ORIGINAL ARTICLE | AVIATION & SPACE MEDICINE

https://doi.org/10.47183/mes.2026-429 (cc BY 4.0

CHARACTERIZATION OF THE BLOOD PROTEOME OF HEALTHY M) Check for updates
VOLUNTEERS REFLECTING ADAPTATION PROCESSES TO PROLONGED
ISOLATION

Irina M. Larina', Liudmila Kh. Pastushkova', Daria N. Kashirina', Anna G. Goncharova', Sofia B. Velichkovskaya'?*,
Georgy P. Vilesov', Alexander G. Brzhozovskiy'?, Alexey S. Kononikhin'?

"Institute of Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia
?Moscow State Linguistic University, Moscow, Russia
3 Skolkovo Institute of Science and Technology, Moscow, Russia

Introduction. Due to exposure to a set of extreme factors, prolonged ground-based isolation simulating a space mission induces various
adaptive responses in the body. The study of such organismal responses at the molecular level is important for the development of high-
quality medical support plans for subsequent space missions. Proteomic methods have proven effective for assessing the molecular mecha-
nisms of adaptation.

Obijective. To study the profile of proteomic physiologically active components in the blood of test subjects as criteria for adaptive strategies of
physiological systems in response to exposure to extreme factors of prolonged isolation during ground-based simulation of spaceflight factors.
Materials and methods. The characteristics of proteomic physiologically active blood components were studied in six healthy volunteers
aged 27-38 years (mean age 32.5 + 5.5 years) under the conditions of a 12-month isolation (SIRIUS-23) in a hermetically sealed facility with
limited living and working space and restricted resources for life support. Mass spectrometry methods were used to analyze dried blood
spot samples. Statistical analysis was performed using the Statistica 12 software with non-parametric Mann-Whitney U test (p < 0.05). The
biological processes involving the identified proteins were determined using the STRING database.

Results. Following one month of isolation, a significant increase in the expression of three proteins involved in the biological process of
phagocytosis suppression was observed. Following three months of isolation, the concentration level of 22 extracellular matrix and exosome
proteins significantly increased. Following six months of isolation, the concentration of 33 proteins involved in either cellular component pro-
cesses or regulation of extracellular signaling significantly increased.

Conclusions. The data obtained allowed us to compile a preliminary version of biological processes, which involve proteins with reliably
changing concentrations, during prolonged isolation in a specialized facility. The conducted study elucidates the proteomic mechanisms
regulating biological processes in healthy individuals during the simulation of spaceflight factors.
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XAPAKTEPUCTUKA NMPOTEOMA KPOBIW 3[J0OPOBbIX JOBEPOBOJIbLIEB, OTPAXKAILLASA
MPOLIECCHI AOANTALUN K AJIUTENbHON N30NALMA
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"VIHCTUTYT Meaunko-6uonorudecknx npobnem PAH, Mocksa, Poccus
2MOCKOBCKMIN rocyAapCTBEHHbIV TMHIBUCTUHECKUI yHBepcuTeT, Mocksa, Poccurs
3 CKONKOBCKUIA MHCTUTYT Hayku 1 TexHonoruii, Mocksa, Poccus

BeepeHue. [JnutenbHas HasemHasa U3onsaumst ¢ MMUTaLmMen KOCMUYECKOM MUCCHN Bbi3bIBAET pasdivyHble afanTaunoHHble peakumumn opra-
HM3Ma B CBSI3M C BO3MAEVICTBMEM KOMIMIEKCA KCTPEMaNbHbIX (hakTOPOB Ha YesnoBeka. VdydeHre aaHHbIX peakumuii opraHiama Ha Moseky-
JIIPHOM YPOBHE MO3BONUT paspaboTaTb Hanbosee Ka4eCcTBEHHbIN NiaH MEeAULIMHCKOro 06ecrneyeHsi NOCNeAyLNX KOCMUYECKNX MUCCUI.
[ns oUeHKN MONEKYNAPHBIX MEXaH3MOB afanTalyi XOpoLLIo cebst 3apeKOMeHA0BaNV METOAbI MPOTEOMMKN.

