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BIOXIMIA TA MEAUYHA BIOXIMIA

0O.€.AbpaimoBa, M.A.MabaeeBa
MATHIA Y KNIHIYHIA NPAKTULI: BIOXIMIYHA POIb |
3HAYEHHA ONnAd AHECTES3IONOIrA
[HINpOBCbKMI AepXXaBHUA MEONYHUI YHIBEPCUTET,
Kadbegpa Gioximii Ta MegUyHOI Ximii

BceTtyn. MarHin — enektponit, Wo Bigirpae KpUTUYHY posnb
y 6Garatbox GioxiMiyHMX npouecax: Bi4 HENPOM'A30BOI
nepegayvi no crtabinbHOI poboTM cepusi, BAMMBAKOYM Ha
TpaHCNOPT iOHIB Ta MiATPUMKY iX TpaHCMeMbpaHHOro 6anaHcy.
Moro piBHOBara, Xod i pigko CTOiTb Yy UEHTpi yBarn, — ue
OCHOBa KniHi4HOi 6e3neku.

MeTta: Ha OCHOBIi aHanisy nitepaTtypHux Oxepen
[OoCnigMTU BMMUB MarHito Ha OioxiMiyHMI GanaHc npoTarom
nepuonepadinHoro nepioay.

Matepiann i metoam. byB npoBedeHW MOLWYK MO
HaykoBMM MeaumyHum 6asam pgaHux — Pubmed, MedLine,
Google Scholar Towo. MNepioa nowyky — 2020-2024 p.

Pe3ynbtatn pocnigkeHHs. [Mpu ouiHui 6GioximiyHoro
cTaTycy nauieHTa [0 noyaTtKy XipypriyHoro BTpyYaHHst (B
AoonepauifnHoMy nepiodi) piBeHb MarHito € gyxe BaXnUBKM.
Marrin € cknagosoto y noHag 300 hepMeHTaTUBHMX peakLisix,
perynoe MNPOHUKHICTb  KNITUHHUX MembpaH Ta moaynsuito

KanbUieBUX KaHaniB, WO MpPAMO BMAAMBae Ha CepueBy
NpoBigHICTb | 30yanuBiCTb M'si3iB. Y nauieHTiB i3 cepueBo-
CYANHHUMMN 3axBOPIOBaHHAMM, LlyKpOBUM niabeTtom,
ankoronbHOK  3amnexHictio abo  TpuMBanuUM  NPUIAOMOM
OiypeTukiB rinomarHiemis — 4acTte i HebesneuyHe sBuLLE.
OCTaHHsi € YMHHUKOM  pO3BUTKY apWUTMIl, MOCUNEHHS
YYTNMBOCTI [0 KaTexonaMiHiB, 3MeHLWeHHA edEeKTUBHOCTI

MiopenakcaHTie. Ha goonepauiiHoMy eTani HanbinbLl BaXXnusi
GioximMiuHi BNMMBKM MarHito Ha (YHKLIOHYBaHHA Miokapay Ta

M'si3iB, @ WNOro Kopekuia € OOOB’A3kOBMM i HeobxigHUm
KOMMOHEHTOM 3HWXKEHHSA pu3suKiB iHTpaonepawifiHnx
yCKnagHeHb.

B iHTpaonepauiHoMy nepiogi, nig 4Yac 3aranbHOi
aHecTesil, /0O OCHOBHMX BMNUWBIB  MarHito  BiAHOCATb
aHTMAPUTMIYHWUIA,  aHTUCTPECOBUIA |  HENPONPOTEKTOPHWN,
30Kpema:

e Crabinizauia miokapgy, 3HWXKEHHs 36yanMBOCTI

npoBigHOI cucTemMmu cepus.

e Mopynsuis NMDA-peuenTopiB — 3MeHLLEHHS Gonto
Ta notpebu B onioigax.

e T[loTeHLjloBaHHS MiOpenakcaHTiB — BaXIMBO Mpu
ynpaeniHHi rMMBOKOI0 HEMPOM'A30BOKD BrIoKazoHo.

lnomarHiemis B iHTpaonepauiiHoMy nepiogi
CNPUYNHATH:

e ApuTmii (ocobnunBo Ha oHi rinokaniemi).

o [ligBuLLEHHS apTepianbHOro TUCKY, Taxikapaito.

e  3HWMKEHHS e(hpeKTUBHOCTI 3HEOONEHHS.

