced increase in oxidative 
stress and consecutive damage of intracellular lipid and protein 
molecules [67] (▶Fig. 2). It is supposed that these cellular altera-
tions are intensity-dependent. If the homeostatic perturbation is 
above-threshold, exercise may induce apoptosis in subsets of both 
the innate and adaptive immune system through diverse pathways 
(e. g., increase in FasR expression and cytosolic cytochrome c level, 
decrease in the mitochondrial membrane potential (ΔΨm) and B-
cell lymphoma 2 (Bcl-2) level, lipid peroxidation) [68]. How these 
pathways, which determine cell fate, are linked to redox signalling 
is currently a hot topic in the field of immunometabolism [69]. By 
investigating the effect of HIT (4 × 30-sec sprints, 4 min rest be-
tween intervals) and HVT (70 %VO2max) on leukocytosis and redox 
status in plasma [70], it was shown that HIT led to a significant in-
crease in leukocytes, protein carbonyls, and total antioxidant ca-
pacity immediately post-exercise compared to HVT. To reveal 
changes on the cellular level, Fisher et al. [71] examined the effect 
of three HIT sessions, each separated by 48 h, on antioxidant en-
zyme (i. e., superoxide dismutase, catalase, glutathione peroxidase) 
gene expression and activity in the lymphocyte compartment. Al-
though no differences in antioxidant gene expression were ob-

served at any time point both within (pre, post, 3 h post, 24 h post) 
and between days (day one to three), the activity of superoxide dis-
mutase (all training days), catalase (day one and two) and glu-
tathione peroxidase (day one and three) were significantly in-
creased immediately post-exercise. This suggests an exercise-in-
duced disturbance in cellular redox status which may persist for 
some time, as the lymphocyte viability (assessed by in vitro H2O2 
exposure) was decreased at 3 h post-exercise compared to viabil-
ity levels at pre and 24 h post-exercise. Importantly, an adaption to 
exercise-induced oxidative stress on the cellular level can be as-
sumed as lymphocyte viability at 3 h post-exercise increased on 
days two and three compared to day one.

Considering alterations of gene products and functional capac-
ity in neutrophils as the most abundant cell type of the human im-
mune system (50–70 % of all leukocytes) in response to HIT, Ottone 
et al. [72] identified increased levels of both superoxide dismutase 
and reduced glutathione as potent antioxidative molecules 24 h 
after a HIT session. Furthermore, functional analysis revealed en-
hanced function (phagocytic activity, generation of reactive spe-
cies) at 24 h post-exercise. Similar results were yielded when 
healthy adults conducted HIT (15 to 60-sec intervals at > 90 % 
HRmax, 45 – 120-sec rest between intervals [for 18–20 min]) or HVT 
(70 %HRmax) thrice weekly over ten weeks [73]. In addition to an in-
creased phagocytic capacity, neutrophils showed an enhanced ox-
idative burst (NADPH-oxidase dependent reactive oxygen species 
generation) when co-cultured with Escherichia coli. The same ob-
servations were made in monocytes that represent another impor-
tant cellular compartment of the innate immune system. Interest-
ingly, both exercise regimes altered monocyte, but not neutrophil, 
expression of key functional surface receptors (i. e., TLR4, TLR2, 
and CD16) which suggests that the increased functional capacity 
of neutrophils is a consequence of altered intracellular signalling. 
Of note, a single HIT session was enough to decrease TLR2 expres-
sion on classical and CD16 + monocytes, but not neutrophils, in di-
abetic and healthy adults [74], thereby potentially suppressing in-
flammatory signalling. No effect was seen in TLR4 expression in any 
cell population which suggests that, at least for monocytes, repet-
itive exercise is necessary to decrease TLR4 levels. This is support-
ed by Robinson et al. [75] who showed that ten sessions of HIT over 
two weeks decreased the expression of TLR4 in monocytes of pre-
diabetic people. However, no reductions were observed for TLR2 
expression, whereas a decrease of both TLR2 and TLR4 was shown 
in lymphocytes. Differences in the staining strategy need to be 
taken into account when interpreting results (see ▶table 1).

Recent findings show significant reductions of the neutrophil-to-
lymphocyte ratio (NLR) after three weeks of HIT compared to HVT in 
multiple sclerosis patients [76]. Another study in elite athletes showed 
that HIT (4 × 4 min at 90–95 % PPO) and SIT (4 × 30 sec all-out) in-
creased both the NLR and neutrophil counts three hours post-exer-
cise, with higher deltas being evident for the NLR in the SIT group [77]. 
These findings indicate an intensity-dependent and cohort-independ-
ent effect of exercise on neutrophils which needs to be further eluci-
dated by methods measuring intracellular signalling.

Although there is an increasing appreciation for HIT as an effec-
tive exercise regime to beneficially affect the immune system, a 
sufficient amount of data is lacking to draw clear conclusions about 
cellular alterations in response to HIT (▶Fig. 2). To serve the huge 
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heterogeneity and phenotypic complexity within each immune cell 
subset, in-depth analyses that consider precise phenotyping, cel-
lular metabolism, and cell signalling, also to the DNA level, are high-
ly recommended. Functional assays should be included wherever 
possible to determine clinically relevant changes. This is particu-
larly important when it comes to optimising exercise interventions 
in a disease context-dependent manner where specific immune 
subsets play major roles (i. e., NK cells and CD8 + T cells in cancer or 
regulatory CD4 + T cells in autoimmunity).