Lenb. Viccnenosarve npoduns npoTeOMHbIX U3MONOrMHECKN aKTUBHbIX KOMMOHEHTOB KPOBM Y UCMbITATENen Kak KpuTepnes apanta-
LMOHHbBIX CcTpaTernii (pruanonormi4ecknx CUCTeEM OpraHu3Ma B OTBET Ha BO3AENCTBME IKCTPeMaslbHbIX (HaKTOPOB AUTENBHON U30MALIMN
npn Ha3eMHOM MOAENMPOBaHUN (PaKTOPOB KOCMUYECKOTrO NoseTa.
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Marepuansl n metopbl. V13yy4eHre xapakTePUCTVK MPOTEOMHbIX (DU3MONOMMHECKM aKTUBHbBIX KOMMOHEHTOB KPOBU NPOBEAEHO Y 6 300-
POBbIX UCMbITaTENEN-A06POBObLEB B Bo3pacTe 27-38 neT (cpenHuii Bo3pacT 32,5 + 5,5 roga) B ycnoBusix 12-MecsvHon 13onsaumm
(«SIRIUS-23») B repMeTNHHO 3aMKHYTOM O6BEKTE C OrpaHnYeHHbIM 06EMOM XKUOM 1 paboyen NaoLwaamn U IMMUTUPOBaHHBIMI pecypcamm
LN 0becrneyeHns Xn3HeaesTelbHOCTU. MeTogammn Macc-cnekTpoMeTpum Obinv UCCRefoBaHbl 06pasLipl SKCTPAKTOB CyXUX MATEH KPOBU.
CTaTuCcT4ecKnii aHann3 NpoBoauncs B Nporpamme Statistica 12 ¢ nprMeHeHemM HenapameTpuieckoro Tecta MaHHa — YuTHu (p < 0,05).
Bronornyeckre Npoueccsl, B KOTOPbIX yHaCTBYIOT BbISIBAEHHbIE 6eNKK, OnpeaeneHbl C MOMOLLLIO 6a3bl AaHHbIX STRING.

Pesynbtatbl. Hepes 1 Mecsl, n30nsaLmMm AOCTOBEPHO YBENMHMBAETCS aKcnpeccust 3 6€1KOB, KOTOPbIE y4acTBYHOT B O1ONOrM4ECKOM NpoLec-
ce «nofasneHue arouyntosa». Hepes 3 MecsiLia 3onsaumm 4OCTOBEPHO YBENINYNBAETCS YPOBEHb KOHLIEHTPaLMN 22 681KOB BHEKIETOHYHOrO
MaTpuKca 1 9K30COM. Hepes 6 MecaueB U3onaLmMm JOCTOBEPHO YBENMHMBAETCA KOHLEHTpaums 33 6eKoB, y4acTBYHOLLMX B MpoLeccax
KJIETOYHOIO KOMIMOHEHTA M BOBJIEYEHHbBIX B PETYSLMIO BHEKIETOHHOW CUMHaNM3aLIN.

BbiBoabl. Mofy4eHHble faHHble MO3BONMAM COCTaBUTL NMPeaBapUTESibHYIO BEPCUIO MPOUCXOASALLMX B OpraHu3me Bronormieckmnx npoec-
COB, B KOTOPbIX Y4aCTBYIOT 6€/KN C AOCTOBEPHO M3MEHSIIOLLMMCST YPOBHEM KOHLIEHTPAUMM B YCNOBUSAX ANTENBHON U30NSLUMN B FEPMO-
obbekTe. NpoBefeHHOEe UCCNefoBaHNE PaCLUMPSET NPEACTABNEHNS O MPOTEOMHbIX MEXaHn3Max perynsumm 61onornieckrx NpoLeccos
y 300POBbIX 1L, NPV MOAENMPOBaHUM (DaKTOPOB KOCMUYECKOro noseTa.

KntoyeBble cnoea: onvTenbHasg HadeMHas n3onsaumns; NpoTeoMm; 6enku; Cyxume ndaTHa Kposw; 6I/IOMHCbOpMaLLVIOHHbIe MeTOoAdbl; afganTauns;
I'epMOO6'beKT; MOZENNPOBaHNe hakTopoB KOCMUYECKOrO noseTa
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umn. SketpemarsnbHas buomeanumHa. 2026. https:/doi.org/10.47183/mes.2026-429
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INTRODUCTION

The study of molecular-level responses of the body
to various extreme factors acting in confined environ-
ments is a relevant research direction. Such conditions
are associated with prolonged isolation under altered
but controlled atmospheric conditions, work in small
groups, occurrence of emergency situations, or specific
patterns of physical activity. The research relevance is
determined by the need to ensure the medical safety
of both astronauts during long-duration missions and
workers in certain Earth-based industries, as well as
military personnel.

