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determine the necessity of alternative preventive approaches. One of the most promising methods is vaccine
prophylaxis, aimed at stimulating both local and systemic immunity against the major uropathogens.

The aim of this review was to summarize current data on the efficacy, mechanisms of action, and clinical potential
of vaccines for the prevention of chronic cystitis in women, with a focus on oral, vaginal, injectable, and promising
recombinant vaccines.

A systematic review of publications indexed in Scopus, PubMed, and Web of Science for the period 2010-2025
was conducted, including randomized controlled trials (RCTs), meta-analyses, and guideline reviews from EAU, AUA,
and NICE.

The highest level of evidence has been demonstrated for oral bacterial lysates (OM-89), which reduce the
recurrence rate by 34-50% according to large RCTs and meta-analyses. Injectable vaccines (StroVac) and vaginal
polyvalent vaccines (SolcoUrovac) demonstrate promising but heterogeneous results. Next-generation recombinant
vaccines (FimH vaccine, EXPEC-4V) have shown high immunogenicity in Phase I-Il clinical trials. The combination of
OM-89 with SolcoUrovac or OM-89 with StroVac may provide advantages in patients with long-standing, treatment-
refractory recurrences, indicating complementary mechanisms of action of these agents.

Vaccine prophylaxis is one of the most substantiated and strategically important approaches for the prevention
of recurrent UTls in women. Current and emerging vaccines have significant potential to reduce antibiotic resistance
and improve long-term disease control.
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Iron absorption in the gastrointestinal tract is a critical phase in maintaining systemic homeostasis of this trace
element, as the human body lacks active excretory mechanisms, and impaired absorption invariably leads to defi-
ciency states. The efficiency of iron uptake is governed by the coordinated interaction of specific cell populations
within the small intestine mucosa and their complex morphological organization.

This study aims to summarize the current understanding of the cellular and morphological mechanisms of iron
absorption in the gastrointestinal tract, emphasizing the role of key cellular components in iron transport and met-
abolic regulation.

Enterocytes of the proximal small intestine play a pivotal role in iron uptake; their apical membranes facilitate
the reduction and transport of non-heme iron via specific transporters. Once inside the cell, iron is either sequestered
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within ferritin or exported across the basolateral membrane through ferroportin, which serves as the central regu-

latory link in the absorption process.

The morphological features of the mucosa—specifically the microvilli, tight intercellular junctions, and the highly
vascularized architecture of the villi—establish optimal conditions for iron transit into the bloodstream. Further-
more, endothelial cells within the submucosal layer facilitate the redistribution of iron and its entry into the systemic
circulation, ensuring physiological adaptation to the body's requirements.

In conclusion, iron absorption is a multilevel process predicated on the synergy between the cellular and morpho-
logical components of the intestinal wall. Consequently, any disruption to their structural integrity may precipitate

the development of iron deficiency states.

Key words: iron, absorption, enterocyte, endothelial cell, ferroportin.

Connection of the publication with planned re-
search work.

The work is a part of SRW “To study tissue reactions
of various parts of the nervous system and internal or-
gans to lesions of various origins and their modulation.
Pedagogical aspects of teaching histology”, state regis-
tration number 0120U102691.

Introduction.

Iron absorption within the gastrointestinal tract is a
pivotal component in maintaining the systemic homeo-
stasis of this trace element, as the human body lacks
active excretory mechanisms. Consequently, iron levels
depend entirely on the efficiency of intestinal assimila-
tion. Disruptions in this process are fundamental to the
development of iron deficiency states, which remain
among the most prevalent medico-biological challenges
globally [1, 2]. Despite significant advancements in iden-
tifying molecular regulators of iron metabolism — most
notably hepcidin and ferroportin — the morphological
framework supporting iron absorption remains insuffi-
ciently systematized. This gap in knowledge necessitates
a comprehensive cellular and morphofunctional analysis
of the intestinal absorptive apparatus.

Over the past ten years, scientific publications have
devoted considerable attention to the molecular mech-
anisms of intestinal iron absorption regulation, the role
of DMT1 transporters, ferroportin and the IRE/IRP sys-
tem, as well as hormonal control by hepcidin [3, 4]. It
has been shown that enterocytes of the proximal small
intestine are the central cells that provide apical iron
transport and its intracellular regulation. Some studies
highlight the involvement of macrophages and endo-
thelial cells in the redistribution of iron and its transport
to the systemic bloodstream, emphasizing the role of
vascular and immune components of the mucous mem-
brane [5, 6].

At the same time, modern literature is dominated by
a biochemical and molecular biological approach, while
the morphological aspects of the interaction between
enterocytes, crypt cells, immunocompetent cells, and
the microcirculatory bed are considered fragmentarily.
The morphological prerequisites for effective absorp-
tion, the role of intercellular contacts, epithelial renew-
al, and the structural organization of villi in the regula-
tion of iron transport remain insufficiently understood.
In this regard, a comprehensive analysis of the cellular
and morphological mechanisms of iron absorption in the
digestive tract as the morphofunctional basis of systemic
iron metabolism is relevant.

The aim of the study.

The objective of this study is to systematize and an-
alyze current scientific data regarding the cyto-morpho-
logical mechanisms of iron absorption in the gastrointes-

tinal tract, with a particular focus on the functional role
of key cellular structures and their molecular orchestra-
tors.

Main part.

Iron is one of the most important trace elements for
human nutrition and a critically important component
for ensuring vital functions [7]. It plays a key role in oxy-
gen transport, electron transfer, cell division, differenti-
ation, and gene expression regulation. About 70% of the
iron in the human body is part of hemoglobin, the main
pigment in red blood cells that gives blood its character-
istic red color [8]. The rest of the iron is bound to other
proteins, such as myoglobin, transferrin and ferritin, or
is stored in cells. The reticuloendothelial system plays an
important role in maintaining systemic iron homeosta-
sis by removing damaged red blood cells from the body
with the help of macrophages in the spleen, liver, and
bone marrow [9].

