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Abstract. Mechanisms of increased erythropoietin levels during physical exercise: a systematic review. Putra D.P.,
Utami D.A., Sundari L.P.R.,Arohman A.S.B. Erythropoietin levels rising during exercise is a significant physiological
reaction that helps the body adjust to higher oxygen demands. By triggering biochemical pathways sensitive to variations
in oxygen levels, physical activity, especially at high intensities or in hypoxic environments, might increase the production
of erythropoietin. This adaptive response enhances erythropoiesis, thus improving oxygen transport capacity to meet the
increased metabolic demands during exercise. Furthermore, elucidating the molecular pathways responsible for exercise-
induced erythropoietin production may provide valuable insights for optimizing exercise interventions in both athletic
and clinical settings. The association between exercise and elevated erythropoietin has been studied extensively, but the
underlying molecular mechanisms are still unknown. The aim of this study was to determine the effect of physical exercise
on human erythropoietin levels. We reviewed several literature databases, including Scopus, PubMed, Web of Science,
and Science Direct, for our systematic review investigation. The search was conducted for articles published between
2015 and 2025 that discussed physical exercise and erythropoietin. Using the Scopus, Web of Science, PubMed, and
Science Direct databases, 704 published publications were identified. For this systematic review, ten papers meeting the
inclusion criteria were selected and reviewed. This study evaluated standard operating procedures using the preferred
reporting items for systematic reviews and meta-analyses criteria. Based on 10 reviewed papers, it has been shown that
physical exercise can significantly increase erythropoietin levels. Erythropoietin levels have been demonstrated to rise
with physical activity. This rise is a natural reaction to physical activity, especially when there is hypoxia. The body's
adaptive reaction to the elevated oxygen requirement is this rise. Exercise therefore contributes to the formation of red
blood cells and the expansion of oxygen transport capacity.

Pedepar. MexaHi3Mu NmigBHIIEHHSI PiBHSA ePUTPONOETHHY Wi 4Yac (isMYHHX BHpPaB: CHCTEMATHYHHN OIJIsAI.
Mytpa A.I1., YTami J.A., Cynnapi JLIL.P., Apoxman A.C.B. [Tiosuwenns pigus epumponoemuny nio uac QizuuHux
HABAHMAIICEHb € BANCAUBOIO (Di3I0N02IUHOI0 peaKyiero, AKa O00NOMA2A€ OP2aHI3MYy adanmysamucs 00 NiO8UUeHOT
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TEPAIIIA TA PEABIVIITALIIA