The use of proteomic methods for investigating the
blood plasma protein composition offers significant op-
portunities for assessing molecular adaptation mecha-
nisms. The blood proteome reflects both the state of
homeostasis (at the level of constitutive proteins) and
the body’s overall responsiveness to a diverse set of
extreme factors. Bioinformatics methods enable a de-
tailed mapping of protein—protein interaction networks,
allowing for the evaluation of pathways and biological
processes that underlie adaptation to demanding living
conditions. Previous proteomic studies under conditions
of 120-day isolation have identified changes in the struc-
tural proteins of connective tissue and proteins involved
in the autonomic regulation of the cardiovascular and
immune systems [1-3].

It is known that the majority of blood protein frac-
tions are not components of regulatory circuits at the
systemic level, with the exception of hormones and

the albumin-globulin fraction of proteins that maintain
plasma osmolality. On the contrary, the blood proteome
is highly variable, with its qualitative and quantitative
modulation in a healthy individual being influenced by
genotype, lifestyle, physical activity, diet, and the pro-
cess of healthy aging [4]. Studying the parameters of
various human physiological systems under controlled
conditions allows external environmental conditions to
be standardized and individual variability in physiologi-
cal indicators to be reduced, since such studies involve
practically healthy test subjects who have undergone
medical selection. This approach permits identification
of group patterns, which is particularly important when
examining small samples of healthy individuals.

In this work, we aim to study the profile of proteomic
physiologically active components in the blood of test
subjects as criteria for adaptive strategies of the body’s
physiological systems in response to the impact of ex-
treme factors during prolonged isolation in ground-based
simulation of spaceflight conditions. The results of this
study, through the proteomic characteristics of blood,
will extend the current understanding of the role of physi-
ological systems in adaptive responses of humans under
conditions of daily life, performing work tasks, and over-
coming emergency situations when living in isolated and
confined environments during spaceflight simulation.

MATERIALS AND METHODS

The study was conducted within the framework of the
SIRIUS-23 international project at the Ground-Based
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Experimental Facility (GBEF) of the Institute of Biomedical
Problems (IBMP RAS). This hermetically sealed facility
provides an analog platform for simulating spaceflight
research with multifunctional experimental and habita-
tion modules. The facility is equipped with autonomous
life support systems, as well as an externally controlled
executive system that ensures the formation of an ex-
perimentally defined habitat with specific parameters.

The characteristics of proteomic physiologically ac-
tive components of blood were studied by involving six
healthy test volunteers aged 27-38 years (mean age
32.5 + 5.5 years) under conditions of a 12-month isola-
tion period in a hermetically sealed facility with a limited
volume of living and working space and restricted re-
sources for life support and accomplishing the tasks set
during the experiment.

Extracts from dried blood spots of the subjects were
subjected to analysis. Capillary blood samples in the
amount of 80 uL were collected from each participant
at five time points: prior to the experiment in the sealed
facility — 60 days (“baseline”); during isolation — follow-
ing 1, 3, and 6 months of isolation; and after its com-
pletion — on day 7 of the recovery period (“exit from
isolation”). According to the timeline of the experiment,
dried blood spot samples were divided into groups:
group 1 — baseline, group 2 — 1 month of isolation,
group 3 — 3 months of isolation, group 4 — 6 months
of isolation, and group 5 — exit from isolation.

Capillary blood was obtained by puncturing the pha-
lanx of the ring finger. A drop of blood was placed on
filter paper, dried for 2—-3 h, and stored at —20°C before
gas chromatographic—-mass spectrometric analysis.

For the purposes of analysis, the dried spot was
cut out and extracted in 400 pL of a solution contain-
ing 50 mM ammonium bicarbonate and 2% sodium
deoxycholate (BioChemica, AppliChem) at 37°C on a
Thermomixer comfort shaker (Eppendorf) with shaking
at 1400 rpm for 45 min. To reduce disulfide bonds, 10 pL
of 0.5 M TCEP (pH 8), tris(2-carboxyethyl)phosphine hy-
drochloride, was added, and the sample was incubated
for 15 min at 95°C and 950 rpm on a thermoshaker.
Alkylation was then performed using 0.5 M iodoacetate,
incubating for 30 min in the dark at room temperature.