Dietary iron occurs in two primary forms: heme iron
(found in hemoglobin and myoglobin within meat, fish,
and seafood) and non-heme iron (predominantly Fe3*
in plant-based and fortified foods). Heme iron exhibits
significantly higher bioavailability, ranging from 15% to
35%, whereas non-heme iron absorption is markedly
lower, typically 2-10% depending on dietary composi-
tion. Consequently, even a small fraction of heme iron
can contribute a substantial portion of the body’s total
iron uptake. These disparities underscore the critical
role of the dietary source in determining the efficiency
of iron absorption [10, 11, 12].

Although most iron absorption occurs in the duode-
num, the stomach is critical for preparing the micronu-
trient for absorption and transporting it further along
the gastrointestinal tract [13].

Hydrochloric acid in gastric juice performs three im-
portant functions: it dissolves iron and breaks down food
complexes, converts Fe3* into a more accessible form of
Fe?*, and creates optimal conditions for the action of
intestinal reductase Dcytb on the apical membrane of
enterocytes [14].

Gastric enzymes such as pepsin and cathepsins A
and E break down proteins that contain heme, making it
available for further absorption [15].

The small intestine is the key site for iron absorption.
This is where specialized transport proteins, receptors
and enzymes are located.

The mechanism of non- heme iron absorption differs
from that of heme iron (the process involves several con-
secutive stages):

— Reduction of Fe3* to Fe?* (the apical membrane of
the enterocyte contains ferro-reductase Dcytb, which,
with the participation of ascorbate, converts trivalent
iron into a divalent form. This is a critical step, as trans-
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port across the membrane is only possible in the form
of Fe?*).

— Transport of Fe?* into the enterocyte (the main
protein is DMT1 (Divalent Metal Transporter 1) — a pro-
ton-dependent transporter that captures Fe?* together
with a proton. DMT1 has low specificity and can also
transport Mn?*, Cu?*, Zn?*, which partly explains the
competitive interactions of trace elements) [16, 17].

—Intracellulariron metabolism (in the cytoplasm, iron
can: be incorporated into enzymes, heme or iron-Sul-
phur clusters; be deposited in ferritin and transported
to the basolateral membrane for export. The level of fer-
ritin in enterocytes is a marker of systemic iron stores:
when ferritin is in excess, absorption decreases; when it
is deficient, absorption increases).

— Iron export into the blood (the only known export-
er is ferroportin (FPN1).

After passing through FPN1, Fe?* ions are immediate-
ly oxidized by the enzyme hephaestin to Fe** and bind to
transferrin, the main transport protein in plasma) [18].

The mechanism of heme iron absorption is simpler
due to the protected structure of heme, but also in-
volves sequential processes:

— Receptor transport of heme (the HCP1 (Heme Car-
rier Protein 1) transporter functions on the apical mem-
brane of enterocytes, capturing heme without the need
for acid or enzymatic conversion).

— Intracellular Processing of Heme: within the cyto-
plasm, the enzyme heme oxygenase-1 (HO-1) oxidatively
degrades the heme complex, releasing ferrous iron Fe?*,
biliverdin, and carbon monoxide (CO). The liberated Fe?*
subsequently enters the same metabolic pathways as
non-heme iron, being either sequestered by ferritin or
exported into the systemic circulation. This direct intra-
cellular release bypasses several regulatory barriers as-
sociated with non-heme iron uptake, thereby explaining
the superior bioavailability and higher absorption effi-
ciency of heme-derived iron.

The absorption and subsequent distribution of iron
in tissues is mainly regulated by the interaction of the
hormone hepcidin, which is produced by the liver, with
the protein ferroportin. Hepcidin is a peptide consisting
of 25 amino acids and has a molecular weight of 2.8
kDa. It is synthesised in hepatocytes and secreted into
the blood, where its concentration in healthy individu-
als varies from approximately 2 to 20 nM (this is almost
100 times higher than the concentration of other pep-
tide hormones of similar size, such as insulin, glucagon
or parathyroid hormone) [19].

The mechanism of action of hepcidin is based on its
ability to bind to ferroportin, causing the latter’s internal
degradation. This leads to a decrease in iron export from
enterocytes, a decrease in iron release by macrophages,
and a decrease in plasma iron levels. Factors such as in-
flammatory cytokines (especially IL-6), excess iron in the
body, infections, and chronic diseases stimulate hepcidin
secretion. Iron deficiency, hypoxia, blood loss, pregnan-
cy, and increased erythropoiesis affect the decrease in
hepcidin levels [20, 21, 22, 23].

So, let’s take a closer look at the cellular and morpho-
logical level of iron absorption by mature enterocytes in
the middle-upper part of the small intestine villi [24].

After iron is absorbed by enterocytes from the intes-
tinal lumen and transported through their cytoplasm,
it must enter the lamina propria (connective tissue) to
enter the bloodstream [25].

The intercellular substance of the lamina propria
is not a cellular component, but an extremely import-
ant part of the connective tissue, where iron physically
moves through this space as part of the transferrin-iron
complex. It diffuses from the basement membrane of
enterocytes (where it is released from the cell) to the
endothelial cells of the capillaries.

Thus, in the connective tissue of the lamina propria,
iron functions primarily as a component of the transfer-
rin complex in the extracellular space, contacting cells
that have specialized protein systems for its transport,
the endothelium.

Adventitial cells and pericytes of the interstitial play
only a supporting role in the process of iron uptake and
regulation, mainly indirectly, through their influence on
the structure and function of capillaries and the local im-
mune response. They are not the main cells that absorb
dietary iron (this is done by enterocytes), but they are
important for overall iron homeostasis in tissue [26].

Next, the transferrin-iron complex must enter the
capillary, which is permeable to it.

The complex diffuses through the basement mem-
brane of the capillary to the surface of endothelial cells,
where it binds to transferrin receptors and is transport-
ed into the cell (as described above), or seeps through
the intercellular gaps in the fenestrated capillaries of the
intestine.

Thus, iron does not ‘push’ through the basement
membrane on its own or in ionic form, but uses it as a
filter, passing through as part of a large protein complex
— transferrin — by passive diffusion.

Conclusions.