nompebu 6 kucni. Illnsaxom axmueayii GioXiMIYHUX WIISAXIE, YYMAUGUX 00 KOJIUBAHb PIGHS KUCHIO, QIi3UUHA AKMUGHICTb —
0COOIUBO BUCOKOI THMEHCUBHOCMT a0 8 YMOBAX 2INOKCII — MOdIce CmuMymiosamu supooienns epumponoemuny. L
aoanmuena 8i0n0Gidb NOCUNIOE epUmponoes, NOKpawylouy mum CaMuM 30amHICMb MPAHCHOPMYBAHHA KUCHIO O/A
3a0e3neuennss nioguwyenux memadboniunux nompe6d nio uac mpenyganv. OKpiM Mmoo, 3'ACY8aHHS MONEKVIAPHUX
MexXarnizmig, GION0BIOAIbHUX 3a THOYKOBAHE QIZUUHUMU HABAHMANCEHHAMU BUPODIICHHS epUMPONOEMUHY, MOJCe HA0amu
YiHHI OaHi 01151 ONMUMI3AYT] MPEHYBATbHUX NPOSPAM AK Y CROPMUBHIN, MAK i 8 KIIHIUHIl npakmuyi. B3aemo3s'a30k midxc
QizuunumMu enpasamu ma NIOGUWEHUM DIGHEM epUmponoemuny O0CIIONCY8ABC OOCUMb WUPOKO, NPONme OCHOBHI
MOAEKYIAPHL Mexanizmu 1 00Ci 3anumaromocs Hegioomumu. Memoio yb02o 00cCniodncents: 6YI0 GUIHAYUMU GNIUG
Qizuunux enpas Ha pieeHb epUMpOnOemuny 8 T0OuHU. /s RpOBeden s CUCIEMAMUYH020 0210y MU 30IUCHUIU NOULYK
¥ KinbKox aimepamypuux 6asax oanux, 30kpema Scopus, PubMed, Web of Science ma Science Direct. I[lowyk oxonnoeas
cmammi, onybnikosaui 6 nepiod 3 2015 0o 2025 poky, y aAxux poseasioanucsa Qizuyni enpasu ma epumponoemut. 3a
donomoezoio bas oanux Scopus, Web of Science, PubMed i Science Direct 6yno 3uatioeno 704 onybnikosani npayi. /[ns yvbo2o
cucmemamuyHozo 0250y 6y1o 8i0iOParo ma NPOAHaNi308aHo 0ecsimy cmamell, sIKi 6i0N0GIOANU KPUMePisM GKIIOUeHHS. Y
YboMy 0OCTIONCEHHI CMAHOAPMHI Onepayitiii npoyedypu oyinioeanucs 32iono 3 kpumepismu PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses). Ha ocnoei 10 npoananizosanux cmameii 6y10 008e0eHo, wjo Qizuuni
enpasu 30ammui Cymmeso niosuugyeamu pigeHv epumponoemuny. Pieenv epumponoemuny 0emMOoHCMpYe meHOeHyilo 00
3DOCMAHHA 6HACTIOOK (hizuunoi akmusHocmi. Lle 3pocmanuss € npupoOHO pearyicro Ha (Pi3uuHe HABAHMAIICEHHS,
0cobauso 3a ymos 2inokcii. I1o0ibne nidguweHHs € a0anMuBHO Peakyiero OpeaHismy Ha nioguujery nompedy 8 KUCHI.

Omoice, hisuuni 6npagu cnpuaioms YmeopeHHio epumpoyumis ma po3uupertio 30ammuocmi mpancnopmyeaHHs KUCHIO.

Because altitude enables physiological adaptation,
athletes frequently engage in physical training there
to enhance their physical performance [1]. When
oxygen levels fall below average, it's called hypoxia.
This condition has drawn attention due to its possible
positive physiological consequences and is frequently
employed as a means of enhancing physical perfor-
mance [2]. Long-term exposure to hypoxia, which
frequently occurs when arterial oxygen saturation
drops below 90%, triggers a variety of physiological
responses and adaptations that enhance exercise
performance [3]. Over decades of scientific study and
athletic practice, numerous strategies for training at
high altitudes and hypoxia have been devised.

One of the primary physiological benefits of
training in hypoxic environments is an increase in
hemoglobin and red blood cell concentration, which
is crucial for transferring oxygen from the lungs to the
tissues and has a significant influence on enhancing
aerobic performance [4]. During exercise, oxygen is
transferred from the lung to the muscles via the
binding of hemoglobin, an iron-containing protein
found in red blood cells [5]. Consequently, hemo-
globin mass has a strong association with maximum
oxygen consumption and is a valid indicator of blood
oxygen-carrying ability [6]. Previous studies have
demonstrated that the distinct hypoxic environment at
specific altitudes and training load intensities will
cause the body to experience a "double" hypoxic
stimulation [7]. Erythropoietin (EPO) is one of the
vital and advantageous hormones in this system [8].

The vital function of EPO, an evolutionarily
conserved hormone mostly produced in the kidney, in
erythropoiesis has been well-documented [9]. EPO is
a member of the type 1 cytokine superfamily and
consists of four a helices formed by 165 amino acids
[10]. Because of its high glycosylation rate, EPO
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generated by kidneys has a plasma half-life of 5-
6 hours in humans. The renal tubules' interstitial cells
sense relative hypoxia when the red blood cell count
falls, and they use a traditional endocrine pathway to
release EPO into the bloodstream [9]. Following its
migration to the bone marrow, EPO stimulates
erythropoiesis via binding to the homodimeric EPO
receptor (EPOR) 2 on erythroid progenitors. Small
levels of EPO in human serum, controlled by a
traditional negative feedback loop, can preserve
erythropoiesis homeostasis because of the high
affinity of (EPOR) 2 [11].