The sample preparation procedure was completed
with tryptic digestion in 50 mM ammonium bicarbonate
buffer with the addition of 5 pL of trypsin at a concen-
tration of 1 mg/mL. Incubation was carried out for 17 h
at 37°C on a Thermomixer comfort shaker with shaking
at 700 rpm. Then, 45 yL of a 10% aqueous formic acid
solution was added to inactivate trypsin and precipitate
sodium deoxycholate. The sample was centrifuged in
an MR 23i centrifuge (Thermo Electron Corporation) at
14,000 g for 10 min, after which 95 pL of the supernatant
was transferred to a new tube. At this stage, the sample
was ready for mass spectrometric analysis.

The resulting mixture of tryptic peptides was ana-
lyzed by liquid chromatography-mass spectrometry
using a Dionex Ultimate3000 nano-LC system (Thermo

EXTREME MEDICINE | 2026

Fisher Scientific, USA) coupled to a TimsTOF Pro mass
spectrometer (Bruker Daltonics, USA). Peptide separa-
tion was performed on a column (C18, 25 cm x 75 ym,
1.6 um) (lonOpticks, Parkville, Australia). Measurements
were conducted in the m/z range of 100-1700. Mass
spectrometric analysis was performed using the parallel
accumulation—serial fragmentation (PASEF) data acqui-
sition method.

The obtained data were analyzed using PEAKS
Studio 8.5 and MaxQuant version 1.6.7.0. Protein identi-
fication based on the detected peptides was performed
using the SwissProt database with a set false discovery
rate (FDR) threshold of 0.01.

The reliability of the liquid chromatography—mass
spectrometry results was evaluated. In the mass spec-
trometric analysis of the samples, a total of 289,273
peptide-spectrum matches (PSMs) were identified with
an FDR error of 1% at the maximum confidence level,
enabling the identification of 632 distinct proteins. In
each sample, between 281 and 427 distinct proteins
were detected.

Analysis of the distribution of weighted peptide
scores (-10IgP) for all PSMs indicated the statistical sig-
nificance of the peptide-spectrum match. A histogram
showing the number of target and false matches within
each score interval allowed for the conclusion that false
matches occur only in the low-score interval and do not
exceed the significance threshold.

The distribution of detected peptide features was
also analyzed. Figure 1 shows all detectable features,
distributed by feature abundance measured as the area
under the mass spectral peak curve. These features
represent various values of mass-to-charge ratio, m/z
(indicated in blue). The number of detectable features
with results from the canonical database is highlighted in
orange, while the number of detectable features with de
novo results in addition to database results is highlighted
in light blue.

The obtained LC-MS/MS data were semi-quantita-
tively analyzed using DIA-NN (version 1.8.1) based on
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Figure prepared by the authors based on original data

Fig. 1. Distribution of identified peptide features of
proteins: db — number of features from the canonical
database; de novo + db — total number of features from
the database; all — number of all identified features
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normalized MS peak intensities, which reflect protein
levels relative to values in baseline samples. The struc-
tural and functional grouping of proteins with their in-
ternational name, gene, and abbreviation is provided
according to the international UniProt KB and QuickGO
databases within the text.

Statistical analysis was performed in Statistica 12 us-
ing the non-parametric Mann-Whitney U test (o < 0.05).
The biological processes involving the identified proteins
were determined using the STRING database.!

RESULTS AND DISCUSSION

The results of the semi-quantitative determination of
proteins in dried blood spot extracts showed the follow-
ing. Among the total of 632 distinct proteins identified in
the biological samples, approximately 98 proteins had
a concentration that reliably differed depending on the
time point of sample collection.

As part of the work, a heat map of proteins with
reliably changed concentrations in the blood was

=

Figure prepared by the authors based on original data

Sampl
Sampl

Fig. 2. Heat map of the protein profile

initially constructed. This map illustrates clusters of
protein groups with similar expression trends across
all samples, where the color of the cells represents the
log,(ratio) relative to the mean protein abundance in dif-
ferent samples (Fig. 2).

The Volcano plot (Fig. 3) shows the proteins that
demonstrated the greatest (including statistically signifi-
cant) concentration changes in the subjects’ blood de-
pending on the experimental observation period. These
proteins are located in the upper part of the graph and
are distanced from the center.