Iron absorption is a multilevel morphofunctional
process involving enterocytes, crypt cells, macrophages,
pericytes, and endothelial cells, which act as a single
iron metabolism regulation system.

The morphological integrity of the mucous mem-
brane, including microvilli, tight junctions, capillary net-
work development, and extracellular matrix status, de-
termines the efficiency of absorption.

Endothelial cells of the submucosal layer regulate
transendothelial iron transport and its redistribution ac-
cording to the systemic needs of the body.

Prospects for further research.

Further research will focus on a more detailed study
of ultrastructural changes in enterocytes in various
forms of iron deficiency and their impact on absorption
efficiency. Further research should include an assess-
ment of the regulatory mechanisms of hepcidin and its
effect on the morphological state of iron transport cells
in the intestine.
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BcMOKMyB8aHHA 307130 8 MPABHOMY MPAKMI € KAIOY08UM emarnom midmpumMaHHs cucmemHo20 20Meocmasy
Yyb020 MiKpoesnemMeHmMa, OCKiNbKU OP2aHI3M AHOOUHU He MAE QKMUBHUX MexaHi3mig (io2o susedeHHs, a NopyweHHs:
abcopbuyii npuzsodums 00 po3sumky OegiuumHux cmaHis. E¢hekmusHicmb 30C80EHHA 3a1i3a 8U3HAYOEMbCA
Y3200H(€HOIO 83AEMOOBIEI0 KAIMUHHUX nonyaAayili cau3080i 060/10HKU MOHKOI KUWKU ma ix mopgos02i4Ho0
op2aHizayjiero.

Memot 0aH020 00CniOMEeHHA € y3a2asabHEeHHA CYYacHUX YAB/AeHb MpPo KAIMUHHO-MOPEGO02iYHi MeXaHi3amu
8CMOKMYBAHHA 30/1i30 8 MPABHOMY MPAKMI 3 AKUEHMOM HA POsb OCHOBHUX KAIMUHHUX KOMITOHEHMI8 Y npoyecax
mpaHcriopmy ma peaynauii 3aai3006MiHy.

lpogidHy ponb y BCMOKMYy8BaHHIi 3aniza eidieparome eHmepoyumu MnpPOKCUMAsbHUX 8i00inie MOHKOI
KUWKU, anikaneHa memépaHa AKux 3abe3nedyye pedyKyildo ma mpaHcrnopm He2emMo8020 30si3d 30 y4yacmio
crneyugiyHux nepeHoCcHUKi8. licas HAOX00XEHHA 8 KAIMUHY 3as1i30 Moxce dernoHysamuca y cKknadi pepumuHy abo
eKkcriopmysamucs yepe3 6a3onamepasnbHy MemMbpaHy 30 0MoOMO20K0 (hepornopmuHy, W0 € UeHMPAbHOK AAHKOK
pezynayii abcopbuyii.

MopgornoziyHi ocobnusocmi cau3080i 060710HKU, 30KPEMA PO3BUMOK MIKPOBOPCUH, WinbHI MIHCKAIMUHHI
KOHmMaKkmu ma 0obpe c¢hopmMOoB8aHA CYOUHHQA Mepexr(a 80PCUHOK, CMBOPIOIOMb ONMUMAsbHI yMo8U 078 mpaH3umy
3071i3a 00 KPOBOHOCHO20 pycna. EHOomenioyumu nidcauzosozo wapy bepyme yyacme y nepepo3nodini 3asaiza ma

lioeo HaOx00xeHHi 0 cucmemMHO20 KpoB8OMOKY, 3abe3neyyodu adanmayito 0o nompeb opeaHiamy.
TaKUM 4YUHOM, 8CMOKMYBAHHA 3asi30 € 6a2amopisHe8UM MPoyecom, wo 6asyemosca HA MmicHil 830emo0ii
KAIMUHHUX | MOPghoo2iYHUX KOMIMOHEHMI8 KUWKOBOI CMIHKU, G MOpyWeHHsA iX cmpyKmypHOI yinicHocmi moxce

npu3zsooumu 00 po38UMKY 3ai300ePiyumHUX CMaHis.

Knrouoei cnoea: 3as1i30, 8BCMOKMYy8aHHSA, eHmepouum, eHoomesioyum, (hepornopmuH.

3B’A30K ny6aikauii 3 nnaHoBMMM HayKOBO-AOCAig-
HUMK poboTamu.

Pobota € pparmeHTom HAP «BUBUMTU TKaHUHHI pe-
AKU,ii pi3HMX BiAAINIB HEPBOBOI CUCTEMM Ta BHYTPILLHIX
OpPraHiB Ha YpPa*KeHHA Pi3HOro reHesy Ta iX MOAYNALIO.
MeparoriyHi acnekTM BWKAAZAAHHA TiCTONOrI», HOMmep
LeprKaBHOI peecTpayii 0120U102691.

Bcryn.

BcMOKTyBaHHA 3ani3a B TPABHOMY TPaKTi € OAHIEI 3
K/HOYOBUX SIAHOK NiATPMMAHHA CUCTEMHOIO rOMeocTasy
LbOro MiKpoenemeHTa, OCKi/IbKWM OpraHiam MI0ANHU He
M€ aKTUBHUX MEXaHi3MiB MOro eKcKkpeL,ii, a HaAXOAKeH-
HA 3a/i3a MOBHICTIO 3a/1IeXUTb Bif, eDEKTUBHOCTI KULL-
KOBOi abcopbuii. MopyLeHHA Lboro NPoLecy NexuTb B
OCHOBI PO3BUTKY 3a/i304ediUUTHUX CTaHIB, AKi 3anuLwWwa-
I0TbCA OAHI€0 3 HAMNOLWMPEHIWNX MeANKo-6ioNorivHMX
npobnemy cBiti [1, 2]. HeaBarkatoum Ha 3Ha4YHMIA Nporpec
Yy BUBYEHHI MOJIEKYNIAPHUX PEryNATOPIB 3aM1i3000MiHY,
30Kpema poni rencuauHy Ta deponopTuHy, npobaema
mopdosnoriyHoro 3abesneyeHHss BCMOKTYBaHHA 3ani3a i
[0Ci 3a/IMWAETbCA HEAOCTAaTHbO CUCTEMATU30BAHOLO, LLO
3YMOB/IOE HEOBXiIAHICTb KOMMNNEKCHOTO KAITUHHO-MOP-
¢$onoriyHoro aHanisy Lboro NPoLecy.

