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ABSTRACT

Recognizing the fact that isolated left ventricular (LV) diastolic dysfunction (DD) underlies approximately 50%
of all heart failure cases requires a deep understanding of its principal mechanisms so that effective diagnostic
and treatment strategies can be developed. Despite abundance of knowledge about the mechanisms underlying
DD, many important questions regarding the pathophysiology of diastole remain unresolved. In particular, the
role of endosarcomeric cytoskeleton pathology in the deterioration of the so-called active (relaxation of the LV
myocardium and the atrioventricular pressure gradient at the beginning of diastole, closely related to it in a healthy
heart) and passive (myocardial stiffness) characteristics of diastole needs to be clarified.

The lecture briefly discusses the complex hierarchy of DD mechanisms (from the sarcomere to the whole heart)
and covers the role of the giant protein titin in the latter, which is the main determinant of intracellular stiffness.
Impairment of myocardial relaxation and deterioration of its wall compliance under a wide range of pathological
conditions (pressure overload, ischemia, inflammation, cardiotoxic effects, oxidative stress, etc.) underlying DD
can be explained by a shift in titin expression toward its more rigid N2B isoform, hypophosphorylation by protein
kinases A and G or dephosphorylation by serine/ threonine phosphatase 5 of its molecule in the extensible protein
segment containing a unique N2B sequence, hyperphosphorylation of PEVK regions of titin by protein kinase C,
aswell asinhibition of the Ca?+-dependent titin — actin interaction.

The results of deciphering these mechanisms can become a tool for developing new approaches to targeted
therapy for diastolic heart failure that currently does not have effective treatment, on the one hand, and the key to
understanding the therapeutic effects of drugs already used to treat chronic heart failure with preserved LV ejection
fraction, on the other hand.
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PE3IOME

[Ipu3HaHue TOro, 4To M30JIMpOBaHHAs Auactonnueckas aucoyHkuwms (/1) neoro xenymouxa (JIK) nexur B
ocHOBe puMepHO 50% Bcex ciiydaeB cepAeYHON HeIOCTaTOUHOCTH, TPeOyeT IITy00KOro MOHMMAHUS €€ OCHOBHBIX
MEXaHH3MOB, YTOOBI MOXHO OBLIO pa3padotaTh 3G eKTUBHBIC IMATHOCTUYECKUE U TEPANIeBTUUSCKUE CTPATETUH.
HecMoTpst Ha TO, 4TO B HacTosIIEee BPEMs JOCTATOYHO MHOTO U3BECTHO O ME€XaHU3MaX, Jiexamux B ocHoBe JI/1,
HEMaJIo Ba)XHBIX BOIIPOCOB, KAaCAIOIIMXCS MaTO(PHU3NOIOTHH JHACTOJIBI, CIlIe 0XKUIAI0T CBOETO pelieHus. B yact-
HOCTH, HYXJIaeTCs B yTOYHEHUH POJIb MATOJOIMU 3HIOCAPKOMEPHOrO CKeleTa B YXYALIEHHUH TaK Ha3bIBaEMBIX
aKTUBHBIX (penakcanus muokapaa JOK u TecHO cBsi3aHHBIN ¢ Hell B 3710pOBOM CepIle aTPUOBEHTPUKYIISIPHBIH
IpaJyeHT JaBJIeHHUs B Hayaje AUacTOJIbl) U MACCUBHBIX (MUOKApIUAIbHAS )KECTKOCTh) XapaKTEePUCTUK THACTOIIBI.