Using the Mann-Whitney U test, a comparison of
protein concentrations in the blood of subjects at dif-
ferent time points of isolation with baseline values was
conducted, with a significance level for differences set
at p < 0.05. The complete list of proteins with a reliably
increasing concentration level in the blood at 1, 3, and 6
months of isolation is presented as a flowchart (Fig. 4).

Proteomic studies of healthy individuals under con-
ditions of a one-year isolation in the SIRIUS-23 experi-
ment revealed the following. Following one month of the

log,(ratio)
4.0

0.0

-4.0

B Group 1
m Group 2

Group 3
B Group 4
B Group 5

' STRING. URL: https://string-db.org (access date 10.01.2026)
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experiment, the blood concentration of three proteins
significantly increased, including immunoglobulin lamb-
da constant 3 (gene IGLC3), myeloblastin (gene PRTN3),
and adiponectin (gene ADIPOQ). The use of the STRING
database revealed that they were not connected in a
single network, thus most likely not being co-activat-
ed. At the same time, all the aforementioned proteins
were involved in regulating the biological process of
G0O:0050765, i.e., negative regulation of phagocytosis.

The contextual annotation of proteins with a reliably
increased level in the blood after one month of the exper-
iment, performed using the UniProt software, revealed
the involvement of myeloblastin (gene PRTNS3) in the me-
tabolism of elastin, fibronectin, laminin, vitronectin, and
collagen types |, lll, and IV [5-7]. By cleaving and activat-
ing the F2RL1/PAR-2 receptor, myeloblastin enhances
the barrier function of endothelial cells and maintains
vascular integrity during the transendothelial migration
of neutrophils [8, 9]. This protein also plays a role in the
transendothelial migration of neutrophils, likely through
binding to CD177 [9]. Myeloblastin induces inflamma-
tory processes in neutrophils by interacting with the
adenylate cyclase-associated receptor G3 (ADGRGS3).
It was previously shown that effective binding and ac-
tivation of mPR3 by GPR97 requires a macromolecular
complex CD177/GPR97/PAR2/CD16b, which induces
the activation of PAR2 — a G-protein-coupled receptor
known for its role in inflammation. Activation of PAR2 by
this complex triggers an inflammatory response, stimu-
lating antimicrobial activity at the same time as inducing
endothelial dysfunction [10].

Adiponectin (ADIPOQ gene) is involved in the regu-
lation of lipid metabolism and insulin sensitivity, exhib-
iting direct anti-atherogenic, anti-diabetic, and anti-
inflammatory activity. It stimulates the phosphorylation
and activation of adenosine monophosphate-activated
protein kinase (AMPK) in the liver and skeletal muscles,
enhancing glucose utilization and fatty acid oxidation
[11]. Adiponectin counteracts TNF-alpha by negatively
regulating its expression in the liver and macrophages.
However, under certain circumstances, adiponectin
is capable of inducing the expression of inflammatory
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Figure prepared by the authors based on original data

Fig. 3. Volcano plot of proteins with the greatest
concentration changes in the blood: ® — proteins with
a concentration change level above 1; ® — proteins with
a concentration change level from 0 to 1

Ground-based simulation of spaceflight factors period

(number of proteins)
1 month 3 months 6 months
(3 proteins) (22 proteins) (33 proteins)

ADIPO_HUMAN;
IGLC3_HUMAN,;
PRTN3_HUMAN

ACLY_HUMAN; ADIPO_HUMAN:
CAH3_HUMAN; CAPZB_HUMAN;
DOPD_HUMAN; FRAS1T_HUMAN;
HPRT_HUMAN; HV311_HUMAN;

HV313_HUMAN; IGLC3_HUMAN;
K2C5_HUMAN; PFKAL_HUMAN;
PGRP2_HUMAN; PPAC_HUMAN;
PRTN3_HUMAN; PUR6_HUMAN;
RB11A_HUMAN; SON_HUMAN;
TFR1_HUMAN; THYG_HUMAN;