AfekBaTHa KOpekKUis piBHA MarHito 3a notpebu — ue
YacTMHa MyNbTUKOMMOHEHTHOI aHecTesii, LWo [J03BoNsE
3HW3WTY 03y aHeCTeTUKIB i cTabinidyBaTn reMoamHamiky.

Y nicnsonepauinHuiA  nepiog, ocobnmMBo B yMOBax
iHTEHCMBHOI Tepanii, gediuut mMardilo Moxe nornubrioBaTuch
Yyepes:

e Btpatm 3
KWULLIKOBUI TPaKT.

e BuKopuMCTaHHA CEYOriHHMX, amiHOrMiKo3nais.

e [inepkaTtaboniyHi cTaHu, cencuc.

lnomarHiemMisi B peaHimaLii 4acTo CyrnpoBOMKYETLCA:

e [inokaniemieto  (kopekuis kanito 6e3  marHito
ManoedeKTMBHa).

e [inokanbuiemieto (MarHin perynioe napaTtropMOHOBY
YYTNMBICTb).

e BeHTURNATOPO3anexHo AUXanbHIO HEe[OCTaTHICTIO
Yepes M’A30BY CriabkKiCTb.

MOXe

ceyelo, [iapecto, Yepes  LUMYHKOBO-

3 iHworo Boky, rinepmarHiemis (pigkicHWA, ane MOXNBUIA
CTaH nNpW HUPKOBIA HegocTaTHOCTI abo nepeno3yBaHHI
npenapariB MarHito) MoOXe CynpOBOAXKYBATUCb 3HWKEHHSM
TUCKY, Bpagunkapgieto Ta NPUrHiYEHHAM AUXanbHOro LeHTpy. Y
BiAAINEHHI iHTEHCMBHOI Tepanii Hopmanizauid KOHUeHTpauii
MarHito B CMpOBaTLi KPOBi € OCHOBHON 30epexeHHst yHKUii
Miokapay, cTabinisauii M’a3oBoi cunu, aganTauii 4o cTpecy Ta
cencucy.

BucHoBku. B npaktuui nikaps-aHectesionora po3yMmiHHs
OvHaMmikn marHieBoro 6GanaHcy — Ue 4acTuMHa  LUOAEHHOI
Oe3nekn nauieHTa, WO [JO3BONISIE  KOHTpomnwBatM Ta
nigTpyumyBaT OyHKUilO Miokapdy Ta M'S3iB i aganTauito 4o
cTpecy.

TNitepatypHi pxepena
1. Saglietti F, Girombelli A, Marelli S et al. Role of Magnesium in the
Intensive Care Unit and Immunomodulation: A Literature Review.
Vaccines. 2023; 11(6):1122. doi:10.3390/vaccines11061122.
2.Wadod MA, Elsabeeny WY. The effect of adding magnesium sulfate
to low dose rocuronium on neuromuscular blockade and anesthesia for
direct laryngoscopy: A randomized controlled trial. Anaesthesia, Pain &
Intensive Care. 2021; 25(5):607—612. doi: 10.35975/apic.v25i5.1628.