3a OoCTaHHi AecATb POKIB y HayKoBuMX nybaikauiax
3HAYHy yBary NpuUAineHo MOJIEKYAAPHUM MeXaHizmam
perynauji kuwkosoi abcopbuii 3anisa, poni TpaHcnop-
Tepis DMT1, peponoptuHy ta cuctemu IRE/IRP, a Takox
ropMoHasIbHOMY KOHTpO/to 3 60Ky rencuauHy [3, 4]. MNo-
Ka3aHo, L0 eHTePOLMTN MPOKCMMAJIbHUX BiAAiNiB TOHKOI
KULIKKW € LLEHTPaZIbHUMM KNITUHAMK, fIKi 3abe3neyytoTb
anikafbHUI TPaAHCMOPT 3a/i3a Ta MOro BHYTPILIHbOKAI-
TUHHY perynauito. OKpemi A0CNiAKeHHA BUCBITAOOTb
y4acTb Makpodaris i eHgoTeNioumTiB y nepeposnogini

3ani3a Ta Moro TPAHCNOPTYBaHHI A0 CUCTEMHOIO KPOBO-
TOKY, WO NiAKPECNOE PO/ib CYAUHHUX Ta iIMYHHUX KOM-
NOHEHTIB CIN30B0i 060/10HKM [5, 6].

BogHouyac y cyyacHi niTepaTypi nepeBarkae bio-
XiMIYHUI | MmonekynapHo-6ionoriyHnin nigxig, Toai Ak
MopPdO/IOriyYHi acneKkTn B3aeEMoAji eHTepOoLUTIB, KAITUH
KPUNT, IMYHOKOMMETEHTHUX KAITUH | MIKPOLMPKYAATOP-
HOro pycna posrnagatotbcsa GparmeHTapHo. Hepocrtat-
HbO 3’ICOBAHMMM 3anULWAOTLCA MOpPdOOrivyHi nepe-
OYMOBU edeKTUBHOCTI abcopbuii, poNb MiXKKNITUHHMX
KOHTaKTIB, emniTenia/lbHOr0 OHOBJIEHHA Ta CTPYKTYpHOI
OpraHisaLii BOPCMHOK y perynsauii TpaHcnopTy 3anisa. Y
3B'A3KY 3 MM aKTyaNbHUM € KOMMIEKCHUIN aHani3 KAi-
TUHHO-MOPdO/IOTYHMX MeXaHi3MiB BCMOKTYBAHHA 3ai-
3a B TpaBHOMY TPaKTi AK MopdOdYHKLIOHaIbHOI OCHOBM
CMCTEMHOTrO 3a1i3006MiHY.

MeTta gocnigKeHHs.

CuctemaTmsalia  aHanis cy4acHUX HaYKOBUX JaHUX
LWOAO KNITUHHMX i MOPdONOTiYHUX MexaHi3miB abcopb-
Lii 3ani3a B LW/YHKOBO-KULLKOBOMY TPaKTi 3 0c0b611BOO
YBaroto A0 poJii KNYOBUX KNITUHHUX CTPYKTYP | MONEKY-
NAPHUX KOMMOHEHTIB.

OcHOBHa YacTuHa.

3ani30 € OAHWUM i3 HAMBAXKNUBILLUX MIKPOE/IEMEHTIB
ONA XapyyBaHHA NOANHU Ta KPUTUYHO BAXKJIMBUM KOM-
NOHEHTOM An1A 3abe3neyeHHA KUTTEBUX YyHKUiIA [7].
BOHO BMKOHYE KNHOYOBY POJIb Y TPAHCNOPTYBAHHI KUCHIO,
nepegadi enekTpoHiB, KNITUHHOMY noaini, andepeHuia-
uii Ta perynauii ekcnpecii reHis. bansbko 70% 3anisa B
opraHiami N0AUHM BXOAUTb A0 CKNady remornobiHy —
OCHOBHOTO MirMEHTY epuUTpoLMTIB, AKMN HAZAE KPOBI
il xapaKTepHoro 4YepsoHoro Konbopy [8]. PewTa 3ani3a
nos’A3aHa 3 iHWKUMM BiNKaMK, TaKUMU, AK MIOrI06IH,
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TpaHcheppuH i depuTMH, abo HAKOMMYUYETLCA Y KAiTU-
Hax. Baxknusy ponb y NigTpMMLI CUCTEMHOrO romeocTa-
3y 3ani3a BMKOHYE PeTUKynoeHAoTeNiaNbHa CUCTEMA,
LLIO OYMLLIYE OPraHi3m Bif, NOLIKOAMKEHUX €PUTPOLLUTIB 3a
[0MOMOrot0 Makpodaris cenesiHkM, NeviHKK Ta KiCTKo-
BOro mo3sky [9].

XapuoBe 3ai30 iCHYE y ABOX OCHOBHUX Gpopmax — re-
MoBe (4acTuMHa remy B M’sAci, pubi, mopenpoaykTax) Ta
HeremoBe (nepesaxHo Fe3* y poCAMHHUX NpoayKTax i
36arayeHux xapyax). lemose 3a/1i30 Ma€e CyTTEBO BMLLY
6iogocTynHictb (NpnbamsHo 15-35%) nopiBHAHO 3 Here-
MOBUM (3a3BM4ait 2-10% 3aNeXKHO Bif pauioHy), Tomy
HeBe/IMKa [0/1A remMoBOro 3ai3a Moke 3abesnevyBatu
3HaAYHY YaCTUHY 3arasibHOr0 HaAXOAKeHHA enemeHTa. Lli
BiAMIHHOCTI NiAKPECNIOOTb BaXKAMBICTb ArKepena 3ani3a
ONs Moro BCMOKTyBaHHA [10, 11, 12].