B nexmum xpaTko paccMmaTpuBaeTcs cloKHas uepapxus MexaHn3MoB JIJ{ (oT capkomepa 10 LENOro cepaua) u
00Cy’KaeTcsl yJacTHe B MOCIEJHUX TUTAHTCKOTO OelKa TUTHHA, KOTOPHII SBISCTCS OCHOBHOHM IEeTepMUHAHTON
BHYTPHKJIETOYHOH jkecTKoCTH. Jlexkamme B ocHoBe J1/] HapylIeHne akTHBHOTO pacciIabieHust MHOKapa U yXya-
HIEHHE NOAATIMBOCTH €r0 CTEHKH IPU MIMPOKOM CHEKTpE MaTOJOTHUECKUX COCTOSHUH (Ieperpyska IaBIeHHEM,
UIIEeMUs], BOCIIAIEHHE, KapAMOTOKCHYECKUE BO3JCHCTBUS, OKUCIHTEIBHBIA CTpECC M Ip.) MOTYT OOBSCHSATHCS
CMEIIEHHEeM JKCIIPECCUHM THTHHA B CTOpOHY ero Ooinee skectkoidl N2B-m3opopmsl, rumodochoprimpoBanueM
nporerHKHHa3aMu A u G w nehochopriiipoBaHueM CepuH/TpeoHuH (ocaraszoll 5 ee MOJIEKYJIbl B CErMEH-
Te PacTsHKUMOI JacTu Oenka, copepKaliuM yHHKanbHyro N2B mocienoBaTensHOCTh, runepdochopmnpoBaHu-
eMm PEVK ajieMeHTOB TUTHHA mpoTenHKHHAa30# C, a Takke HapymenneMm Ca?-3aBHCHMOrO THTHH-aKTHHOBOTO
B3aUMOJIEHCTBHS.

Pesynprars! pacmmpoBKH 3THX MEXaHH3MOB MOTYT CTaTh HHCTPYMEHTOM JUIS pa3pabOTKH HOBBIX ITOJXOJOB K
HAIIPaBJICHHOH KOPPEKIINHU He NMeronel 3¢ GeKTHBHOTO JTeUEHHS THACTOIMIECKON CepAedHOIl HEJOCTaTOYHOCTH,
C ONHOH CTOPOHBI, M KIIOYEM I MOHMMAHUS CaHOTEHHBIX 3()(EKTOB MpErnapaToB, yXKe HMPUMEHSEMbIX IS
Tepaniy XPOHMYECKOH cepJeuHOI HEeI0CTaTOYHOCTH C COXpaHEHHOH (pakiuel BeIOpoca JIK — ¢ mpyroi.

KuroueBrble cioBa: cepaevHasi HEAOCTAaTOYHOCTD C COXpaHeHHOﬁ @paKuHeﬁ BI)I6p0C3, JAUACTOJIMYECKas CepAcUHast
HEAOCTATOYHOCTD, JIEBBIN KEIIYAOYCK, NUACTOJINYECKass ZII/IC(inHKHI/ISI, MCXaHHU3MBI, SHHO(IapKOMepHLIﬁ CKCJICT,
THUTHH, aJ'II)TepHaTI/IBHHﬁ CHHaﬁCHHF, NOCTTPAaHCIIAUOHHAsL MOZ[I/I(i)I/IKaIII/ISI

KoHpanKT nHTepecoB. ABTOPHI ACKIApPUPYIOT OTCYTCTBHE SBHBIX M HMOTEHIUAIbHBIX KOH(IUKTOB HHTEPECOB,
CBSI3aHHBIX C MyOIMKalUel HaCTOsIIeH CTaTbH.

HcTrounuk q)ﬂHal—lcnpOBaHﬂﬂ. ABTOpLI 3asBJISIIOT 00 OTCYTCTBUU (I)I/IHaHCI/IpoBaHI/ISI py MPOBCACHUUN UCCIIEN0-
BaHUA.

I nurupoBanus: Kamoxun B.B., Tersakos A.T., becmanosa . /., Kamoxwuna E.B., UepHoroptok I'.D., Te-
pertseBa H.H., I'pakoBa E.B., KonbeBa K.B., Ycos B.1O., 'apraneesa H.I1., Jlupmmn U.K., ITerposa 1.B., Jlacyko-
Ba T.B. Ponb GenKoB 2HIO0CAPKOMEPHOTO CKEJleTa B MEXaHH3MaX AUACTOIMYECKON TUC(YHKINH JIEBOTO KETyA0U-
ka: pokyc Ha TuTHH. Brouemens cubupckoti meduyunsl. 2023;22(3):98-109. https://doi.org/10.20538/1682-0363-
2023-3-98-109.
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INTRODUCTION

Diastolic dysfunction (DD) of the left ventricle
(LV) is often referred to as a key link in the
cardiovascular continuum, developing into clinically
significant chronic heart failure (CHF) not only in
common cardiovascular diseases (ischemic heart
disease, arterial hypertension) [1-6], but also in
pathologies that are rare in many regions of the world,
in particular, endemic parasitic diseases (for example,
Chagas disease and opisthorchiasis) [7—11].