3.A.ApTtioxoBa, H.M.YepHoycoBa
THE ROLE OF PROTEIN KINASE C IN MUTATIONS AND
CANCEROGENESIS
[HINpOBCbKMI AepXXaBHUI MeQUYHUI YHIBEPCUTET,
kadbeapa Gioximii Ta MeanYHoI Ximii

Abstract. Protein Kinase C (PKC) constitutes a family of
enzymes that fundamentally modify cellular signalling through
the phosphorylation of other proteins. The modification serves
as a molecular switch that alters the activity, location or
interactions of the target protein within the cell. PKC enzymes
have emerged as multifunctional regulators of cellular
processes after their initial discovery through diacylglycerol
activation. They control cell growth, guide cellular
specialization, regulate programmed cell death, and
orchestrate reorganization of the cell's internal skeleton—all
crucial processes that, when dysregulated, contribute to
disease development.

PKC consists of three subgroups which are categorized
based on structural features and activation requirements.
Three of the conventional PKCs (a, BI, Bll, y) require calcium
ions and diacylglycerol to become active. The novel PKCs (9,
€, n, 8) require diacylglycerol but function independently of
calcium. Atypical PKCs (¢, 1/A) work through unique
mechanisms that do not require activation through
diacylglycerol or calcium ions. Each variant shows unigue
distribution patterns across tissues and specific locations within
cells, allowing them to regulate distinct downstream signaling
pathways. This diversity enables PKC enzymes to influence
virtually every aspect of cellular behavior by modifying
numerous target proteins.

PKC Signaling Mechanisms and Mutational Impact

A typical PKC activation pathway involves several
complex molecular events that are initiated by external stimuli.
Cell surface receptors recognize signals through their binding
to specific receptors which activate phospholipase C enzymes.
The enzyme breaks down a component of the cell membrane
known as phosphatidylinositol 4,5-bisphosphate. The
breakdown produces two important signaling molecules:
diacylglycerol, which remains in the membrane, and inositol
1,4,5-trisphosphate, which diffuses into the cell interior.
Diacylglycerol serves as a messenger molecule that binds
directly to a region of PKC known as the C1 domain. This
binding facilitates the movement of the enzyme to cell
membranes where PKC can access its target proteins.
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Conventional PKCs require an additional step for
activation. They possess a region called the C2 domain that
binds calcium ions. Inositol 1,4,5-trisphosphate triggers calcium
release from cellular stores and this calcium binds to the C2
domain to enhance the enzyme's membrane association.
Atypical PKCs operate differently, lacking conventional C1 and
C2 domains [1]. Instead, they rely on protein-protein
interactions through regions called PB1 domains for their
activation. The precise regulation of PKC activation in space
and time is further governed by scaffold proteins known as
Receptors for Activated C Kinase (RACKSs). These scaffold
proteins anchor specific PKC variants to distinct locations
within the cell, ensuring that each PKC enzyme phosphorylates
the appropriate targets.

PKC genes which bear names like PRKCA, PRKCB, and
PRKCG based on the specific variant they encode, can
significantly  alter enzyme function through various
mechanisms. A single amino acid substitution in the catalytic
domain that performs the phosphorylation can either increase
or decrease enzyme activity. For example, a substitution in the
ATP-binding pocket might reduce the enzyme's ability to
transfer phosphate groups, effectively neutralizing its signaling
capacity [1]. Mutations in regulatory domains of the enzyme
can disrupt the enzyme's self-inhibition mechanism, resulting in
constant activation and inappropriate signaling.

The pseudosubstrate domain acts as a regulatory region
of PKC enzymes. This region normally blocks the enzyme's
active site by mimicking a substrate, keeping PKC inactive until
proper stimulation occurs. Alterations in this domain prevent
proper self-inhibition, resulting in hyperactive PKC variants that
modify target proteins indiscriminately. Such hyperactive
enzymes can inappropriately stimulate cell growth pathways or
interfere with normal cell death signals, potentially contributing
to cancer development [1, 2].

Some mutations shift the reading frame of the genetic
code or affect how gene segments are joined together during
mRNA processing. The mutations typically create short PKC
proteins with essential regulatory domains missing or produce
abnormal variants that have different target preferences. The
effects reach further than direct alterations to enzyme activity
to include disruptions in protein stability, cellular location, and
interaction with binding partners. For instance, mutations
affecting the breakdown rate of PKC variants can increase their
levels within cells and prolong signaling duration.

