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To describe atherosclerotic processes in the intima of blood vessels, a statistical approach
to describing non-equilibrium processes of blood component transport in the lumen-
endothelium-intima system of blood vessels has been proposed, which involves taking
into account the nature of interactions between blood components. Using the method of
non-equilibrium statistical operator for the parameters of the abbreviated description, a
system of transport equations has been obtained, which, within the framework of the se-
lected model of component interaction, can describe non-Markovian in time and non-local
in space processes of blood transport in vessels, taking into account possible reaction-
diffusion processes in the vessel walls. A viscous reaction-diffusion description was used
in the lumen, and a reaction-diffusion description in the endothelium-intima subsystem.
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1. Introduction

Atherosclerosis, as is known, is the accumulation of cholesterol and other fatty deposits in the intima
of blood vessels, which leads to narrowing of their lumens. The consequences of this are the restriction
of blood flow to vital organs, in particular, blood flow to the heart, lungs, liver, which can ultimately
lead to various syndromes such as heart attacks, strokes.

In simple words, this is associated with thickening of the arterial wall and, as a result, blockage
of the lumen of the arteries. Atherosclerotic fatty plaque consists of lipids, monocytes, foam cells and
smooth muscle cells. The development of plaques begins with the accumulation of lipids, especially
(low-density lipoproteins) LDL in the arterial wall. Then LDL oxidizes and stimulates inflammatory
processes of macrophage recruitment to the lesion. Foam cells are formed from monocytes that have had
endothelial oxidized LDL, and proinflammatory cytokines are activated in the process, which further
stimulate macrophages to the lesion. Thus, it is now clear that endothelial dysfunction contributes
to atherosclerosis, while normal function has an atheroprotective capacity. The endothelium plays an
important role in the release of vasodilators, such as nitric oxide (NO), to counteract vasoconstrictors.
NO is an important vasodilator responsible for maintaining vascular tone in the human body [1-12].

The current situation related to human cardiovascular diseases requires a more detailed under-
standing of the processes involving cholesterol (production and conversion to bile acids in the liver),
free radicals, oxidants, antioxidants in the endothelium and intima, and the immune system. It is now
firmly established that plaque formation in the intima of the circulatory system is caused by oxidized
low-density lipoproteins (LDL) resulting from interaction with free radicals. The appearance of free
radicals (as macromolecules, protein fragments, cell decay products, characterized by the presence of
one, i.e. uncompensated electron in the shell) in the intima of blood vessels is mainly associated with
inflammatory processes that can occur as a result of endothelial dysfunction [1-10, 12,13, cell death,
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biochemical reactions, the influence of viruses (influenza, etc.) and other factors that have entered the
blood, and from it through the endothelium into the intima. In a recent paper [14], the authors con-
ducted a detailed analysis of the influence of erythrocytes on the processes of vascular atherosclerosis
and noted that circulating erythrocytes can, under appropriate circumstances, have a detrimental effect
on the vascular endothelium [3,6,7, 13|, participating in the development of plaques. This is largely
due to the non-Newtonian nature of blood flow in vessels, which is one of the problems of mathemat-
ical modeling of such processes [15]. Mathematical models [16] of the cardiovascular system allow for
detailed and quantitative investigation of both physiological and pathological conditions due to their
ability to combine clinical data with physical knowledge of the processes underlying the function of
this system.

In the works [17-21] a thorough review of the achievements of mathematical modeling of the
processes of atherosclerotic cardiovascular diseases is given. Various mathematical models, their gener-
alizations and important directions of further research are analyzed. The importance of mathematical
modeling in revealing the complexities of lipid accumulation in macrophages during the formation of
atherosclerotic plaque depending on the lipid load was noted in the works [22-24].

