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DYNAMICS OF HEPCIDIN, ERYTHROPOIETIN, C-REACTIVE PROTEIN, M) Check for updates
AND ERYTHROPOIESIS MARKERS IN COSMONAUTS DURING THE EARLY
POST FLIGHT PERIOD

Anna V. Serova™, Olga A. Zhuravleva, Alexandr L. Vorontsov, Andrei A. Markin

Institute of Biomedical Problems of the RAS, Moscow, Russia

Introduction. Long-duration space flights are accompanied by significant changes in iron metabolism, characterized by accumulation of fer-
ritin, decreased serum Fe®* and transferrin concentrations, and the development of signs of “space anemia”. Excessive iron deposition can
impair bone and muscle metabolism, weaken immunity, and increase sensitivity to radiation. Serum iron levels are tightly regulated through
modulation of intestinal absorption, macrophage recycling, mobilization of tissue stores, and erythropoiesis, involving key hormones — hep-
cidin and erythropoietin. Understanding the regulatory mechanisms of iron metabolism and erythropoiesis is necessary to develop measures
for anemia prevention in future interplanetary missions.

Objective. Assessment of the dynamics of hepcidin, erythropoietin (EPO), C-reactive protein (CRP), and erythropoiesis markers in the blood
of cosmonauts during the early recovery period (RP) after space missions of varying duration on the International Space Station.

Materials and methods. A total of 40 male cosmonauts were examined, divided into three groups according to mission duration: Group A —
8-14 days (n = 9), Group B — 125-215 days (n = 27), Group C — 340-371 days (n = 4). Venous blood was collected 45-30 days before the
flight and on days 1 and 7 of the RP. CRP level was determined by immunoturbidimetry; hepcidin and EPO concentrations were determined
by enzyme-linked immunosorbent assay. Statistical analysis was performed using the Shapiro-Wilk, Wilcoxon, Friedman, and Spearman cor-
relation tests. Differences were considered significant at p < 0.05.

Results. On RP day 1, CRP levels were significantly elevated in all cosmonauts, while hepcidin levels were decreased (statistically significantly
in Group A). On day 7, EPO levels were significantly increased in cosmonauts of Group B. Correlation analysis revealed an inverse relationship
between erythrocyte count and total time spent in low Earth orbit, as well as positive correlations between mission duration and red blood cell
distribution width, and between mission duration and mean erythrocyte volume.

Conclusions. Spaceflight factors and the stress response during post-flight readaptation provoke non-specific inflammation, leading to
redistribution and deposition of iron in tissues. Activation of stress erythropoiesis is one of the main factors facilitating the release of iron for
hemoglobin synthesis in the early RP. The magnitude of changes in the erythropoiesis system depends on the duration of orbital missions.
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ONHAMUKA TENCUANHA, SPUTPOMNMO3TUHA, C-PEAKTUBHOIO BEJIKA U MAPKEPOB
SPUTPOMNO33A 'Y KOCMOHABTOB B PAHHEM MOCJIEMOJNIETHOM NEPUOAE

A.B. CepoBa™, O.A. XKypaenesa, A.J1. BopoHuog, A.A. MapkunH
VIHCTUTYT Meanko-6uonorudecknx npobnem PAH, Mockea, Poccus

BeepeHue. JnuntenbHble KOCMUYECKNE MOMNEThI COMPOBOXAAIOTCS CYLIECTBEHHbIMU N3MEHEHUSMM MeTaboMamMa Xenesa, 3aktodatoLLm-
MUCS B HAKOMIEHUW (DEPPUTUHA, CHVXKEHUN KOHLIEHTPaLUMKM CbIBOPOTOYHOro Fe* 1 TpaHcdeppuHa, a Takxe pasBuTnM NPU3HAKOB «KOC-
MUYECKON aHeMu». I3BbITOYHOE AEMOHNPOBAHWE XKemne3a MOXET HapyLlaTb KOCTHbIA 1 MbILLIEYHbIN MeTabonnam, ocnabnats UMMYHUTET
11 NOBbIWATb YyBCTBUTENBHOCTb K paanaLmn. YpoBeHb Xene3a B CbIBOPOTKE KPOBM CTPOrO PErynpyeTcst 3a CHET MOaynsUmm ero Bcachl-
BaHNs B KULLEYHNKE, PELMPKYNALMM B Makpodarax, Mobunmsaumm 3anacoB B TKaHSX 1 9pUTPOMN033a, B TOM YMCTIE C MOMOLLBIO KITKOHEBbIX
rOPMOHOB — rerncuamnHa 1 apuTPonoaTrHa. NMoHUMaHKe PerynaToOpHbIX MeXaHW3MOB 0OMeHa »Kenesa 1 3pUTPono33a HeOOXOANMO AJlst pas-
paboTKM Mep NPOMUNAKTIKI aHEMUN B YCNIOBUSX ByAYLLMX MEXMIAHETHBLIX MUCCUIA.