Xouya ocHOBHa abcopbuis 3ani3a BifbyBaeTbCca y ABa-
HaLATUNANINA KULWLI, WAYHOK MA€E KPUTUUYHE 3HAYEH-
HA ANA NiArOTOBKM MiKpOenemeHTa A0 BCMOKTYBaHHA
Ta NepemileHHA Moro Aani no LWAYHKOBO-KULLKOBOMY
TpakTy [13].

ConaHa K1cnoTa B CKNaLi LWAYHKOBOTO COKY BUKOHYE
Tpu BaxknMBi GyHKLIi, a came: 3abe3neyvye po3UMHEHHSA
3a/1i3a i pyMHYBAHHA Xap4yOBUX KOMMJIEKCIB, NepeBoanTb
Fe3* y 6inbw moctynHy ¢opmy Fe?* Ta CTBOPIOE ONTK-
ManbHi YMOBU N5 poboTM KMLWKOBOI peayKTasum Dcytb
Ha anikanbHi membpaHi eHTepouumTis [14].

Taki WAYHKOBI GepMeHTU AK MENCUH i KaTencuHu A
Ta E po3wenntotoTb BiNKuM, WO yTPUMYIOTb rem, pobaaum
MOro AOCTYNHUM Ana nogansluoi abcopbuii [15].

TOHKMI KULLIEYHUK € K/TIOYOBOK AiNAHKOK 3aCBOEH-
HA 3ani3a. Came TyT 3HAX04ATbLCA Crneuiani3oBaHi TpaH-
CNOPTHI 6inKK, peuentTopn Ta GepmeHTH.

MexaHi3M BCMOKTYBaHHA HeremoBOro 3anisa Big-
MiHHUWI Big, MexaHi3my Ans remoBoro (NpoLec BKAOYaE
KiZlbKa NocnifoBHUX eTanis):

— Pepaykuia Fe3* no Fe?* (Ha anikanbHii membpaHi
eHTepouuMTa po3TawoBaHa ¢depopeaykTasa Dcytb, fAka
3a y4acTi ackopbaTy nepeBoAUTb TPUBANEHTHE 3aNi30
Yy 0BOBasIeHTHY dopmy. Lle KPUTUYHUIA KPOK, OCKIiNbKK
TpaHCNopT Yepe3 MeMbpaHy MOXAMBUIA anwe y dopmi
Fe?*).

— TpaHcnopTyBaHHA Fe?* y eHTepounT (OCHOBHMM
6inkom € DMT1 (Divalent Metal Transporter 1) — npo-
TOH3aNEXKHWIN NEPEHOCHMK, AKNI 3axontoe Fe?* pasom
i3 npotoHoM. DMT1 ma€ HU3bKy cneumiyHicTb i Mmoxe
TpaHcnopTyBaTh Takok Mn?*, Cu?*, Zn?*, wo YacTKoBO
NOACHIOE KOHKYPEHTHI B3aeMoAii MikpoenemeHTis) [16,
17].

— BHYTPILWHbOKNITUHHMIA MeTaboni3am 3anisa (y uuTto-
nnasmi 3aniso moxke: BbygosyBatnca y depmeHTH, rem
abo 3anis3o-cipyaHi Knactepu; AenoHyBaTUCA Y GEPUTUHI
Ta TpaHcnopTyBaTUcA A0 HasonatepanbHoi membpaHm
ONs eKcnopTy. PiBeHb pepuTHMHY B eHTepoLmMTax € Map-
KepOoM CUCTEMHMX 3anacis 3ani3a: NPy HaAAULWKRY depu-
TUHY abcopbLis 3MeHLWYyeTbes, Npy AediunTi — 3pocTaE).

— EKcnopT 3ani3a y KpoB (EAMHUM BiAOMUM eKCnop-
Tepom € peponopTuH (FPN1).

Micnsa Buxoady yepes FPN1 ioHu Fe?* HerallHO OKMC-
HIOIOTbCA pepMeHTOM renxaectHom Ao Fe3* i 38’asy-
IOTbCA 3 TPAHCPEPUHOM, FOSIOBHUM TPAHCMOPTHUM 6in-
Kom nnasmu) [18].

MexaHi3m abcopbu,ii remoBoro 3anisa nNpocTiwnii 3a
PaxyHOK 3axMLLEHOi CTPYKTYpU remy, ane TeX BK/YAE
nocnifoBHI npouecu:

— PeuenTopHWIA TpaHCNopT remy (Ha anikanbHil
membpaHi eHTepouMTiB PyHKLIOHYE TpaHcnopTep HCP1
(Heme Carrier Protein 1), akuit 3axonatoe rem 6e3 Heob-
XiZHOCTiI KUCNIOTHOIO Y GEPMEHTHOO NEPETBOPEHHS).

— BHYTpiWHbOKANITUHHA 06pO6Ka remy (y LuTONNa3Mi
dbepmeHT remokcureHasa-1 posLensntoe rem 3 yTBOpeH-
HAm Fe?*, 6inisepauHy Ta MOHOOKCUay Byrnewo. OTpu-
MmaHe Fe2* cnpAMOBYETbCA Y Ti K MeTaboniuHi Waaxm,
LLLO 1 HeremoBe 3a.i30. Lle noAcHoe BULLY ePEKTUBHICTb
YCMOKTYBaHHA reMOoBOro 3ani3a).

Abcopbuia Ta Hagani po3noain 3aniza B TKAHWHAX
nepeBaXHO PEery/tolTbCA B3aEMOAIEI0 TOPMOHY rencu-
OVHY, KU BUPOBAAETLCA MediHKolo, i3 6inkom depo-
nopTMHom. lencuamH € NenTMAOM, WO CKNAJAETbCA 3
25 aMiHOKKUCAOT | Mae monekynapHy macy 2,8 kKa. BiH
CMHTE3YETbCA B rematoumTax Ta BUAINAETHCA B KPOB, Ae
Oro KOHUEHTpaLia y 340Pp0BUX NtoAeN Bapitoe Big npu-
6am3HO0 2 ao 20 HM (ue malixke B CTO pasiB binblue, HixK
KOHLEHTpaLia iHWMX NenTMAHUX FOPMOHIB noAibHoro
PO3Mipy, TaKUX AK iHCYANiH, FIOKaroH abo napaTupeoia-
HUI ropmoH) [19].