Intact ventricular diastolic function is crucia for
maintaining anormal level of blood circulation, aimed
at the fullest satisfaction of the metabolic needs of
body tissues, by ensuring a balance between stroke
volume and the amount of blood entering theventricles
in diastole, not only at macro-, but also at micro-time
intervals, despite the fact that the conditions of both
blood flow to the heart and its ejection constantly
change. While DD naturally leads to an increase in
the filling pressure of the heart, sooner or later it also
adversely affects the efficiency of ventricular systole
[12-14].

Recognizing that isolated LVDD underpins
approximately 50% of all cases of heart failure,
which has a poor evidence base for improving the

prognosis, requires a deep understanding of its
underlying mechanisms so that effective diagnostic
and therapeutic strategies can be developed
[13, 15-21].

Despite the fact that the mechanisms underlying
DD are well studied, many important issues related
to the pathophysiology of diastole are still to be
resolved. In particular, the role of the endosarcomeric
cytoskeleton pathology in the deterioration of the
so-caled active (relaxation of the LV myocardium
and the atrioventricular pressure gradient at the start
of diastole, closely related to the LV myocardia
relaxation in a healthy heart) and passive (myocardial
stiffness) components of diastole needs to be clarified
[22-26].

The aim of this lecture was to discuss the role of
pathology of endosarcomeric cytoskeleton proteins
in the mechanisms of LV DD, which have a hierarchy
that is difficult to understand.

HIERARCHY OF DIASTOLIC DYSFUNCTION
MECHANISMS
Hierarchy of the main mechanisms of DD (from

sarcomere to the whole heart) is presented in the most
general form in the Table [27].

Table

Hierarchy of the main mechanisms of impaired ventricular filling [27]

Level of change

Note

Myofibrils (sarcomeres)

At the level of myofibrils, increased stiffness and impaired relaxation may be due to modification of proteins that
make up thick and thin filaments, the endrosarcomeric cytoskeleton (in particular, titin, nebulin, aa-actinin-2,
myomesin), as well as myosin binding protein-C [28-32].

Cardiomyocyte

At the cardiomyocyte level, the ionic (Ca2+) transport system and the interaction of myofibrils play an important
role in the pathogenesis [33]. At the same time, the change in the state of the system of membrane intracellular
channels (for example, ryanodine receptors type 2), calcium uptake proteins by the sarcoplasmic reticulum
(phospholamban, Ca?* ATPase of the sarcoplasmic reticulum), sarcolemmal ion exchanger (sodium-calcium
exchanger) and ion pumps (Na + / K+ ATPase) is of great importance [34—37].

Extracellular matrix

The diastolic properties of the ventricle are directly related to the state of extracellular matrix proteins (colla-
gens, proteoglycans / glycosaminoglycans, elastin, fibronectin, laminin, and some other glycoproteins). The
predominant glycoprotein of the extracellular matrix is collagen, the fibers of which surround each myocyte and
provide connections between muscle fibers (the endomysium surrounds and connects individual cardiomyo-
cytes, perimysial fibers divide cardiomyocytes into groups, the epimysium surrounds and groups a large number
of muscle fibers, for example, papillary muscles) [38]. Extracellular matrix rremodeling, which occurs in many
cardiovascular diseases, naturally leads to depressed myocardial compliance and is characterized by an increase
in the total content of collagen and a change in the ratio of its types (adecreasein type I11 collagen found most
commonly in tissues exhibiting elastic properties and an increase in the content of type | collagen which confers
strength to the tissue and the molecules of which are cross-linked) [39].

At the organ level, ventricular filling is affected by systemic and intracardiac hemodynamic parameters (e.g.,
changes in afterload, the presence and severity of septal defects, and valvular insufficiency), geometric factors

Heart (the type of ventricular remodeling largely determines chamber and myocardial stiffness), and external limita-
tions (constrictive pericarditis, pericardial effusion).
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Table (continued)

Level of change

Note

left atrium [16].

Since the mechanisms of development and
progression of diastolic heart failure have a complex
hierarchy, it can be reasonably assumed that primary
and secondary prevention will be effective only
with a balanced (multifaceted) effect on various
aspects of the pathogenesis [27]. At the same time,
it is necessary to take into account the etiological
heterogenic causes of heart failure which may include
absolutely any cardiovascular disease, the features
of the pathogenesis in which undoubtedly leave an
imprint on the mechanisms and, very importantly, the
sequence in which impairments of active myocardial
relaxation develop and its stiffness increases [12,
44-48]. However, in most cases, the pathology of
diastolic relaxation usually precedes an increase in
ventricular stiffness [14, 42, 49]. As a rule, a decrease
in cardiac output occurs later and is actually inevitable
in patients with severe DD, since impaired filling
eventualy leads to a decrease in the cardiac index
value [42, 50, 51].