TPM4_HUMAN; TRY1_HUMAN

Figure prepared by the authors based on original data

1433E_HUMAN; ACLY_HUMAN,;
ADIPO_HUMAN; AMBP_HUMAN;
CAH3_HUMAN; CAPZB_HUMAN,;
DOPD_HUMAN; EBP41_HUMAN;
FRAS1_HUMAN; HPRT_HUMAN;
HV311_HUMAN; HV313_HUMAN;
IGLC3_HUMAN; K2C5_HUMAN;
KPYR_HUMAN; LKHA4_HUMAN,;
LRP1_HUMAN; MDHC_HUMAN;
PFKAL_HUMAN; PGRP2_HUMAN,
PRTN3_HUMAN; PUR6_HUMAN;
RB11A_HUMAN; RD23A_HUMAN,;
SON_HUMAN; TBB4B_HUMAN;
TCPG_HUMAN; TFR1_HUMAN;
THYG_HUMAN; TMPSD_HUMAN;
TPM4_HUMAN; TRY1_HUMAN

Fig. 4. List of proteins with a reliably increasing concentration level in the blood of subjects at different isolation
time points compared to baseline values
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mediators in skeletal muscles, immune, and non-im-
mune cells through various mechanisms. For instance,
in macrophages, adiponectin can act as both anti-in-
flammatory (under prolonged exposure to elevated lev-
els) and pro-inflammatory (under short-term elevation)
factors [12].

Immunoglobulin lambda constant 3 (IGLC3 gene)
encodes the constant region of immunoglobulin light
chains. Secreted immunoglobulins mediate the effec-
tor phase of humoral immunity, leading to the elimina-
tion of bound antigens [13]. The antigen-binding site
is formed by the variable domain of one heavy chain
together with the variable domain of its associated light
chain. Variable domains are assembled through the
process referred to as V-(D)-J recombination and can
subsequently undergo somatic hypermutation, which,
upon antigen exposure and selection, provides affinity
for a specific antigen [14].

It should be noted that, on the basis of reliably in-
creased protein levels in the blood, the main biological
process activated in the volunteers after one month of
stay in the sealed facility was that of suppressing phago-
cytic activity. It is worth noting that all the three proteins
described above remained at reliably high levels both
following 3 and 6 months of isolation. We believe this
to be an adaptive response to changes in the external
and internal environment of the body under conditions
of a sealed facility. At the same time, none of the ca-
nonical “phagocytic code” proteins, i.e., proteins directly

ADIPOQ

ACLY

SON

RAB11A

Figure prepared by the authors based on original data

regulating phagocytic activity, with significantly altered
concentrations were detected [15-18].

During the study, after three months of isolation, the
concentrations of 22 proteins were reliably increased in
the volunteers’ blood (Fig. 4). These proteins are involved
in regulating primarily intracellular functions, the antigen
recognition system, and processes of reversible hydra-
tion of carbon dioxide.

The use of the STRING database revealed that the
majority of proteins in this group (11 proteins and 2 pro-
teins) were connected in unified networks, implying their
co-activation through a single mechanism (Fig. 5).

These proteins belong to the extracellular space and
are contained in exosomes: GO:0005615 Extracellular
space (17 proteins) and Extracellular exosome (13 pro-
teins), with eight of them being present in both compart-
ments (Fig. 6). The data obtained characterize the in-
volvement, in the response to prolonged stay in a sealed
facility, of processes occurring both inside the cell and in
the extracellular space.

A group of proteins whose levels were elevated after
3 and 6 months of isolation deserves particular atten-
tion. These are TPM4_HUMAN (tropomyosin-4), K2C5_
HUMAN (keratin, type Il cytoskeletal 5), DOPD_HUMAN
(D-dopachrome decarboxylase), HV313_HUMAN (vari-
able region of immunoglobulin heavy chains (IGHV3-
13)), SON_HUMAN (RNA-binding protein, mRNA splic-
ing cofactor), CAH3_HUMAN (carbonic anhydrase 3),
HV311_HUMAN (immunoglobulin heavy variable 3-11),

FRAS1

IGHV3-11

PAICS

Fig. 5. Protein—protein interaction network of proteins with a reliably increasing concentration in the blood of
subjects following three months of isolation (using the STRING database); protein-protein interaction lines:
lime green — co-mentioned in literature; crimson — protein interaction determined experimentally; black — protein co-
expression; green — genomic proximity of the protein-encoding genes (node colors are generated arbitrarily by the

software)