MexaHi3m pgji renunanHy 6a3yeTbca Ha MOMKIMBO-
CTi oro 38’A3yBatUcA 3 $eponopPTUHOM, CNIPUUYNHAIOYM
BHYTPILWIHIO Aerpajauito octaHHboro. Lle npussoguTtb
00 3MEeHLUEeHHA eKCnopTy 3ani3a 3 eHTepouMUTIB, 3MeH-
LWEeHHA BUBINIbHEHHA 3ani3a Makpodaramm Ta 3HUNKEHHA
piBHSA 3ai3a B Na3mi. Taki pakTopw, AK 3ananbHi UUTO-
KiHK (ocobnuso IL-6), HaAMWOK 3ani3a B OpraHi3mi, iH-
dekuji, XpOHiYHi 3aXBOPOBAHHA, CTUMY/IOIOTb CEKPELLit0
renumMaunHy. Ha 3HUXKEHHA XK piBHA renunauHy BnavBa-
10Tb: 3ani304ediunT, rinoKcis, KPOBOBTPATA, BAriTHICTb Ta
niasuweHnn eputponoes [20, 21, 22, 23].

OTmke, 3ynMHUMOCA 6inbll AE€TaNIbHO HA KANITUH-
HO-MOpPONOriYHOMY PiBHI BCMOKTYBAHHA 3a/i3a 3pinu-
MW eHTepouuTaMn cepefHbO-BEPXHbOI YaCTUHU BOP-
CUMHKM TOHKOT KMLWKK [24].

Micna Toro, AK 3ani30 MOMIMHAETLCA EHTEPOLUTOM
3 NPOCBITY KULIKIBHWKA i TPAHCNOPTYETbCA Yepes Moro
LMTONA3My, BOHO NOBUHHO BMIATU Yy BNACHY MACTUHKY
(cnonyyHy TKaHMHY), WO6 NOTPaNUTH B KPOBOTIK [25].

MiXKKNITUHHA peyvyoBMHA BIACHOI NAACTUHKM He Ki-
TUHHW KOMIMOHEHT, ase BKpPaW BakKAMBa YacTUHA Cno-
NIY4HOI TKaHWHM, Ae 3ani30 ¢i3nYHO nepemillyeTbes
yepes uel NpocCTip y CKNaAi Komnaekcy TpaHcdepuH-3a-
niso. BoHo gndyHAaye Big 6a3anbHOT MemMbpaHu eHTepo-
umTiB (A€ BOHO BUBINIbHAETLCA 3 KAITUHM) A0 eHZoTeNi-
ANbHUX KNITUH Kaninapis.

OTIKe, y CNOYYHI TKAaHMHI BNIACHOT NAACTUHKK 3a/i-
30 QYHKLiOHYE B NepLuy Yepry AK KOMMOHEHT KOMMAEKCY
3 TpaHcHeprMHOM Yy NO3aKNITUHHOMY NMPOCTOPI, KOHTaK-
TYIOUM 3 KNITUHAMM, AKi MatoTb creuianizoBaHi 6inKoBI
CUCTEMU AN1A AOr0 TPAHCMOPTYBAHHA eHA0TeNIN.

AZBEHTULIANbHI KAITUHU Ta NEPULMUTU IHTEPCTULIIO
Bi4irpatoTb TiNIbKM AOMNOMIXKHY PO/b Y NPOLECi 3aXonto-
BaHHA Ta perynauii obmiHy 3ani3a, ro0BHUM YMHOM
onocepeaKoBaHO, Yyepes iXHili BNAMB Ha CTPYKTypy Ta
byHKUito KaninApis i micueBy iMyHHY Bignosigb. BoHM
He € OCHOBHMMM KITUHAMM, LLO NOMMHAOTL XapyoBse
3ani30 (e pobnsATb EHTEPOLUTK), a/le BOHU BaXKAUBI g1A
3araibHOro romeocTasy 3ani3a B TKaHUHI [26].

[Jani komnnekc TpaHcdeprH-3ani3o NOBUHEH NOTpa-
NUTK BCepeaunHy Kaninapa, Aka NPOHMKHA ANA HbOTO.

Komnnekc andyHaye Kpisb 6asanbHy membpaHy Ka-
niffapa Ao NoBepxHi eHA0TeNiaIbHUX KNIiTUH, e BiH 3B'A-
3YETbCA 3 peuenTopamn TpaHcPepuHy | TPaHCNOPTYETb-
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CA BXe BCepeanHy KNiTUHK (K onucaHo BuLle), abo MopdonoriyHa UinicHICTb  €AM30BOI  0BONOHKM,
NPOCOYYETLCA YePe3 MIKKAITUHHI WiAMHW y deHecTpo-  BKJKOYHO 3 MIKPOBOPCMHKAMMU, WIIBHUMKU KOHTaKTaMu,
BaHMX Kaninapax KULLKIBHUKA. PO3BUTKOM KaMiNAPHOI CiTKM Ta CTAHOM NO3aKAITUHHOIO

OTKe, 3a/i30 He «NPOTUCKAETbCA» Kpisb HGasanbHy MATPVIKCY, BUSHAYaE e{beKTMBHICTb abcopbuii.
MembpaHy caMoCTiliHO abo B iOHHIli Popmi, a BUKO- EHpoTeniountn  nigcnnsosoro wapy perynioroth

PUCTOBYE ii AIK GINLTP, NPOXOAAYM Y CKNAAj BenmKoro 6in- | PAHCEHAOTENANIbHIM TPAHCNOPT 3a/isa Tg vnoro rnepe-

. pO3MOAiN BiAMNOBIAHO A0 CUCTEMHUX NOTPE6 OpraHismy.
KOBOFO KOMMEKCY — TpaHChepuHy — wasxom nacusHoi P O-HOA BIAMOBIAHO A4  OTPEL Op ¥
by MepcneKkTMBM NOAANBLLNX AOCAIAMKEHD.