Llenb. OueHka AMHaMNKN COOePXXaHns rencuamnHa, apuTponoaTuHa, C-peakTBHOIO 6enka 1 MapKepoB SpUTPOMN033a B KPOBM KOCMOHaB-
TOB B paHHEM Mepr1oae BOCCTAHOBIIEHVS NMOCNE NONETOB Pa3NYHOM NMPOAOIIKUTENBHOCTY Ha MEXLYHapPOLHOW KOCMUYECKOW CTaHLM.
MaTtepuanbl u MeToabl. O6cnenoBaHo 40 KOCMOHABTOB MYXCKOrO Mofia, padfeneHHblX Ha Tpw rpynmbl N0 MPOAC/KUTENBHOCT MNOMETOB:
rpynna A — 8-14 cyT (n = 9), rpynna b — 125-215 cyT (n = 27), rpynna B — 340-371 cyT (n = 4). BeHO3Hy10 KpoBb 3abupanu 3a 45-30 cyT
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[0 noneTa n Ha 1-e 1 7-e cyT nepunopa BoccTaHoBeHNS. KoHueHTpaumio C-peakTvBHOro 6enka onpenensnm MetofoM UMMyHOTYpouam-
MeTpuK, rencuanHa 1 spuTPONO3TUHA — METOAOM UMMYHOMEPMEHTHOro aHannaa. CTaTucTUHeckyto 06paboTKy NPOBOAUAN C UCMONB30-
BaHveM kputepues LLiannpo — Yunka, Bunkokcona, ®puamana v koppensummn CnnpmeHa. Paznuuamnsa cuntanm sHaqmmbivMmn npu p < 0,05.
PesynbraThl. Ha 1-e cyT neprofa BOCCTaHOBNEHNS Y BCEX KOCMOHABTOB AOCTOBEPHO MOBbILLANCA YPOBeHb C-peakTnBHOro 6enka, a co-
[epXkaHvie rencuanHa CHMXXKanoch (CTatncTuHeckmn 3Ha4nmo — B rpynne A). Ha 7-e cyT ypoBeHb 3pUTPOnoaTMHa 4OCTOBEPHO yBENNHMBANCA
y KOCMOHaBTOB rpynnbl B. KoppensaurorHbii aHanns BbISBUT 0BpaTHYtO 3aBUCUMOCTb MEXY KOMMHYECTBOM SPUTPOLMTOB 1 CYMMAapPHOW
NPOOOIKNTENBHOCTBIO NMPEebblBaHMA Ha OKONO3EMHON 0pOUTE, a TakXKe NPsiMble B3aMOCBSA3M ANTENbHOCTM NofieTa C LUMPUHOWM pacnpe-
LenNeHns apuUTPOLIMTOB MO 0OBEMY U CPEAHVUM OOBEMOM SPUTPOLITOB.

BbiBoabl. PakTOpbl KOCMUYECKOMO MOMETa U CTPECC-PeakLms Npy NOCNENONETHOM peadanTaLy NPOBOLMPYIOT Hecneumdnyeckoe BoC-
nasneHne ¢ NOCNeayoLLIM nepepacnpeaeneHnemM 1 4enoHNPOBaHNEM xenesa B TKaHaxX. AKTUBaLMSA CTPECCOBOro apmnTpOnoasa ABnseTcs
OfHVIM 13 OCHOBHbIX (hakTOPOB, 00ecnevnBatoLLyX BbICBOOOXKAEHNE Xenesa A5 CUHTe3a remMornobrHa B paHHEM BOCCTaHOBUTENBHOM
nepunope. Boipa>keHHOCTb M3MEHEHUI B CUCTEME 3PUTPOMNO33a 3aBUCUT OT MPOAOKUTENBHOCTY OPOUTaNbHbIX SKCAeNLMNA.