Many investigations conducted in the last few
years have demonstrated that EPO has effects that go
far beyond erythropoiesis. EPO has a crucial function
in tissue protection and repair at the border sur-
rounding the injury site, where it is produced by
numerous tissues under hypoxic, traumatic, or in-
flammatory conditions [9]. This impact was pre-
viously thought to be mediated by reduced apoptosis
and suppression of proinflammatory cytokines [12].
Furthermore, previous studies have verified and
demonstrated that physical activity or sports training
has been found to increase erythropoietin (EPO) in
athletes [13]. The exact chemical mechanisms at play,
however, are still up for debate and need more
research. Thus, the purpose of this study was to as-
certain how exercise raised EPO levels and what that
meant for people, specifically in terms of enhancing
physical performance and ability.

MATERIALS AND METHODS OF RESEARCH

The design of this study was a systematic review
conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
PRISMA 2020 guidelines. The literature search was
performed using four electronic databases: PubMed,
ScienceDirect, Web of Science, and Scopus. These
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databases were selected because they provide com-
prehensive coverage of peer-reviewed publications in
the fields of exercise physiology, sports medicine,
hematology, and biomedical sciences.

A predefined search strategy was applied across
all databases to identify relevant studies investigating
the effects of physical exercise on erythropoietin
levels in humans. Duplicate records were removed
before the screening process using reference mana-
gement software. Subsequently, all retrieved articles
were screened independently based on predefined
inclusion and exclusion criteria, and eligible studies
were selected for qualitative synthesis. The study
selection process followed the PRISMA 2020 flow
diagram to ensure transparency and reproducibility
throughout the review process.

The inclusion criteria for this study were created
considering papers published from 2015 to 2025 that
discussed the effects of physical activity on erythro-
poietin. Furthermore, our analysis did not include
publications that did not meet the standards for scien-
tific validity or that were not included in reputable
search indexes such as Scopus, Web of Science,
Pubmed, or Science Direct.

Following preliminary review and approval, each
paper's complete text, abstract, and title were added

to the Mendeley database. Using the Scopus, Science
Direct, Pubmed, and Web of Science databases,
704 papers were located in the first phase. 227 eligible
papers were chosen for the second screening stage
following the title appropriateness screening. 122 pa-
pers were chosen for the third round after the title,
abstract, and keywords were examined. Each pub-
lication was examined, and we concluded that it satis-
fied the inclusion criteria, which were as follows: the
study had to be unique, the parameter had to be an
erythropoietin biomarker, the intervention had to be
any kind of physical activity, and the sample had to be
human. At this stage, we arranged the things according
to their general appropriateness. Following a rigorous
review and scrutiny procedure, ten papers that satisfied
the inclusion criteria were chosen for study. Following
the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) (Fig.) standards was
one of the study's operational requirements. Further-
more, every publication complies with the Declaration
of Helsinki and research standards.

Ethical approval was not required for this study
because it is a literature review based exclusively on
previously published data and does not involve
human participants, animals, biological specimens, or
identifiable personal data.

[ Identification of studies via databases and registers ]

Records removed before screening:
Duplicate records removed (n = 342)
Records removed for other reasons (n = 135)

Delete irrelevant literature after
reading the title abstract and key
words

(n =105)

Reports excluded:
Non-Empirical Research Articles (n =34)
Non-Mesure of Erythropoietin (n =21)
Non-Physical Exercise Interventions (n =27)
Non-Non-Human Samples (n =30)

g Records identified from
s Databases (n = 704)
3] Scopus (n = 122) >
£ Pubmed (n = 166) >
& Web of Science (n = 195)
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PRISMA flow chart of the article selection process
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RESULTS AND DISCUSSION

Summary of the design and intervention of the studies

Author Participants

Design Participants Age Intervention

Outcome

(Montero et
al., 2017) [14]

Randomized
controlled
trials

9 healthy,
previously
untrained
young
individuals

18-35 years Exercise Program

Over the course of eight weeks,
each person participates
in 25 60-minute sessions of
supervised bicycle ergometry
(Monark E839) in our lab. During
this time, people are trained three
to four times a week, depending on
their schedule

(Riberio et al.,
2017)
[15]

Randomized
controlled
trials

38 research
participants

20 years Exercise Program

Weight training sessions included
three sets of 12 repetitions and
were conducted at an intensity of
60%, 70%, or 80% of the 1-RM.
Each training session lasts roughly
30 minutes, with a one-minute
break between sets.