The high diastolic stiffness of the damaged
myocardium is stereotypically associated with the
structural rearrangement of the extracellular matrix,
characterized by changes in the quadlitative and
quantitative characteristics of interstitial proteins
(primarily collagen), but with the development
of DD modifications of proteins that make up the
endrosarcomeric cytoskeleton are apparently no less
important [52—54].

TITIN AND ITS ROLE IN THE MECHANISMS
OF THE LEFT VENTRICULAR DIASTOLIC
DYSFUNCTION

A significant difference between the
myocardium and skel etal muscles, the contraction
of which can normally be prolonged, is that the

DD refers to such a pathological condition when the ventricle cannot receive blood at low pressure and fill with-
out acompensatory increasein atrial pressure due to impaired active myocardial relaxation and / or deterioration
of'its wall compliance [39, 40]. It is necessary to distinguish between heart failure that has developed as a result
of a primary impairment of active relaxation of the ventricular myocardium and / or deterioration of its wall
compliance from that when the underlying impaired heart filling was not caused by ventricular DD [41]. The
definition of LVDD does not include patients with mitral stenosis, in whom a mechanical obstruction of blood
flow at the level of the left atrioventricular valve causes impaired ventricular filling and an increase in left atrial
pressure [42]. A similar statement can be made in relation to constrictive pericarditis or pericardial effusion [16,
43]. Sincein this pathology there is no impairment of myocardial relaxation and / or an increase in myocardia
stiffness, after timely treatment (for example, valvotomy or effective removal of pericardial effusion), the LV
regains the ability to receive blood at low pressure and fill without a compensatory increase in pressure in the

contraction in the muscle fiber of the heart always
breaks naturally, and the relaxation cannot be
prevented even with artificial extension of the cell
excitation time. This feature of the myocardium
Is due to the need for mandatory relaxation to
reduce pressure in the ventricles, without which
it is impossible to fill them with blood from the
venous bed during diastole. Complete recovery of
length istypical even for isolated cardiomyocytes
that do not experience any load.

This elastic straightening of myofibrils (elastic
recoil) can be explained by some elastic formations
in them that contract when shortened and straighten
when relaxed [51, 54]. Similarly, the elastic structures
of the myocardium make it more elastic than skeletal
muscles, protecting sarcomeres from overstretching,
which is theoretically possible during an overload of
blood volume. Even when the muscle fiber of the heart
is stretched with great force that is not encountered
under physiological conditions, the length of the
sarcomere increases very moderately, which prevents
the complete extension of actin filaments from the
interaction with myosin [54]. Elastin and collagen
fibers of the extracellular matrix can poorly fulfill
this function, since elastin is stretched only under
the action of a sufficiently large force, and collagen
proteins are practically inextensible (the extracellular
matrix takes on the load only when stretched to large
degrees) [54].

The significantly lower extensibility of the
isolated cardiac muscle compared to the skeletal
one is largely due to the presence of a well-
developed endosarcomeric cytoskeleton in the
cardiomyocyte. The state of several proteins of
the endosarcomeric cytoskeleton is known to
determine the elasticity of the cardiac muscle
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fiber: titin (also known as connectin), nebulin,
a-actinin, myomesin, etc. [32, 55-57]. But titinis
the main determinant of intracellular stiffness, in
the physiological range of the sarcomere length
(1.9-2.2 um) it causes 90% of passive tension in
the cardiomyocyte (the elasticity of titin in the
myocardiumis 20 times higher than in the skel etal
muscle) [27, 53, 58-60].

Titinisthelargest of theknown single peptides,
consisting of a sequence of about 30,000 amino
acids, the listing of which would take a third of
this issue of the journal. Taking into account the
molecular weight approximately equal to 3 MDa
(up to 18% of all myocardia proteins), it is no
coincidence that titin is called giant [54, 61, 62].