The process of adding phosphate groups to specific sites
during post-translational modifications helps PKC achieve
maturity and regulation. Three conserved phosphorylation sites
exist within PKC enzymes which include the activation loop
and the turn motif and the hydrophobic motif. The enzyme
requires proper modification of specific sites to develop its
correct three-dimensional structure. Mutations in these
phosphorylation sites prevent proper enzyme folding which
leads to the formation of unstable or hyperactive enzyme
variants [1]. The outcomes of such mutations strongly rely on
surrounding factors which include cell type and environmental
conditions as well as PKC variant compensations and parallel
signaling pathways.

DNA madifications together with protein alterations that
do not modify the genetic sequence contribute to PKC
dysregulation during disease conditions. The PKC gene control
regions experience abnormal DNA methylation which leads to
specific variant expression silencing. Modifications to histone
proteins affect DNA accessibility by changing how tightly DNA
wraps around them without changing DNA sequences.
MicroRNAs and other non-coding RNA molecules form a
regulatory system that targets messenger RNA sequences to
control PKC genetic information expression. The binding of
these molecules triggers RNA destruction while simultaneously
blocking protein synthesis. The epigenetic mechanisms
introduce advanced complexity to PKC regulation which works
together with genetic mutations to shape expression patterns
and functional outcomes throughout various tissues and
disease conditions [2].

PKC in Carcinogenesis and Tumor Progression

PKC functions in cancer development show both cancer-
promoting and cancer-suppressing activities according to
current scientific evidence. The seeming contradiction exists
because PKC variants along with cellular environments and
cancer development stages determine its effects. Scientists
initially proposed that PKC enzymes function to promote
cancer development. The hypothesis emerged because PKC
enzymes function as phorbol ester receptors which are plant-
derived substances that induce excessive cell growth when
applied to skin. On the other hand, some PKC variants have
proven to suppress tumor formation instead of promoting it
during recent research studies_[3].

PKC signaling exists in two distinct phases which help
explain the observed paradox. Cell multiplication receives
stimulation through growth factor signaling cascades when
PKC experiences short-term activation. The activation persists
for longer periods to activate counteracting feedback loops
which reduce growth signals and lead to either specialized cell
formation or programmed cell death thus preventing cancer
development. The dual-phase response helps explain the
contradiction  between PKC  activator-stimulated  cell
proliferation after brief exposure and the tumor-suppressing
effects of genetic PKC activation mutations [2, 3].

The initial steps of tumor development involve PKC
variants which determine how cells respond to DNA-damaging
agents that create cancer-causing mutations [2]. DNA damage
activation of PKC® leads to p53 protein activation among its
novel PKC subgroup members. The protein p53 functions as
"the guardian of the genome" to stop cell division while starting
DNA repair operations or causing cell death based on the
extent of damage. The activation of p53 by PKCd helps
minimize the development of cancerous mutations. The other
PKCe variant works as a cell death inhibitor by modifying
regulatory proteins such as Bcl-2. The phosphorylation of Bcl-2
by PKCe leads to an enhanced anti-death function which
enables cells with DNA damage to survive while acquiring
extra mutations [4].