Every training session was held in
the morning, from 8:30
to 11:00 AM

(Dziembowska,
Bukowski et
al., 2021) [16]

Randomized
controlled
trials

39 athletes 22-23 years Exercise Program

5120.00 (3100.00-6300.00) for
athletes undergoing physical
training Physical activity is
measured in MET X min/week.
Athletes engage in high levels
of physical exercise
in the early season

(Azadan et al.,
2021)
[17]

Randomized
controlled
trials

15
participants

31 years Exercise Program

14 participants
in a different group underwent
three 30-minute high-intensity
cycling sessions following the
administration of either
a placebo, the non-preferential 1
+ B2 antagonist nadolol,
or the pl-adrenergic receptor (AR)
antagonist bisoprolol

(Yatsutani et
al., 2020)
(18]

Randomized
controlled
trials

12 healthy
males
cycled

21 years Exercise Program

For 60 minutes, participants
engaged in heat and hypoxia
(H+H; fraction of inspired oxygen
or FiO2: 14.5%, 32°C), hypoxia
(HYP; FiO2: 14.5%, 23°C), and
normoxia (NOR; FiO2: 20.9%,
23°C) exercise at a constant
workload (60% of their power
output relative to their maximal
oxygen intake in each conditions)

(Weng et al.,
2021)
[19]

Randomized
controlled
trials

6 swimmers 20 years Exercise Program

Every week, swimmers train for
ten sessions. Land training, which
consists of squats, running, bench

presses, pull-ups, and other
exercises, is done two to three times
a week for an hour each. There are
other types of in-water training,
including elastic band training,
which is done twice a week for
thirty minutes each session

Following a physical activity
intervention, EPO levels
significantly increased

Following a physical activity
intervention, EPO levels
considerably increased

Following a physical activity
intervention, EPO levels
significantly increased

Following a physical activity
intervention, EPO levels
significantly increased

Following a physical activity
intervention, EPO levels
significantly increased

EPO levels increased significantly
after physical exercise intervention
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Table (continued)

Author

Participants

Design Participants Age

Intervention

Outcome

(Park et al.,
2022)
[20]

(Fernandez-
Lazaro et al.,
2022)

131

(Wang et al.,
2022)
[21]

(Man et al.,
2021)

2]

Randomized
controlled
trials

20 amateur
Korean
female
runners

19-29 years Exercise Program

Based on their body composition
and endurance training
performance, interval training
under normoxic conditions
and hypoxic training groups
were suitable for interval
training under hypobaric
hypoxia conditions
at a simulated altitude of 3000 m.
A 120-minute training session
that included a 20-minute warm-
up, 60-minute interval training,
and a 20-minute cool-down was
completed by all participants.
For six weeks, the training
course was held three days
a week. For twenty minutes,
the warm-up and cool-down
phases were conducted
at 60% of Hrmax

Randomized
controlled
trials

24 male
athletes

25-26 years Exercise Program

To improve performance,
athletes add altitude training to
their regular training regimen.

Intermittent hypoxic exercise
(IHE) in addition to altitude
training for eight weeks

Randomized
controlled
trials

6 male
Cross-
country
skiers
participated

21 years Exercise Program

Including travel time from
the high-altitude camp to the
laboratory, exercise performance
was assessed three days prior
to and four days following the
high-altitude field training.
Following a treadmill and a gas
analyzer (COMED Quark
CPET, Italy), the exercise load
test was conducted following the
Bruce protocol. The incline was
increased by 2% every three
minutes after the initial 1.7 mph
speed and 10% incline. The pace
was then increased from 0.8
to 0.9 mph until the treadmill
speed could no longer be
maintained and the maximum
heart rate exceeded 90% of the

target heart rate (THR)

Randomized 10
controlled
trials

20 years Exercise Program

The athletes trained for the
following three periods: during
the first phase, the participants

trained for 21 days at an altitude
of about 2000 meters
in Piatra Arsa.