ByayTb cnpAmoBaHi Ha AeTasibHille BUBYEHHA Yib-

BucHosku. ) ) TPACTPYKTYPHMX 3MiH eHTepOUMTIB Npu PisHMX Gpopmax

BC"_"OKTVBaHH” 3afisa € 6araTu°p'BHeB“M MOPPO-  nediuuTy 3ani3a Ta IXHLOTO BNAMBY Ha edEKTUBHICTL

®YHKLIOHANbHAM NPOLIECOM, AKWIA OXOM/IIOE EHTEPO-  a6copbuii. MoAablli AOCAIAKEHHS MalOTb BK/KOYATH

UMTH, KIITUHW KPUNT, Makpodaru, Nepuuptv Ta eH-  ouiHKy PeryfaTOPHUX MexaHi3miB rencuamHy Ta Moro

[0TeNniounTy, Wo AiAloTb AK €MHA cMcTeMa perynauii - snanBy Ha MOPQONOriYHWUIA CTaH KAITUH 3ani30TpaH-
3a1i3006MiHy. CMOPTY B KULILL.
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KNITUHHO-MOP®OOTIYHI MEXAHI3MUW BCMOKTYBAHHA 3A/I3A B TPABHOMY TPAKTI

Aemupuyk A. C., Konpayposa A. 0.

Pe3stome. Y Uil pobOTi cMCTEMATM30BaHO 3HAHHSA NMPO 3a/1i30 K HE3aMIHHUI MIKPOENEMEHT, LLLO BUKOHYE K/to-
yoBi dyHKLIi B opraHiami. [0J10BHUIN aKLEHT 3pobaeHo Ha 6araTopiBHEBIN CUCTEMI BCMOKTYBaHHSA 3a/i3a B TOHKOMY
KULLEYHUKY, e BMpilaNnbHy po/b BiZirpatoTb CnewianizoBaHi KAITMHHI nonyaauii Ta MopdoaoridHi CTpyKTypu.

JocnifrKeHHs BKa3yloTb, L0 3aCBOEHHA 3a/i3a 3HAYHOO MipOto 3aneXuTb Big, ioro dopmu. lemoBe 3ani3o, ke
NoXoAmMTb 3 MPOAYKTIB TBAPUHHOIO MOXOAMKEHHA, MAa€e Habarato BuULLy 6i0AOCTYMHICTb NOPIBHAHO 3 HEreMOBUM.
LLINYHOK TaKoX BUKOHYE BaxKNMBY GYHKLiHO ¥ MiAroTOBLi 3a0i3a [0 3aCBOEHHA. 3aBAAKM Al CONAHOI KUCAOTU Ta dep-
MEHTIB, TAKMX AIK NEMNCUH | KaTENCUHMK, BiAOYBAETHCA PO3LLENIEHHA XapYOBUX KOMMNEKCIB | BiAHOBMEHHS iOHIB 3ai3a
[0 ABOBaneHTHOT GopMU, WO poObUTb MOro JOCTYNHUM A4 NOAANbLUOIO TPAHCNOPTYBAHHA B OPraHi3mi.
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KntouoBOK NnaHKoK MpoLecy € 3pifii eHTEPOLMTU BOPCUHOK TOHKOT KULIKWU. BCMOKTYBaHHA HeremoBoro 3anisa
34i/CHIOETbCA Yepes Moro BigHoBNEHHSA pepmeHTom Dcytb Ta noganblue nepeHeceHHs Kpisb anikanbHy membpaHy
3a gonomoroto 6inka DMT1. lemoBe 3an1i30 BCOTYETbCA 3a yyacTi TpaHcnopTtepa HCP1, nicaa yoro 3ani3o BMBI/IbHA-
€TbCA B KNITUHI Nig aieto depmeHTy remoKcureHasu-1. MNoganblia 4004 3a0i3a BU3HaYaeTbCA NoTpebamm opraHismy:
MiKpoenemeHT abo HaKoOMUYYETLCA Y PepuUTUHI, abo TPAHCMOPTYETLCA B KPOB Yepes EANHUI BiLOMMUIA MEPEHOCHNUK
— deponopTuH.

Perynauia romeocTasy 3ani3a 34iMCHIOETLCA TOPMOHOM FTeNCUANHOM, AKUIA NPUTHIYYE LWAAXM TpaHCnopTy de-
pOoMnopTHHY Y BigNOBiAb Ha 3ananbHi Npouecy abo HaAMLLIOK 3ani3a B opraHiami. Ha mopdonoriyHomy piBHi Lei
npotec 3abe3neyyeTbea LNICHICTIO c1M30BOT 060NOHKM KULWWEYHMKA Ta MIKPOLMPKYAATOPHOI cuctemu. 3aniso ne-
pemilLyeTbCs Yepes BIaCHY NIACTUHKY CIM30BOI Yy CKAaAi KOMMJIeKCy 3 TpaHchepuHom, bepyun yyacTb y B3aemog,i
3 eHAoTeNialbHUMM KNITMHAMM KaninAapis, WO KOHTPO/IOIOTb MOr0 HaAXOAMKEHHA A0 KPOBOTOKY. [lofaTKoBy ponb y
NpoLEeci BiairpatoTb NepuuMT Ta afiBEHTULIAIbHI KNITUHU, AIKi 3a6e3neYyoTb CTPYKTYPHY NiATPUMKY CYAMH.

BCMOKTYyBaHHA 3ani3a € CKJagHMM NPOLLEeCOM, WO BiAOyBAETbCA 3aBAAKM B3aEMOAiI eniTeniafibHUX KNITUH,
MaKpodaris i efemeHTiB CyauHHOT cuctemu. KnroyoBumn paktopamm y nonepesKeHHi 3anisoaediyMTHUX CTaHiB
BUCTYNatoTb 36epexeHHA MopPdONOrivHOT LiiCHOCTI KMLWKOBOro 6ap’epy Ta HaneKHe GYHKLiOHYBaHHA TPaHCNOPT-
HUX cUCTeM.