PKC signaling directly affects the mechanisms that repair
DNA. The mechanism is based on PKC that is controlling the
activity of O6-methylguanine-DNA methyltransferase through
which this enzyme removes mutagenic alkyl groups from DNA
bases [4]. Also, PKC influences the nucleotide excision repair
pathway that removes DNA damage from ultraviolet radiation
and chemical exposure. So it can be said that PKC variants
affect DNA repair processes which determine mutation
occurrence frequency and distribution patterns thus influencing
cancer susceptibility. Tumor progression is also regulated by
PKC variants which control important features of cancer cells.
PKCa controls cell division through its effects on proteins that
govern the cell cycle which is the timed sequence of events
leading to cell division. At the same time, PKCa enhances
cyclin D1 production to drive cells into the division cycle and
alters retinoblastoma protein function to release DNA
replication factors. If the other variants are compared to their
functions, for example PKCa and PKC®, PKCa functions to
enhance proliferation but PKC® has opposing effects by
promoting p21 expression to block cell cycle engines called
cyclin-dependent kinases thus preventing cell division [5]. The
main aim of cancer cells is to modify their metabolic processes
to enable their rapid proliferation and cell division. PKC
variants can assist to achieve that in different ways. Through
its signaling mechanism PKC{ enhances glucose uptake
because most cancer cells depend on glucose as their main
fuel. The mechanism of GLUT1 movement to the cell surface
through PKC triggers the cell to import glucose from the
surrounding environment thus enhancing its glucose import
capacity. The cellular energy organelles known as
mitochondria are regulated by PKC® which affects their
operational state and reactive oxygen molecule generation [5].
These metabolic changes provide rapidly proliferating tumor
cells with their required energy sources and building blocks.
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Cancer progression becomes its deadliest phase when
cancer cells start spreading from their initial location to distant
organs during metastasis [6]. PKC helps control the
mechanisms by which cells stick to their environment as well
as their movement through tissue matrices and their ability to
reshape the protein network known as the extracellular matrix.
PKC variants regulate focal adhesion structures by altering
their protein components. The proteins paxillin and focal
adhesion kinase receive phosphate groups from PKC which
modifies their ability to create and break down adhesion
complexes that are vital for cell movement.

The PKC activation mechanism also controls the dynamic
organization of the internal support network which is the actin
cytoskeleton found within the cell. PKC achieves this control by
modifying MARCKS and fascin proteins to direct cellular
protrusion development and directional cell movement [5, 6].
The normal membrane-bound actin structure stabilized by
MARCKS becomes detached from the membrane through PKC
phosphorylation which enables cell movement by allowing actin
reorganization. Fascin bundles actin filaments into finger-like
protrusions which help cells both sense their environment and
move purposefully [1].

PKC signaling regulates the generation and activation of
matrix metalloproteinases which function as enzymes. Through
their enzymatic activity matrix metalloproteinases dissolve
tissue barrier components including basement membranes as
well as surrounding protein structures to establish migration
pathways for cancer cells [2]. Through its combined control of
cellular adhesion along with cytoskeletal rearrangement and
matrix destruction PKC enables cancer cells to invade
neighboring tissues until they reach distant organs.

PKC demonstrates significant influence on the tumor
microenvironment which consists of the cellular and molecular
environment surrounding cancer cells. The PKC signaling
pathway enables two-way communication to occur between
tumor cells and their surrounding supportive cells. Three types
of support cells exist in the tumor microenvironment: cancer-
associated fibroblasts which modify the extracellular matrix by
producing growth factors and remodeling its structure and
blood vessel cells that form tumor blood supply and immune
cells that either defend against or promote tumor growth [6].
PKCP activation in blood vessel cells leads to cell proliferation
and increased vessel permeability when vascular endothelial
growth factor (VEGF) is present. The process known as
angiogenesis produces new blood vessels that offer tumors
oxygen and nutrients while allowing cancer cells to access
blood circulation. The activation of PKC in cancer-associated
fibroblasts leads to increased production of growth factors
together with signaling molecules that promote tumor
development and invasive capabilities [7]. PKC functions in
cancer demonstrate context-dependent behavior through these
intricate  relationships while making therapeutic target
development of specific PKC variants challenging.