KnioueBble cnoBa: KOCMUYECKNE MONETHI; C-peaKTI/IBHbIVI 6enok; rencnaoviH; 3pUTPONO3TUH;, CTpeCCOBbIVI SPUTPOMNO33; KOCMU4eckKasa
aHeMnA

Ons untnposaHus: Cepoa A.B., >Kypasnesa O.A., BopoHuos A.J1., MapkuH A.A. [luHamunka rencugmHa, spuTponoatrHa, C-peakTBHOro
fbenka 1 MapKepoB 3PUTPOMO33a Yy KOCMOHABTOB B PaHHEM MOCNenoneTHOM nepuode. OkcTpemarsibHas 6buomeuumHa. 2026.
https://doi.org/10.47183/mes.2026-498

duHaHcupoBaHue: paboTa BbINOMHEHA B paMKax TeMbl rocyaapCTBeHHOro 3aganns PAH FMFR-2024-0039.

CooTBeTCTBME NPUHLMNAM 3TUKU: BCE NCCNEA0BaHNS OCYLLECTBAANMCD B COOTBETCTBUM C MPUHLMNAMU BUOMEANLINHCKOWN 3TWKW, N3/0-
YKEHHBIMU B XENbCUHKCKON feknapauyn. iccnegosaHnsa npoBoanamn Ha ocHoBaHUM [Mporpammel GMOXUMUHECKMX, SHAOKPUHONOMMHECKMX,
NMMYHOSIOMMYECKIX, FeMaTONOMMHYECKINX, reMOCTaTUHECKNX N LIMTOFEeHETUHECKNX UCCNEeRoBaHU ANa YNeHOB aKcneamumin Ha MexayHa-
POAHYIO KOCMUYECKYHO CTaHLMo, yTBep>kaeHHOM coBmecTHO OI'BY HW LMK nm. FO.A. TarapuHa n ML, PO — MBI PAH 20.09.2004.
Kaxxaplh y4acTHVK UccnefoBaHus fan 4o6pOBObHOE NUCbMEHHOE MH(OPMIMPOBaHHOE Cornacue noce nosly4YeHns pasbsicHEHU O No-

TEHUMaNbHbIX PUCKaxX U MPENMYLLIECTBAX, a TakXXe O XapakTepe NPeacTOoALLMX UCCNEN0BaHNN.

MoTeHumanbHbI KOHMNKT UHTEPECOB: aBTOPbI 3asBAAIOT 06 OTCYTCTBUM KOH(MKTA MHTEPECOB.

>< Ceposa AHHa BragummposHa aniuta.serova2010@yandex.ru

Ctatbs noctynuna: 02.04.2026 Mocne gopaboTtku: 30.04.2026 MpuHaTa kK nyonukauum: 14.05.2026 Online first: 22.07.2026

INTRODUCTION

Currently, long-duration expeditions to the International
Space Station (ISS) are being carried out regularly, and
conducting missions for deep-space exploration, such
as flights to the Moon or Mars, is becoming a task of
the near future. Spaceflights and their associated stress-
ors — such as microgravity, increased radiation levels,
isolation, circadian rhythm disruption, monotony of ac-
tivities, and hypokinesia — cause muscle atrophy, bone
loss, hyper- and hyporeactivity of the immune system,
vascular and metabolic changes [1], including distur-
bances in iron metabolism.

This trace element is essential for many biological
processes, including the metabolism of proteins, lipids,
carbohydrates, and nucleic acids. When it accumulates
abnormally in organs, it contributes to oxidative stress
by initiating the Fenton reaction and may play a role in
the development of osteoporosis and muscle atrophy.
Furthermore, when its distribution in the body is dis-
turbed, iron can also influence the intensity of erythro-
poiesis and, consequently, contribute to the develop-
ment of anemia [2].

Trudel et al., in a study of 14 astronauts who par-
ticipated in ISS missions lasting 136 to 198 days,
found increased concentrations of iron and transferrin
throughout the flights, with these values decreasing to
below baseline on day 4 of the recovery period (RP).
Ferritin levels increased during the orbital missions and

decreased below baseline values in the post-flight pe-
riod [3]. Zwart et al. demonstrated in their work that dur-
ing both short-term and long-term spaceflights, serum
ferritin content increased significantly in the early stages,
while transferrin and soluble transferrin receptor con-
centrations decreased at later stages, indicating that the
initial rise in serum ferritin was due to transport of iron
into tissues for storage [4].