Summary and Concluding Remarks
Studies have shown that exercise intensity is an important stimulus. 
The manipulation of exercise variables, in this case, the intensity with-
in interval training, changes the demands, stimuli and homeostatic 
perturbations induced, and affects the acute and chronic molecular 
response. Therefore, the mode of interval training should be carefully 
planned according to the main goal of the training session or the  
exercise intervention.

This requires exact quantification of the external training load, 
as well as quantification of the internal training load, in the short 
and long term. The aim to screen adaptational processes might re-
quire the combined investigation of intercellular (systemic) and in-
tracellular signalling events between or in well-known affected tis-
sues such as the muscle, the heart, or the different components of 
the immune system. A major challenge for future studies will be to 
gain a more profound knowledge of training interventions, the 
metabolic, mechanical, hormonal and neuronal stimuli induced, 
the subsequent local and systemic signalling and their effects on 
the adaptive cellular response in skeletal muscle, vascular system 
and heart. Considering the immune system, it is important to in-
crease the knowledge of intensity-dependent metabolic and func-
tional changes in adaptive and innate immune cells, respectively. 

Although disturbances in both compartments are linked to physi-
cal inactivity (i. e., main drivers of chronic inflammatory diseases), 
there is a lack of sufficient HIT-based data from humans studies to 
conclude a “re-establishment” of immune homeostasis on the tis-
sue and systemic level [78]. Therefore, the implementation of HIT/
SIT into the daily training process or the general periodization is an 
important question.

In addition to the aspects discussed in this review regarding the 
molecular signature of HIT and SIT, redox biology is increasingly 
recognized as an indispensable variable involved in a variety of 
stress and adaptation responses in different cell types, and thus di-
rectly associated with “healthy” and “diseased” states [69, 79, 80]. 
Since HIT induces significant metabolic, mechanical, and hormo-
nal homeostatic perturbations in various tissues, exercise-induced 
(intracellular) redox reactions and associated signalling may be of 
major interest when investigating tissue-specific exercise respons-
es and adaptations. However, literature on HIT/SIT-induced chang-
es in redox signalling is increasing but still sparse [81, 82], thereby 
underscoring the need to put research in redox biology into the 
spotlight in the next years.

Main Findings
 ▪ Any exercise carried out is characterised by a specific blend of 

stimuli and resulting homeostatic perturbations.
 ▪ AMPK activity and PGC-1α expression increase in response to 

cellular energy demand or exercise intensity, respectively.
 ▪ The increased recruitment of type II fibres, as a result of 

increasing exercise intensity, could be one reason why AMPK 
and CaMKII are more activated after HIT/SIT.

 ▪ HIT induces distinct metabolic and mechanical as well as 
hormonal and neuronal perturbations resulting in functional 
and structural adaptations of heart and vessel.

▶table 1 Differential expression of pattern recognition receptors on immune cells after High-intensity training.

Author HIIt Protocol Population cell type & Staining Prr

Bartlett 
2017 [73]

Chronic exercise (10 weeks, 3x/
week), cycling, 18–25 min HIIT with 
bouts of 15–60 sec at 90 % HRmax

healthy inactive 
subjects, 43 ± 11 yrs

CD16 + Neutrophils
Monocytes
Classical (CD14 + CD16-)
Intermediate (CD14 + CD16int)
Non-classical (CD14 + CD16bright)

TLR2 ↔ TLR4 ↔

TLR2 ↔ TLR4 ↔
TLR2 ↓ TLR4 ↔
TLR2 ↔ TLR4 ↓

Bartlett 
2018 [83]

Chronic exercise (10 weeks, 3x/
week), treadmill, 30 min HIIT with 
bouts of 60–90 sec at a HR 
corresponding to 80–90 % of VO2 
reserve

inactive subjects, RA, 
64 ± 7 yrs

CD16 + Neutrophils
Monocytes
Classical (CD14brightCD16-)
Intermediate (CD14brightCD16 + )
Non-classical (CD14dimCD16bright)

TLR4 ↔

TLR2 ↔ TLR4 ↔
TLR2 ↓ TLR4 ↓
TLR2 ↔ TLR4 ↔

Robinson 
2015 [75]

Chronic exercise (2 weeks, 10 
progressive sessions), cycling,  
4–10 × 60sec at 85–90 % Wpeak

Prediabetic inactive 
subjects, 52 ± 10 yrs

CD15 + Neutrophils
CD14 + Monocytes
Lymphocytes

TLR2 ↔ TLR4 ↓
TLR2 ↔ TLR4 ↓
TLR2 ↓ TLR4 ↓

Durrer 
2017 [74]

Acute exercise, cycling, 7 × 60 sec at 
85 % peak power output

T2D + healthy 
controls, > 50 yrs

CD16 + Neutrophils
Monocytes
Classical (CD14 + CD16-)
Non-classical (CD14 + CD16 + )

TLR2 ↔ TLR4 ↔

TLR2 ↓ TLR4 ↔
TLR2 ↓ TLR4 ↔
All changes account for 
immediately post and 1 h 
post

HR(max): (maximal) Heart rate; PRR: Pattern Recognition Receptors; RA: Rheumatoid arthritis; TLR: Toll-like receptor; T2D: Type 2 Diabetes mellitus; 
yrs: years.
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 ▪ Different local and systemic sensors/mediators are involved in 
cellular, subcellular and extracellular modulation of the heart 
and vessels.

 ▪ Molecular signalling and cellular responses following HIT are 
largely unknown in components of the innate and adaptive 
immune system.

 ▪ The main question to be answered: How do acute HIT-induced 
changes in the molecular landscape of immune cells affect 
their phenotype and functionality in the long term?
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