The participants in the second
phase followed the same training
regimen by the sea in Mamaia-
Constant (~0 m) on the Black Sea
coast. Lastly, the third training
cycle was held
at an altitude of about
600 meters in Blaj

endurance-
trained
athletes

EPO levels increased significantly
after physical exercise intervention

EPO levels increased significantly
after physical exercise intervention

EPO levels increased significantly
after physical exercise intervention

EPO levels increased significantly
after physical exercise intervention
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The purpose of this study was to determine the
effect of physical exercise on increasing EPO levels.
The results showed that physical exercise significantly
increased EPO levels. This is consistent with a
previous study in which individuals received an ergo-
metry exercise intervention of 25 sessions over
8 weeks, with three to four sessions per week, which
significantly increased EPO levels [14]. According to
additional study, training with three sets of 12 repe-
titions and weight training at intensities of 60%, 70%,
or 80% of one repetition maximum significantly in-
creases EPO levels [15]. Other research conducted on
athletes undergoing early season training at high levels
also showed a significant increase in EPO levels [16].

In a prior study, fourteen individuals completed
three 30-minute high-intensity cycling sessions, and
the results demonstrated a substantial effect on raising
EPO levels [17]. Exercise in hypoxic environments
significantly increases EPO levels, according to other
research findings [18]. According to earlier studies,
swimmers who had completed 10 training sessions
per week in addition to land training performed
squats, runs, bench presses, pull-ups, and other exer-
cises two to three times a week for an hour each.
Twice a week, for 30 minutes each, different types of
in-water training were conducted, including elastic
band exercise. The study's findings demonstrated a
noteworthy influence on rising EPO levels [19].

A 120-minute training program that includes a 20-
minute warm-up, 60 minutes of interval training, and
a 20-minute cool-down has been shown to be
effective when conducted under hypoxic conditions.
In addition, the training course runs for six weeks,
three days a week. The findings demonstrated that
this training had a major effect on EPO levels [20].
According to the findings of another study, athletes
who trained for eight weeks at high altitudes had a
rise in EPO levels, which may have led to an im-
provement in their physical performance [3]. The
results of other studies demonstrate that exercise at
high elevations significantly increases EPO levels
[21]. The altitude at which athletes participated in
study activities for 21 days was also found to have a
substantial effect on raising EPO levels [2]. So, va-
rious studies have clearly proven and shown that
physical exercise has an impact and influence on
increasing EPO levels which will affect athletes' phy-
sical performance and aerobic capacity.

Physiological Mechanisms of Physical Exercise in
Increasing Erythropoietin Levels

To shed light on the beneficial effects of exercise
on EPO levels, it is crucial to talk about and tho-
roughly investigate the molecular mechanisms be-
hind exercise-induced EPO increase. Exercise and
hypoxia are both powerful metabolic stresses. The
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total blood aggregation rate is greatly increased when
these elements are combined. Exercise stimulates the
sympathetic nervous system and the HPA axis [22].
The body will also contract its muscles 100 times faster
than normal [23]. Energy requirements rise sharply and
quickly after this increase in shrinkage [24]. The body
searches for ways to obtain oxygen and distribute it
throughout the body more rapidly and thoroughly
through physiological processes because physical
exertion causes hypoxia, or a lack of oxygen [25]. The
body's hypoxic phase will cause HIF-1a to be ex-
pressed genetically [26]. Furthermore, a steady HIF-1a
component is essential for the activation of down-
stream target genes involved in a number of biological
activities, including angiogenesis, glucose metabo-
lism, cell proliferation, and survival. This is accompli-
shed by attaching to the HRE and then transferring to
the nucleus to create a heterodimer with HIF-1f [27].

Under the control of HIF-1a, hypoxia can increase
EPO secretion [28]. However, proinflammatory fac-
tors as MPO, TNF-q, IL-1, or IL-6 can rise in res-
ponse to acute exercise or severe hypoxia circum-
stances. Hematological adaptability and the EPO
response may be impeded by these situations [29]. A
key component of this reaction is hematologic adap-
tation to extended hypoxia and breathing. The hema-
tologic response is the result of elevated hemoglobin
(Hb) and red blood cell levels caused by enhanced
EPO production by the kidneys [26]. The body will
try to preserve homeostasis while providing energy to
the cells if hypoxia is induced [6]. The body will react
to hypoxia by producing more erythropoietin [6].
Erythropoiesis is triggered by this hormone [30].
Erythrocyte levels will rise as a result of the body
going through this erythropoiesis mechanism [30].
The distribution of oxygen to the cells is increased
when the hemoglobin level rises in tandem with the
erythrocyte level [31].