I[ron deposition can contribute to metabolic disorders
of bone and muscle tissue, weaken immune function,
increase cardiovascular risks, and also enhance the
body’s sensitivity to radiation [5]. Hepcidin, a peptide
synthesized by the liver, is the main hormone regulating
iron metabolism. It binds to ferroportin and induces its
degradation, leading to a reduction in the absorption of
this trace element in the intestine and its recycling by
macrophages [6].

In addition to the physiological changes that can
lead to increased iron stores in the human body during
spaceflight, an additional factor may be an imbalance
in the diet and the intake of nutritional supplements. It
should be noted that Russian cosmonauts do not re-
ceive special iron-enriched dietary supplements. The
food products they consume are balanced in terms of
nutrient, vitamin, macro- and microelement content.

The space menu is varied, and the content of major
components and the energy value of specially designed
diets fully cover energy expenditure and maintain crew
members’ performance at an optimal level [7]. At the

SKCTPEMAJIbHAA BMOMELVILIVIHA | 2026



ORIGINAL ARTICLE | AVIATION & SPACE MEDICINE

same time, the iron content in the diet of NASA astro-
nauts is very high: in a standard 16-day diet, it amounts
to about 20 mg/day. During long-duration missions,
some crew members may consume more than 47 mg of
iron per day [8]. By contrast, the recommended dietary
allowance for iron is 8 mg/day for men and 18 mg/day
for women [9]. In our opinion, it would be inappropri-
ate to directly compare the results of studies conducted
with Russian cosmonauts and those conducted with
foreign astronauts.

The aim of this work was to assess the dynamics of
hepcidin, erythropoietin (EPO), C-reactive protein (CRP),
and erythropoiesis markers in the blood of cosmonauts
during the early RP after space missions of varying dura-
tion on the International Space Station.

MATERIALS AND METHODS

The study was conducted within the framework of
the expert program of pre- and post-flight clinical and
physiological examinations of ISS expedition crew
members. It involved 40 male cosmonauts, who were
divided into three groups according to mission dura-
tion. The first group (Group A) included 9 individuals
(mean age 46.1 + 3.0 years) who had completed expe-
ditions lasting 8-14 days; the second group (Group B)
included 27 individuals (mean age 44.9 + 1.0 years) who
had participated in missions lasting 125-215 days; the
third group (Group C) included 4 individuals (mean age
46.8 + 3.2 years) who had taken part in missions lasting
340-371 days.

Venous blood was collected from the cubital vein on
an empty stomach 45-30 days before the start of the
flight (baseline examination), as well as on RP day 1 for
all three groups, and on RP day 7 for cosmonauts who
had completed missions lasting more than 125 days.

In serum, CRP level was measured by immunoturbi-
dimetry using an automatic TARGA BT 3000 biochemi-
cal analyzer (Biotecnica Instruments, ltaly) with DiaSyS
(Germany) reagent kits. Hepcidin and EPO concentra-
tions were determined by enzyme-linked immunosor-
bent assay using diagnostic kits from Cloud-Clone Corp.
(USA). A Stat-Fax-2100 microplate enzyme immunoas-
say analyzer (Awareness Technology, USA) was used for
the measurements.

Red blood cell count, mean corpuscular volume, and
red blood cell distribution width were determined as part
of the standard complete blood count using a Celltac a+
MEK 6318K automated hematology analyzer (Nihon
Kohden, Japan).

Statistical analysis was performed using methods
from the GraphPad Prism 8.0.2 software package
(GraphPad Software, USA). Normality of sample distri-
bution was tested using the Shapiro-Wilk test. Given
the small sample sizes and the non-parametric nature
of data distribution, the Wilcoxon signed-rank test for
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paired samples was used for pairwise comparisons be-
tween baseline values and RP values within Group A.
Analysis of changes across three time points was per-
formed using the Friedman test with Dunn’s correction
for multiple comparisons. Differences were considered
significant at p < 0.05.

Correlation analysis of the obtained data with the
values described in previous studies [10, 11] was per-
formed using the non-parametric Spearman rank cor-
relation test. The correlation coefficient was considered
significant at a significance level of p < 0.05.