SKCTPEMAJIbHAA BMOMELVILIVIHA | 2026



ORIGINAL ARTICLE | AVIATION & SPACE MEDICINE

Cellular component (Gene Oncology) enrichment

Extracellular

exosome

Extracellular
space

_O

FDR
- 7.0e-09

© - 1.7e-08

@ - 4.1e-08
o > 1.0e-07

= 2.4e-07

g 5.8e-07

172]

kS Gene count

172

= O

j

O]

O

0.780 0.785 0.790 0.795

Signal

Figure prepared by the authors based on original data

0.800 0.805 0.810

Fig. 6. Graphical representation of the enrichment degree with proteins of significant cellular components
(exosomes and extracellular space) in the blood of subjects following three months of exposure to ground-based
spaceflight simulation conditions: FDR — false discovery rate

HPRT_HUMAN (hypoxanthine-guanine phosphoribosyl-
transferase playing a key role in purine nucleotide gen-
eration), RB11TA_HUMAN (Ras-related protein, a small
GTPase family member), PGRP2_HUMAN (peptidogly-
can recognition protein 2), THYG_HUMAN (thyroglobu-
lin; precursor of iodinated thyroid hormones). Most pro-
teins in this group are involved in regulating intra- and
extracellular functions. For instance, keratin (type Il cy-
toskeletal 5) is essential for forming intermediate keratin
filaments in the basal layer of the epidermis and main-
taining the skin barrier in response to mechanical stress.
Additionally, K2C5_HUMAN regulates the recruitment
of Langerhans cells to the epidermis and participates in
the formation of the skin’s immune defense (UniProtKB
reviewed).

The variable region of immunoglobulin  heavy
chains — a peptide from the V-region of immunoglob-
ulins — participates in antigen recognition (UniProtkKB
reviewed). Immunoglobulin heavy variable chain 3-11 fa-
cilitates antigen binding. This protein is assumed to be
involved in immunoglobulin-mediated immune respons-
es (UniProtKB reviewed).

The increase in the levels of these proteins may re-
flect the involvement of antigen recognition components
of the immune system in the adaptive process.

At the three-month time point, an elevated level of
the RNA-binding protein was identified. This protein acts
as an mMRNA splicing cofactor, promoting the efficient
excision of specific nucleotide sequences from RNA
molecules and the ligation of transcript sequences with
TUBGHT (tubulin gamma-1 chain), KATNB1 (katatinin p80
B1 subunit with WD40 repeats), TUBGCP2 (tubulin gam-
ma complex component 2), AURKB (Aurora kinase B),
PCNT (pericentrin), AKT1 (RAC-alpha serine/threonine-
protein kinase), RAD23A (lysine-specific demethylase
RAD23A), and FANCG (Fanconi anemia group G pro-
tein), which are associated with the cell cycle and DNA
repair. SON_HUMAN (SON protein) facilitates interac-
tions between SRSF2 (serine/arginine-rich splicing fac-
tor 2), RNA polymerase I, being capable of binding to
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DNA. The SON protein is critically important for neuronal
migration and brain tissue remodeling, involving TUBGH,
FLNA, PNKP, WDR62, PSMD3, PCK2, PFKL, IDH2, and
ACY1 [19].

In turn, carbonic anhydrase-3 is involved in the re-
versible hydration of carbon dioxide. Its increased lev-
els in the blood may reflect the body’s response to the
specific atmospheric conditions within a sealed facility
(UniProtKB reviewed).

In addition, at the three-month point of the experi-
ment, the subjects exhibited elevated levels of hypoxan-
thine-guanine phosphoribosyltransferase, HPRT, which
catalyzes the conversion of hypoxanthine to inosine
monophosphate and guanine to guanosine monophos-
phate, enabling the reutilization of purines as compo-
nents for DNA and RNA restructuring. Importantly,
hypoxanthine-guanine phosphoribosyltransferase posi-
tively regulates dopamine metabolism.

Anincrease in the level of the Ras-related protein, be-
longing to the small GTPase (Rab) superfamily, a known
marker for protein transport, sorting, and recycling in the
endosomal pathway, was detected. According to the
UniProt database, this protein is involved in biological
processes related to extracellular matrix organization.