Conclusion. This enzyme family of Protein Kinase C
plays a wide array of roles in cellular functions and thus holds a
strategic position between health and disease states especially
cancer and immune dysfunction_[6]. PKC enzymes can
phosphorylate a wide range of target proteins and thus affect
virtually every aspect of cell behavior by altering their activity,
location and interactions. The complexity of PKC signaling,
characterized by variant-specific functions, context-dependent
outcomes, and extensive interaction with other signaling
pathways, presents both challenges and opportunities for
therapeutic intervention [7]. Mutations affecting PKC structure,
expression, or regulation can disrupt normal signaling
dynamics, contributing to cancer development through multiple
mechanisms. They may enhance cell proliferation by
increasing the activity of growth-promoting pathways, inhibit
programmed cell death by phosphorylating anti-apoptotic
proteins, alter cellular metabolism to support increased energy
demands, or facilitate cell movement through effects on
adhesion and cytoskeletal dynamics. The identification of these
various effects suggests potential targets for cancer therapy.

The process of turning basic knowledge into medical
applications faces difficulties yet shows great promise.
Selective PKC variant inhibition through drugs proves effective
in early-stage cancer models that exhibit overactive PKC
signaling [6]. Targeted protein degradation technology using
small molecules to mark specific proteins for cellular waste
disposal provides new ways to control PKC function better than
conventional enzyme blockers. The development of PKC
biology knowledge creates expanding therapeutic prospects for
this versatile signaling system [7]. The future development of
targeted therapies will use precise PKC function modulation to
meet unmet medical requirements in cancer and immunology
which may improve patient outcomes for these difficult-to-treat
diseases _[4].
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B.l.baxTiH
MEOWYHA POJlb BIOTEHHUX S-EMITIEMEHTIB
[HINpOBCbKMI AepXXaBHUI MEQUYHUI YHIBEPCUTET,
kadbeqpa Gioximii Ta MeanYHoI XiMmii

MeTta. [lisHatuca npakTU4yHe MefudHe  3HAYeHHsI
OioreHHUX S-eneMeHTiB.

3aBpaHHA: 3'sAcyBaTn  Meauko-b6ionoriyHe — 3HaYeHHs
Hartpito, Kanito, Kanbuito Ta Marhito.

Martepianu Ta wmMetoau. Po3rnsg  Ta  BUBYEHHS

niTepaTypu 3 4aHOI TEMMU.

S-enemeHTn - rpyna enemeHTiB y nepioanyHii Tabnuui
erneMeHTiB, eneKTpoHHa 0b0roHKa Skux Bkrovae B cebe nepLui
nBa wapu s-enektpoHiB. Lle enemeHtn IA rpynu - JliTi,
Hatpin, Kanin, Py6igin, Lesin Ta ®paHuin; Ta enementn IIA
rpynn — Bepunin, Marnin, Kanbuin, CtpoHuin, bapin, Pagin,
lpoporeH Ta [enin. Benuke 6GionorivHe 3HayeHHs AN
opraHi3amy mMarTb HacTynHi enemeHnTn: Na, K, Mg, Ca.

Bwmict Hatpito B Tini niognHm ctaHoButb 6nm3ssbko 0.08%,
KM nepebyBae y HbOMY B OCHOBHOMY Y BUIMsAi PO34MHHUX
conen: xnopugy, docdaty, rigporeH kapboHaTy. OCHOBHUM
peno Na“ e kicTkoBa TkaHuHa. Moro iioHn 6epyTb yuacTb y
nigTPUMaHHi CTanoro 0CMOTUYHOTO TUCKY GiopianHn y BurnsAai
OydpepHux cuctem, siki BiH yTBOPIOE 3 hocaTHO Ta iHWMMU
OpraHiYH1UMM KUCnoTamu.

Bwmict Kanito B Tini nioguHn ctaHoBuTb 6nnsbko 0.23%.
3aBasku Kanito 3MeHLWyeTbca 34aTHICTb GinkiB yTpymyBaTtu
BOAy, WO Aornomarae BUBOAMTW 1i 3 oOpraHiamy. TakoX BiH
Biflirpae BaXnuBy poOSib Yy HU3Ui NpoueciB: (PYHKUIOHYBaHHI
cepus, poboTi HepBOBOI CUCTEMMU, YTBOPEHHI Bydepis.
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