Within the framework of the standard expert pro-
gram of clinical and physiological examination of crew
members, the determination of interleukin-6 and other
pro-inflammatory cytokines was not provided for; there-
fore, the role of the inflammatory factor was assessed
indirectly — through the dynamics of CRP as an integral
marker of non-specific inflammatory response, which
is consistent with standard clinical laboratory practice.
Direct assessment of the central compartment of the
erythron (bone marrow biopsy, enumeration of erythroid
precursors) in active cosmonauts was not performed for
ethical reasons; the conclusion regarding the activation
of stress erythropoiesis was based on a set of indirect
signs. The size of Group C is due to the limited number
of cosmonauts who have completed ultra-long orbital
missions and is a natural limitation of any study of this
cohort.

RESULTS

On RP day 1, irrespective of mission duration, CRP lev-
els were statistically significantly elevated in all examined
cosmonauts compared to baseline values (p < 0.05)
(Fig. 1). By RP day 7, CRP values in cosmonauts of
Groups B and C had almost returned to pre-flight levels.

Serum hepcidin levels on RP day 1 significantly de-
creased only in cosmonauts of Group A; however, analy-
sis of individual data revealed that a decrease in hepcidin
concentration on the day after landing was also observed
in the majority of crew members from Groups B and C.
As with the CRP results, hepcidin levels approached or
exceeded baseline values by RP day 7.

EPO level on RP day 1 did not change significantly
in any of the cosmonauts examined (Fig. 3). On day 7 of
the readaptation period, serum EPO levels in crew mem-
bers who had completed missions lasting 125-215 days
increased significantly (p = 0.05) relative to baseline val-
ues. Regarding cosmonauts who had completed mis-
sions lasting 340-371 days, EPO concentration mea-
surements were performed in only two of them. On
day 1 after landing, their EPO levels increased sharply
compared to baseline data, while by RP day 7 there was
a tendency toward a decrease.

It should be noted that the absolute values of hepci-
din and EPO at baseline reflect biological interindividual
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Fig. 1. Dynamics of serum C-reactive protein levels in cosmonauts following orbital missions. Mission duration
(days): A—8-14, B— 125-215, C — 340-371; * — significant differences from pre-flight values according to the Wilcoxon
test, p < 0.05 (for Group A) and the Friedman test, p < 0.05 (for Groups B and C); ns — no significant differences detected
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Fig. 2. Dynamics of serum hepsidin levels in cosmonauts following orbital missions. Mission duration (days):

A —8-14, B — 125-215, C — 340-371; * — significant differences from pre-flight values according to the Wilcoxon test,
p < 0.05 (for Group A)
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Fig. 3. Dynamics of serum erythropoietin concentration in cosmonauts after orbital flights. Mission duration (days):
A —8-14, B — 125-215, C — 340-371; * — significant differences from pre-flight values according to the Wilcoxon test,
p < 0.05 (for Group A) and the Friedman test., p < 0.05 (for groups B and C); ns — no significant differences detected
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variability of these hormones and are not intended for
intergroup comparison. All principal conclusions of the
present work are based on within-subject paired com-
parisons of baseline values with the study time points on
days 1 and 7 of the RP within each group.

Correlation analysis of erythropoiesis markers in
cosmonauts who had spent varying amounts of time
on the ISS did not reveal a significant relationship be-
tween the number of flights, the duration of orbital
missions, and iron metabolism parameters on day 1
of the readaptation period. However, on RP day 7, an
inverse correlation was found between erythrocyte
count and time spent in low Earth orbit (r, = —0.543,
p = 0.002). On this basis, it can be assumed that as
the total time spent in microgravity increases, cosmo-
nauts experience a decrease in red blood cell mass,
which may negatively affect the efficiency of oxygen
transport to tissues during the early post-flight period.
Positive correlations were found between mission du-
ration and such parameters as RDW-CV (r, = 0.578,

p = 0.001) and MCV (r, = 0.447, p = 0.008). This
means that the longer the mission, the more hetero-
geneous the erythrocyte pool will be one week after
its completion, and the newly formed red blood cells
will be larger.