Titin with its N-terminus is anchored in the
Z-line and is located in the I-band (the light
band of the sarcomere, which like an elastic
spring undergoes elongation when the muscle is
stretched). Inthe A-band, titin with its C-terminus
is attached to myosin (each myosin thread binds
6 titin molecules) (Figure), actually covering half
of the sarcomere [51, 63]. When the sarcomere
contracts to alength that isless than the unloaded
or “passive’ one, the elastic spring in the I-band
compresses (Figure, ). When the sarcomere

Titin anchoring Titin
element elastic segment
Z-line
Titin anchoring ,Titi n
dement elastic segment
Z-line

IS stretched, titin exerts resistance, which is
expressed in the creation of a resting tension
(Figure, b).

During systole, when titin is compressed,
potential energy isaccumulated. During diastole,
titin acting like a spring (elastic recoil force)
applies this energy and develops the so-called
restoring force to restore the initial sarcomere
length, as a result of which the myocardium
rapidly “straightens out” and the blood is sucked
into the LV cavity, since at the beginning of
diastole, the LV volume changes faster than
the blood flow that should flow into it. At the
beginning of systole, which is another part of
the compression / stretch cycle, a stretched
giant protein that accumulated elastic potential
energy by the end of diastole transforms it into
kinetic energy. This energy transformation and
the optimal sarcomere length provided by the
elastic titin components in diastole, when in
accordance with the Frank — Starling law, the
maximum contraction force is achieved, are
extremely important factors for maintaining the
systolic function of the cardiomyocyte, which,
however, is not the subject of this lecture [51,
54, 64-66].

Actin
Myosin
Actin
Figure. Titin in the sarcomere I-band
Actin (simplified scheme) (adapted from [63]): a —
systole; b — diastole. Not adjusted to scale. To
_ keep it simple, only two thin filaments (actin)
Myosin and two titin molecules per thick filament
(myosin) are shown, with titin A-bands and
Actin myosin heads omitted. A short inelastic titin

I-band segment located at the A/l junction and
regulatory proteins of thin filament are also
omitted
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In the structure of titin, there are: 1) sequentially
connected immunoglobulin-like  domains (lg-
segments), which are identified in the proximal (close
to the Z-line), intermediate (alternatively spliced only
in the N2BA-isoform), and distal part of the protein
(close to the A-band); 2) a segment consisting of
proline, glutamic acid, valine, and lysine residues
(PEVK); 3) the unique N2B sequence (found in the
myocardium, but not in skeletal muscles), to which the
N2A element isadded inthe N2BA isoform, similar to
that found in the skeletal muscle [54, 63, 67].

The elasticity of titin molecules, which determines
both active (relaxation) and passive (stiffness)
characteristics of the ventricular myocardium in
diastole, is determined by the length and composition
of the segments of the so-called extensible part of the
protein in the I-band. Two main isoforms of titin have
been described. The first one is a short (up to 26,926
amino acids in the human myocardium) and rigid
N2B-isoform, which has a short extensible segment in
the I-band. Due to its shorter length, higher resistance
is created when the sarcomereis stretched. The second
isoform is a more compliant N2BA-isoform with up
to 34,350 amino acids, with a long elastic segment,
characterized by a high content of immunoglobulin
(the most extensible) and PEVK (more elastic)
elements, aswell asthe presence of the N2A sequence
[20, 25, 54, 63].

There is species-specific expression of the isoform
profile: the N2B isoform dominates in rodents (the
N2BA/N2B ratio is 20:80), while N2BA is dominant
in most large mammals and in humans (the N2BA/
N2B ratio ranges from 60: 40 to 80:20). In this case,
two isoforms can coexist in one sarcomere, and each
isoform functions independently. The co-expression
of isoforms in different ratios leads to the modulation
of the passive mechanical properties of the sarcomere
and makes it possible to regulate diastolic parameters
[54, 68].

A shift in expression toward the N2B isoform may
determine an increase in diastolic ventricular stiffness.
Moreover, the expression of various forms of titin
(N2BA and N2B) largely determines the variant of
myocardial remodeling that developsin various forms
of myocardial damage and overload by the type of
eccentric and concentric hypertrophy (concentric
remodeling), which is characterized by the formation
of classical systolic and diastolic CHF, respectively
[53, 69-72].