Knro4oBi cnoBa: 3a71i30, BCMOKTYBaHHSA, EHTEPOLLUT, eHA0TeNioumT, eponopTuH.

CELLULAR AND MORPHOLOGICAL MECHANISMS OF IRON ABSORPTION IN THE DIGESTIVE TRACT

Demydchuk A. S., Kondaurova A. Yu.

Abstract. This article systematizes knowledge about iron as an essential trace element that performs key
functions in the body. The main focus is on the multilevel system of iron absorption in the small intestine, where
specialised cell populations and morphological structures play a decisive role.

Studies indicate that iron absorption largely depends on its form. Haem iron, which comes from animal products,
has a much higher bioavailability than non-haem iron. The stomach also plays an important role in preparing iron for
absorption. Thanks to the action of hydrochloric acid and enzymes such as pepsin and cathepsins, food complexes
are broken down and iron ions are restored to their bivalent form, making them available for further transport in
the body.

The key link in the process is mature enterocytes in the villi of the small intestine. Non-haem iron is absorbed
through its reduction by the enzyme Dcytb and subsequent transport across the apical membrane by the protein
DMT1. Haem iron is absorbed with the participation of the HCP1 transporter, after which the iron is released into
the cell under the action of the enzyme haemoxygenase-1. The further fate of iron is determined by the needs of the
body: the microelement is either stored in ferritin or transported into the blood through the only known transporter,
ferroportin.

Iron homeostasis is regulated by the hormone hepcidin, which inhibits ferroportin transport pathways in
response to inflammatory processes or excess iron in the body. At the morphological level, this process is ensured
by the integrity of the intestinal mucosa and the microcirculatory system. Iron is transported through the mucosal
plate in a complex with transferrin, interacting with the endothelial cells of the capillaries that control its entry into
the bloodstream. Pericytes and adventitial cells, which provide structural support to the vessels, play an additional
role in the process.

Iron absorption is a complex process that occurs through the interaction of epithelial cells, macrophages,
and elements of the vascular system. Key factors in the prevention of iron deficiency are the preservation of the
morphological integrity of the intestinal barrier and the proper functioning of transport systems.

Key words: iron, absorption, enterocyte, endothelial cell, ferroportin.
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Cardiovascular diseases remain the leading cause of mortality worldwide, and dyslipidemia is one of the key
factors in their development. Despite the availability of effective lipid-lowering agents, a substantial proportion of
patients with high and very high cardiovascular risk fail to achieve target low-density lipoprotein (LDL) cholesterol
levels, resulting in the persistence of residual risk. In this context, the search for new pharmacological targets re-
mains relevant. One promising approach is the inhibition of cholesteryl ester transfer protein (CETP), particularly
through the use of obicetrapib, a next-generation selective CETP inhibitor.

The aim of this study was to summarize and critically analyze current experimental and clinical data regarding
the pharmacological properties of obicetrapib, its effects on the lipid profile, efficacy, and safety based on phase II-
Ill trials, as well as to determine its place in contemporary lipid-lowering therapy strategies. A systematic review of
international scientific sources addressing the biological role of CETP, mechanisms of action of its inhibitors, and the
clinical application of obicetrapib was conducted. Methods of analysis, synthesis, and generalization were employed
to assess the drug’s effects on lipid metabolism parameters, as well as its efficacy and safety. In phase II-1ll clinical
trials, obicetrapib demonstrated significant reductions in LDL, apolipoprotein B, and lipoprotein(a), along with an
increase in high-density lipoprotein (HDL) cholesterol. In the BROADWAY and TANDEM studies, the drug was effective
both as monotherapy and in combination with ezetimibe in high-risk patients. The safety profile remained favorable,

with no adverse effects on blood pressure or hormonal parameters.
Thus, obicetrapib may be considered a promising agent for intensive correction of dyslipidemia and reduction of

residual cardiovascular risk.

Key words: obicetrapib, cholesteryl ester transfer protein, dyslipidemia, lipid-lowering therapy, cardiovascular

risk.

Connection of the publication with planned re-
search work.

The work is a fragment of the SRW “Pharmacologi-
cal study of potential drugs containing biologically active
substances of natural origin for the treatment of skin dis-
eases,” state registration number 0124U002658.

Introduction.

Atherosclerotic cardiovascular diseases remain
the leading cause of premature mortality and disabili-
ty worldwide, imposing a substantial medical, social,
and economic burden [1-3]. A key pathogenetic factor
in the development of atherosclerosis is impaired lipid
metabolism, primarily elevated low-density lipoprotein
(LDL) cholesterol, which is directly associated with the
progression of atherosclerotic vascular lesions and the
occurrence of cardiovascular events. Data from epide-
miological and clinical studies convincingly demonstrate
a dose-dependent relationship between plasma LDL
concentration and the risk of myocardial infarction, isch-
emic stroke, and cardiovascular mortality [3-6].

Current international and national clinical guide-
lines for the management of dyslipidemia are focused
on achieving progressively lower LDL target levels, par-
ticularly in patients with very high cardiovascular risk,

including individuals with established atherosclerotic
cardiovascular diseases, diabetes mellitus, and familial
hypercholesterolemia. This approach is based on the
“lower is better” concept, which has been confirmed by
numerous randomized clinical trials and meta-analyses
[3, 4].

At the same time, despite the availability of effective
lipid-lowering therapies, including high-dose statins,
combination therapy with ezetimibe, and the use of pro-
protein convertase subtilisin/kexin type 9 (PCSK9) inhib-
itors, a significant proportion of patients in real-world
clinical practice fail to achieve the recommended LDL
target levels. The reasons for this include individual vari-
ability in therapeutic response, intolerance or limited
adherence to treatment, as well as the persistence of
other atherogenic components of the lipid profile, such
as elevated apolipoprotein B and lipoprotein(a) levels
[7-9].

The presence of so-called residual lipid and cardio-
vascular risk necessitates the search for new pharmaco-
logical targets and therapeutic strategies aimed at the
comprehensive correction of lipid metabolism disorders.
One promising approach is the inhibition of cholesteryl
ester transfer protein (CETP), a key regulator of lipopro-
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