At the same time, after three months of isolation, the
participants exhibited an increase in the concentration
of peptidoglycan recognition protein 2, which cleaves
biologically active peptidoglycan (PGN) into biologically
inactive fragments. This protein is involved in maintain-
ing anti-inflammatory homeostasis [20], recognizing
and tagging foreign agents, and inducing the develop-
ment of innate immune responses to the presence of
foreign peptidoglycans [21-23]. Thus, the involvement
of peptidoglycan recognition protein 2 in the processes
of homeostasis, apoptosis, inflammation, and pathogen
clearance underpins its important role in maintaining the
specific and non-specific resistance of the organism in
response to prolonged stay within a sealed facility.

During the same period, the subjects showed an
elevated level of thyroglobulin, which is a precursor of
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iodinated thyroid hormones. In our opinion, the increase
in the level of this protein reflects altered activity of the
thyroid gland as one of the participants in the adaptation
process to isolation conditions.

The sustained, consistently elevated level of the
above proteins throughout the entire experimental pe-
riod most likely represents a characteristic feature of the
immune system response to isolation conditions.

At the six-month time point of ground-based space-
flight simulation, 33 proteins with a reliably increased
concentration level were identified, predominantly in-
volved in intracellular and extracellular interaction pro-
cesses (Fig. 4). The STRING database revealed that
most of these proteins are connected in a protein—pro-
tein interaction network (Fig. 7).

According to Fig. 7, 20 proteins are linked in a unified
network, implying their co-expression and participation
in regulation of biological processes primarily at the lev-
el of vesicles, cytosol, exosomes, and the extracellular
space. The data presented in Fig. 8 expands the current
understanding of involvement of this protein group; thus,
5 proteins were involved in regulating biological process-
es in the cytosol, 10 in vesicles, 15 operated in the extra-
cellular matrix, and 25 — at the level of exosomes. Some
proteins participated in biological processes across mul-
tiple compartments.

IGHV3-11

Figure prepared by the authors based on original data

The use of the QuickGO software allowed us to
establish that 24 proteins were involved in regulating
biological processes in GO:0005615 “Extracellular
space”; 19 and 20 proteins — in GO:0070062
“Extracellular exosome” and GO:0031982 “Vesicle”,
respectively; 4 proteins — in GO:0072562 “Blood
microparticle”; and 18 proteins — in GO:0005829
“Cytosol”.

The increased representation of proteins participat-
ing in intra- and intercellular signaling indicates an en-
hanced role of paracrine communication, which involves
cells of different types.

CONCLUSION

The dynamics of protein concentrations in dried whole
blood spot extracts from healthy volunteers has been
studied using proteomic methods based on liquid
chromatography—mass spectrometry. The study has
clarified the course of adaptive strategies in the physi-
ological systems of healthy individuals in response to
prolonged isolation factors. The obtained results have
clinical significance for developing means aimed at
preventing changes in such specific immune system
processes as phagocytosis function and antigen pres-
entation.

CA3

RAD23A

DDT

PGLYRP2

Fig. 7. Protein—protein interaction network of proteins with a reliably increasing concentration level in the blood
of subjects following six months (using the STRING database); protein—protein interaction lines: lime green — co-
mentioned in literature; crimson — protein interaction determined experimentally; black — protein co-expression; blue —
interaction indicated in curated databases; green — genomic proximity of the protein-encoding genes (node colors are

generated arbitrarily by the software)
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Fig. 8. Graphical representation of the enrichment degree with proteins of significant cellular components
(extracellular exosomes, extracellular space, blood microparticles, vesicles, cytosol) in the blood of subjects
following six months of exposure to ground-based spaceflight simulation conditions: FDR — false discovery rate

Following 1, 3, and 6 months of isolation, the par-
ticipants showed an increase in the activity of various
physiological processes, both intracellular and those
carried out in the extracellular space. These process-
es are capable of affecting systemic levels of adapta-
tion. Thus, the main biological process activated after
one month in a sealed facility, supported by reliably in-
creased protein levels in the blood, was established to
be the suppression of phagocytic activity. Furthermore,
phagocytic activity remained suppressed both following
3 and 6 months of isolation.

At the same time, after three months of isolation, the
reliably increased concentrations of 22 proteins, the ma-
jority of which were found to be connected in a unified
network (implying their co-activation through a single
mechanism), formed another adaptive state. This state
is characterized by the involvement of both intracellu-
lar metabolic processes and extracellular mechanisms.
These processes can be considered as various facets of
the immune system response to the conditions of stay
in a sealed facility.
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