In the experiments that focused on heart failure in
dogs caused by accelerated pacing and spontaneous

systemic arteria hypertension in rats, an increase
in diastolic myocardial stiffness is associated with
an increase in expression of the N2B-isoform of
titin (more rigid), while in experimental infarction
in rats and in patients with end-stage ischemic
cardiomyopathy, the expression of the N2BA isoform
that is sometimes caled fetal is more pronounced
[73—76]. Although the results of studies aimed at
identifying the relationship between titin isoforms and
myocardial stiffness generally correspond with each
other well, the mechanisms that lead to isoform shift
in heart failure remain unclear [27, 30, 77, 78].
Obvioudly, the structura rearrangement of the
sarcomere, which underlies long-term adaptation,
depends on the type of overload (volume or pressure)
or damage to the myocardium (ischemic, metabolic,
or cardiotoxic) and requires reconfiguration of
alternative splicing [54, 76]. When there is a need
for increased stroke volume (for example, aortic
insufficiency or a loss of a significant proportion of
viable cardiomyocytes due to myocardial infarction),
the N2BA / N2B ratio shifts toward the long
(N2BA) titin isoform. On the contrary, if the load is
predominantly forceful (in particular, with systemic
arterial hypertension, LV outflow tract obstruction,
or aortic stenosis), the ratio shifts toward a shorter,
more rigid N2B titin isoform [54]. The last scenario,
in which the RNA-binding motif protein 20 (RBM20)
is the repressor, is a classic one for the development
of DD and heart failure with preserved LVEF [31, 39].
However, it is possible to exactly reproduce
some scenario in the experiment, but, in clinical
practice, a patient with comorbid pathology often
has a combined type of damage and overload of the
myocardium. For example, a patient with metabolic
syndrome developed myocardial infarction which
then led to papillary muscle dysfunction and
relative mitral valve insufficiency. This all makes it
difficult to understand the mechanisms of alternative
splicing restructuring. However, it is clear that the
final reorganization of alternative splicing will be
determined by the characteristics of the dominant
mechanical stress of the myocardium, an important
sensor of which is titin together with other proteins
of the endosarcomeric cytoskeleton. Titin interacts
with these proteins with its N-terminus in the Z-line
(a-actinin, telethonin and others) and its C-terminus
in the A-band (for example, myomesin), aswell asin
the I-band and M-line (for example, obscurin), which
are important points of mechanotransduction [32,
53, 54, 76, 79]. Altering the expression of numerous
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titin-based mechanotransduction-associated proteins
(for example, CRYAB, ANKRD1, muscle LIM
protein, p42, CAMK2D, p62, NBR1, FHLs) makes it
possible to regulate myocardial stiffness [54, 80, 81].
The functional state of the thyroid and pancreas
also affects the sarcomere stiffness. A change in the
isoform pattern toward a more rigid N2B-titin may
be caused by hyperthyroidism and hyperinsulinemia,
in which the phosphatidylinositol 3-kinase/Protein
kinase B/mTOR axis is activated with an increase
in RBM20 transcription. Conversely, low levels of
triiodothyronine and insulin contribute to a shift in
the isoform pattern toward a compliant N2BA titin
[79, 82—85]. Another hormone angiotensin II whose
mal adaptive chronic activity surplus is observed in
diastolic heart failure [19, 86, 87] increases myocardial
stiffness by affecting the titin isoform profile, activating
the mitogen-activated protein kinase/ELK1 signaling
pathway, and increasing RBM20 transcription [88].
Changes in the expression of titin isoforms may
take days or weeks, but the adjustment of the titin
contribution to passive myocardia tension can aso
occur quickly (even within one cardiac cycle) [80].
As for the short-term modulation of cardiomyocyte
elasticity, post-translational modification of titin is
closely related to the mechanisms of rapid adaptation
of the myocardium to varying hemodynamic
requirements to the heart (for example, during
exercise), when it is necessary to rapidly change the
parameters of blood expulsion and its inflow to meet
the metabolic needs of body tissues [67].
Catecholamines, nitric oxide, and natriuretic
peptides can reduce the stiffness of titin springs,
rapidly modulating diastolic function. Thus, [1-
adrenergic agonists activate the signaling pathway
through protein kinase A (CAMP-dependent), which
phosphorylates thetitin molecul e in the segment of the
I-band protein extensible part containing the unique
N2B sequence (influence on PEVK elements can lead
to the opposite effect), mainly in the N2B isoform
(the elasticity of the N2BA isoform increases), which
leads to a decline in its elasticity and an increase
in myocardia extensibility, contributing to better
ventricular filling [54, 79]. Nitric oxide and natriuretic
peptides modulate titin elasticity in the same direction
with the participation of another second messenger,
cGMP-dependent protein kinase G, which aong
with proteinase A phosphorylates the same site in
the N2B structure [54, 67, 89, 90]. In addition to the
above protein kinases, protein kinase CaMKII and
protein kinase D, which also phosphorylates the titin
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molecule in the segment containing the unique N2B
sequence, have a similar effect on the extensibility of
titin [54, 91].