DISCUSSION

The increase in CRP levels on RP day 1 may be ex-
plained by the development of a stress response to the
G-forces experienced by crew members during space-
craft descent from orbit and during readaptation to Earth
conditions. A study by Buchheim et al. demonstrated
significant changes in the levels of regulatory/inhibitory
cytokines, such as TGF-B, IL-10, and IL-1ra, which de-
creased sharply after return to Earth [12], indicating the
development of a systemic pro-inflammatory status after
landing. Our CRP data are consistent with these results
and complement them with a quantitative characteriza-
tion of the non-specific inflammatory response.
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Fig. 4. Erythropoiesis marker dynamics in cosmonauts’ whole blood after 8-14-day orbital flights. MCV — mean
corpuscular volume, RDW-CV — red blood cell distribution width; data are presented as median and interquartile range
M, [Q,; Qg ™ — significance of differences from pre-flight values according to the Wilcoxon test, p < 0.01; ns — no sig-
nificant differences detected
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Fig. 5. Erythropoiesis marker dynamics in cosmonauts’ whole blood after 125-215-day orbital flights. MCV —
mean corpuscular volume, RDW-CV — red blood cell distribution width; data are presented as median and interquar-
tile range M, [Q,; Q.]; * — p < 0.05, ™ — p < 0.01 — significance of differences from pre-flight values according to the
Friedman test; ns — no significant differences detected
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Fig. 6. Erythropoiesis marker dynamics in cosmonauts’ whole blood after 340-371-day orbital flights. MCV —
mean corpuscular volume, RDW-CV — red blood cell distribution width; data are presented as median and interquartile

range M, [Q,; QJ;
significant differences detected

EPO controls red cell mass by regulating the division
rate of red blood cell precursors in the bone marrow.
Furthermore, there is speculation about its involvement
in the process of neocytolysis, in which newly formed
red blood cells are selectively destroyed upon entry into
microgravity conditions [13]. According to Kunz et al.,
EPO levels decrease early during flights but increase
during the RP after short-duration flights, indicating
that homeostatic mechanisms attempt to reduce red
cell mass during acute adaptation to weightlessness
and restore it upon return to Earth [14]. Our data are
consistent with these observations: the delayed in-
crease in EPO by RP day 7 in cosmonauts of Group B
reflects the activation of a compensatory erythropoi-
esis mechanism in response to decreased erythrocyte
count and MCV.

There is evidence that hypoxia suppresses hep-
cidin production [15]. In a study by Grigoriev et al.,
an increase in the efficiency of oxygen retention by
hemoglobin of 34% was found on landing day after
long-duration space flights; the authors suggested
that this, in the context of decreased Hb and serum
Fe®* concentrations, may initiate the development of
tissue hypoxia [16]. Hepcidin synthesis in the liver is
reduced due to increased production of EPO in the
kidneys, erythroferrone in erythroblasts, and other
erythroid regulators during erythropoiesis. This en-
hances iron absorption in the gastrointestinal tract
and release of the trace element from stores, ensur-
ing a large supply of iron for hemoglobin synthesis
[17]. Furthermore, hypoxia-inducible factors (HIFs),
especially HIF2a, interact with the enhancer region
of the HIF-binding element of the EPO gene and in-
crease its expression [16]. The decrease in hepcidin
that we found on RP day 1 is consistent with these
mechanisms.

Under steady-state erythropoiesis, new red blood
cells are produced at a constant rate, replacing aging

— significance of differences from pre-flight values according to the Friedman test, p < 0.05; ns —no

cells that are removed by macrophages in the liver and
spleen. However, during infections and tissue damage,
steady-state erythropoiesis is disrupted. In such cases,
stress erythropoiesis is activated to compensate for red
blood cell loss [18].

Comparison of the changes in hepcidin and EPO
levels described in the present work with the previously
published data on iron metabolism [11] from the same
three groups of cosmonauts allows a complete physio-
logical picture to be formed. The decrease in serum iron
and transferrin concentrations together with an increase
in ferritin indicates redistribution of the trace element
into stores. At the same time, the hepcidin decrease on
RP day 1 promotes activation of ferroportin and ensures
release of iron from stores into the blood, while the de-
layed increase in EPO by RP day 7 supports the demand
for this trace element for hemoglobin synthesis by newly
formed erythroid precursors. Thus, the regulatory pic-
ture obtained is consistent with our own hematological
data [10] and does not contradict the concept of stress
erythropoiesis.