Together with red blood cells, hemoglobin is
crucial for supplying oxygen to all bodily tissues [32].
The capacity of the heart, lungs, and blood to carry
out physical exercise is significantly impacted by
VO,max [8]. Therefore, improving the blood's capa-
city to bind oxygen can also raise VO,max while
exercising [8]. Increased blood EPO levels speed up
the rate and quantity of colony-forming units (CFU-
E) that differentiate into red blood cells, which in turn
promotes erythropoiesis in the bone marrow. Increa-
sed red blood cell mass has the effect of reducing the
stimulation for the generation of EPO. When there is
a higher demand for oxygen, such as during exercise,
inflammation, or heat, the amount of oxygen in
tissue decreases, a condition known as metabolic
hypoxia [33]. Hypoxia is thought to be the most
significant stimulus for EPO release, and EPO
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mRNA expression is strongly correlated with renal
oxygen concentration [34].

According to recent studies, elite athletes' EPO
concentrations peak after six days of intermittent
hypoxia exposure [35]. Prior research also demon-
strated a connection between erythropoiesis and
muscle mass [36]. The idea that EPO improves
exercise performance by activating EPO receptor
subtypes in non-hematopoietic tissues, such as
skeletal muscle, is supported by certain data [16].
According to recent research, endogenous EPO
regulates skeletal muscle mitochondrial biogenesis
through EPO receptors on myocytes [37]. Nijholt et
al. demonstrated that the absence of EPO receptors in
non-hematopoietic tissues led to decreased myocyte
development and exercise capacity in response to
voluntary exercise in mice, as well as poor mito-
chondrial content in skeletal muscle [37]. Therefore,
it can be hypothesized that the kidneys may not be the
only source of erythropoietin released into the
bloodstream as a result of physical activity; the
working skeletal muscles may also be involved, at
least in the early phases of exercise [37].

Every physical activity session helps to release
androgens, cortisol, and noradrenaline [38], It is a
hormone that promotes the release of EPO, which
increases the bone marrow's erythropoietic activity
[34]. By raising the quantity of EPO receptors, testo-
sterone can potentially have a direct impact on ery-
throblasts [38]. Recent research has also shown that
noradrenaline interacts intricately with the bone
marrow, which explains why the erythropoietic res-
ponse depends on exercise length and intensity as well
as the stress reaction that goes along with it [38, 39].
Review studies reveal that while prolonged and intense
physical exertion (such as ultramarathon running)
temporarily raises EPO levels in both trained and
untrained men, short-term exercise has no discernible
effect on EPO levels [14]. Due to a significant increase
in physical effort relative to the person's typical level
of physical activity, a brief increase in EPO con-
centration seems to have adaptive importance.

Strength and Limitations. This systematic review
has the advantage of focusing solely on randomized

controlled trials, the most trustworthy source of scien-
tific data and removing the potential for ambiguous
cause-and-effect correlations. Additionally, the collec-
ted samples are human-focused, exhibit consistent data,
and aren't mixed with samples from other categories,
such as animal samples.

We acknowledge that this systematic review has
limitations because it only examined the detailed
relationship between exercise and erythropoietin
levels. Although the researchers acknowledge the in-
tricacy of the physiological processes taking place
within the body, their discussion of physiological
reactions and their mechanisms may seem in-depth.
Experimental research is required to investigate other
biomarkers, such as how erythropoietin levels occur
during exercise. Additionally, a thorough analysis of
the differences between high- and low-intensity
exercise is required; Consequently, more research is
advised to address this matter.

CONCLUSIONS

1. According to several related studies we found,
regular exercise has been shown to significantly
increase human erythropoietin levels.

2. Erythropoietin levels during exercise play an
important role in increasing erythropoiesis and impro-
ving physical performance in humans or athletes.
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