Protein kinase C also phosphorylates the titin
mol eculeinthesegment of thel-band proteinextensible
part. Unlike the above-mentioned protein kinases A
and G, phosphorylation of titin PEVK elements by
protein kinase C (for example, during stimulation of
al-adrenergic receptors), the expression of which is
increased in a wide range of pathological conditions
(myocardia hypertrophy, heart failure with preserved
LVEF) and cardiovascular diseases (coronary heart
disease, essentia hypertension), isaccompanied by an
increase in myocardial elasticity [54, 92-94].

Impaired phosphorylation of certain parts of the
titin molecule or activation under the influence of
certain factors of its dephosphorylation by serine
/ threonine phosphatase 5 (for example, HSP90
chaperone, oxidative stress inducers and products
or proinflammatory cytokines) are considered titin-
dependent mechanisms of developing increased
myocardial stiffness and diastolic heart failure [12,
49, 53, 54, 95-98]. Since differentiated segments of
individual titin isoforms in the I-band extensible part
can be phosphorylated by different protein kinases,
which leads to different effects, it is important to
clarify the status of titin phosphorylation when a
comprehensive understanding of the mechanisms
of changes in myocardial stiffness during the
development of heart failure with preserved LVEF is
required [80, 99].

The diastolic stiffness of a cardiomyocyte does
not only depend on the titin length (compliance),
but is also determined by the titin — actin interaction,
which is Ca2+-dependent. Thus, the dependence of
passive myocardial stress on Ca2+ concentration was
described, whichisassociated with theability of PEVK
domains of titin I-band to bind to actin at an increased
macroelement concentration, leading to a owdown
in sliding of titin and actin [54]. It is well known that
the alteration of proteins regulating Ca2+ metabolism,
suchastheCa2+ ATPaseof thesarcoplasmicreticulum,
its modulator phospholamban, other channels of the
sarcoplasmic reticulum and their modulators (for
example, FK506-binding protein 12.6) and the Na+/
Ca2+ exchanger is accompanied by impaired removal
of Ca2+ from the cytosol and, as aresult, a slowdown
in relaxation [27, 100, 101]. Finally, titin-dependent
diastolic easticity may be determined by the work of
stretch-activated potassium channels, the dysfunction
(including a genetically determined one) of which can
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increase the risk of developing CHF with preserved
LVEF [102-104].

An acute and chronic increase in the passive
stiffness of titin leads to an increase in its mechanical
deformation and potentially nears the time of its
degradation (half-life can vary from severa hours to
two or three days), the multi-stage process of which
is very difficult to understand. The role of ubiquitin-
proteasome and autophagosoma — lysosomal
(autophagy) systems, proteases (such as calpains and
matrix metalloproteinase-2, and heat shock proteins
arediscussed. However, to date, the exact mechanisms
of degradation / protection of thetitin molecule, given
itsimpressive mass and length (about 1 um), have not
been fully studied [23, 78].

The impaired active myocardial relaxation and
deterioration of its wall compliance in a wide range
of pathological conditions (pressure overload,
ischemia, inflammation, cardiotoxic effects, oxidative
stress, etc.) underlying DD can be explained by a
shift in titin expression toward its more rigid N2B
isoform, hypophosphorylation by protein kinases
A and G or dephosphorylation by serine / threonine
phosphatase 5 in the segment of the extensible part
of the protein containing the unique N2B sequence,
hyperphosphorylation of titin PEVK elements by
protein kinase C, aswell asimpaired Ca2+-dependent
titin — actin interaction.

CONCLUSION

Maladaptive shifts in aternative splicing of titin
and the pathology of'its post-translational modification
associated with impaired active relaxation of the
myocardium and / or worsening compliance of itswall
are the key mechanisms of the development of LVDD
and diastolic heart failure. On the one hand, the results
of deciphering these mechanisms can become a tool
for developing new approaches to targeted therapy
for patients with diastolic heart failure that does not
have effective treatment. On the other hand, they
can become the key to understanding the therapeutic
effects of drugs already used to treat chronic heart
failure with preserved LV gjection fraction.
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