Pro-inflammatory cytokines suppress steady-state
erythropoiesis, shifting hematopoiesis toward myelopoi-
esis and increasing the production of myeloid effector
cells at the expense of steady-state erythropoiesis [19].
Furthermore, interleukin-6, acting as a pro-inflammatory
cytokine, increases hepcidin levels, leading to iron se-
questration and making iron unavailable for hemoglobin
synthesis. In addition, inflammatory processes acceler-
ate erythrocyte turnover, further exacerbating the sever-
ity of anemia [20]. To compensate for the disruption of
red blood cell production, inflammation activates stress
erythropoiesis, which promotes the proliferation of im-
mature precursor cells, resulting in increased production
of erythroferrone. Erythroferrone suppresses hepcidin
expression, making iron available for hemoglobin bio-
synthesis during the early stages of precursor cell dif-
ferentiation.
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During stress erythropoiesis, a large number of new
red blood cells are produced, which maintain homeo-
stasis until the cause of inflammation is eliminated [21].
Furthermore, it is important to consider that activation
of stress erythropoiesis leads to the formation of red
blood cells with reduced deformability but anomalously
high resistance [22]. These features of stress erythro-
poiesis may largely account for the increase in erythro-
cyte population heterogeneity in cosmonauts over the
RP course.

It has been shown that in the early RP after long-du-
ration space flights, erythropoiesis is stimulated to
enhance the production of normocytes to meet the
increased oxygen demand of tissues [23]. Thus, the
combination of signs that we found — elevated CRP,
decreased hepcidin, delayed increase in EPO, and
changes in RDW-CV — is consistent with the concept of
activation of stress erythropoiesis in cosmonauts during
the early post-flight period.

Our own data, obtained from the same cohort of
cosmonauts and published in [10, 11], indicate that in
the early post-flight period, regardless of orbital mission
duration, cosmonauts exhibit a decrease in red blood
cell count, hemoglobin concentration, and iron concen-
tration, a decrease in mean corpuscular volume and he-
matocrit, an increase in serum ferritin content, as well as
a decrease in total iron-binding capacity and transferrin
concentration.

Based on the combined hematological and bio-
chemical criteria, the observed changes should be
classified as microcytic hypochromic anemia with signs
of iron redistribution. In the third group, the severity of
these changes is maximal. Comparison of our own data
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on erythropoiesis and iron metabolism [10, 11] with the
results of the present study allows us to assert that the
functional anemia developing in cosmonauts does not
fit the classical picture of anemia of chronic inflamma-
tion, in which hepcidin is elevated. The observed pat-
tern is more consistent with functional anemia of mixed
origin with a predominant stress erythropoiesis compo-
nent: erythroferrone-mediated suppression of hepcidin
prevails over its stimulation by inflammatory cytokines,
thereby mobilizing iron for active incorporation into he-
moglobin synthesis in precursor cells. A schematic rep-
resentation of the proposed changes in iron metabolism
and erythropoiesis in cosmonauts during the early RP is
presented in Figure 7.

When comparing our own data with the results ob-
tained from examinations of NASA astronauts, several
fundamental differences must be considered. According
to Trudel et al. [3], a decrease in iron and transfer-
rin concentrations below baseline levels is observed
in astronauts on RP day 4. Furthermore, Zwart et al.
[4] described an increase in serum ferritin levels in the
blood of crew members during the early stages of or-
bital flights, interpreting this as a sign of iron redistribu-
tion into tissues. Kunz et al. [14] found a EPO decrease
at the beginning of the flight, followed by an increase
in its concentration during the early post-flight period
in astronauts after short-term ISS missions. Our own
data obtained from Russian cosmonauts generally con-
firm the direction of these changes; however, there are
several distinctive features: a delayed, rather than early,
increase in EPO, peaking by RP day 7 of the predomi-
nantly in cosmonauts with medium-duration flights, as
well as a pronounced decrease in hepcidin on RP day 1.
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Fig. 7. Iron metabolism changes in cosmonauts during the early recovery period after flights of varying duration

to the International Space Station
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These differences may be due to fundamentally different
dietary structures and differences in the timing of biosa-
mple collection.

CONCLUSIONS

Thus, in cosmonauts who have completed orbital mis-
sions of varying duration on the International Space
Station, changes in iron metabolism are observed
against the background of a non-specific inflammatory
response. This inflammatory response likely triggers the
redistribution and storage of this essential trace element
in tissues, followed by its release for hemoglobin synthe-
sis due to the activation of stress erythropoiesis in the
early RP. Furthermore, the changes in the erythron sys-
tem are directly dependent on the duration of the space
mission. The heterogeneity of the erythrocyte pool is
more pronounced in cosmonauts who have completed
longer orbital flights. Studies of iron metabolism chang-
es and the mechanisms of stress erythropoiesis under
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