In the works [19,21, 25-29] mathematical models describing the primary mechanisms that control
the early stages of atherosclerosis are presented. They consider interactions between oxidized low-
density lipoproteins (ox-LDL), monocytes/macrophages, cytokines, and foam cells at different spatial
and temporal scales. The fluid-structure interaction problems used to describe the cardiovascular me-
chanics that occur between the blood and the arterial wall are related to a set of differential equations
that describe the changing concentration of solutes. These models assume that there is an initial
inflammatory phase associated with the development of the atherosclerotic lesion, and a longer, quasi-
static process of plaque development within the arterial wall that follows the initial temporal process.
In [19] it was shown how different concentrations of LDL in the blood and different immune responses
can influence plaque development. The mathematical simulations used macroscopic reaction-diffusion
transport equations for components and Navier-Stokes equations for averaged blood flow in vessels, in
which the diffusion coefficients of components, chemical reaction coefficients, and viscosity coefficient
are constants. At the same time, we are dealing with a complex, significantly spatially inhomogeneous
system with different characteristic spatial and temporal scales. In addition, in particular, the diffu-
sion coefficients of the components and the viscosity coefficient are related by the Kubo formulas to
the time correlation functions “How-flow” of the components (jo (r;t) 55 (r';t")) and the “stress tensor-
stress tensor” <TO)C‘V(’I"; t)Tg"’ (r';t)), \,v = x,y, 2z, which contain the mechanisms of the corresponding
processes. In principle, in spatially inhomogeneous systems, the transport coefficients are functions
of coordinates, and in the case of blood as a suspension, a non-Newtonian fluid, time memory ef-
fects with anomalous behavior of the coefficients are important transport [30-37]. The description
of non-equilibrium processes in suspensions, non-Newtonian fluids is a complex problem |15, 38-40],
in particular blood [14, 20, 41-46| taking into account the processes of erythrocyte aggregation. In
addition, hemoglobin (hemo contains iron ions Fez+), present in erythrocytes, causes blood to behave
as a magnetic fluid [47]. The magnetic characteristics of blood in arteries are of great hemodynamic
interest in influencing the processes of atherosclerosis with potential clinical consequences [48-51].

An important issue is the kinetics of cytokines (pro- and anti-inflammatory) in the intima in the
presence of inflammatory processes [52-55]. Anti-inflammatory cytokines play an important role in
controlling the spread of atherosclerosis. At the same time, cytokines are produced by all types of cells
involved in atherosclerosis, which act on different targets, exerting numerous effects, and are mainly
responsible for the interaction between endothelial, leukocytes, smooth muscle cells and other living
cells of the vessels. The work [55] shows that when a high density of ox-LDL and a moderate density of
pro- and anti-inflammatory cytokines are present in the intima, inflammation will increase and reach
the stage of chronic atherosclerosis. Another possibility is that if a high density of oxidized LDL,
a moderate density of procytokines, and a high density of anticytokines are available in the intima,
inflammation will increase and approach a state of coexistence equilibrium, but will not reach the stage
of chronic atherosclerosis.
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One of the important tasks in the processes of plaque formation in the endothelium-intima subsys-
tem is to study the very slow diffusion of oxidized LDL and their uptake by macrophages. In the next
section, we will consider this problem within the framework of a statistical model.

2. Statistical model

To describe atherosclerotic processes in the intima of blood vessels, we will use a statistical approach
that takes into account the nature of the interactions of blood components that to one degree or another
participate in these processes.

In a recent work [14], a detailed analysis of the influence of erythrocytes on the processes of vascular
atherosclerosis was carried out. In particular, erythrocytes captured by a plaque feed the damaged
vessel with lipids and prooxidant molecules, such as hemoglobin, heme, and iron. At the same time, iron
captured by macrophages, which aggregate into plaques due to lysis and phagocytosis of erythrocytes,
strongly contributes to the formation of foam cells and destabilization of the plaque and its subsequent
rupture. In previous studies of atherosclerotic processes in the walls of blood vessels, it was believed
that the influence of erythrocyte circulation was not important, although the non-Newtonian nature of
blood flow is mainly associated with erythrocytes. The blood velocity shift (WSS) on the endothelial
surface is important, since we have a non-Newtonian fluid and problems of erythrocyte aggregation,
adhesion and aggregation of platelets [20]. In particular, in the works [56, 57| it was noted that
atherosclerosis mainly occurs in areas with low/reduced WSS, and the authors of the work [58], as a
result of a detailed analysis of the influence of WSS on healthy endothelial function, gave an important
estimate that a healthy physiological value of WSS varies between 1.2 — 7 Pa during the cardiac cycle.
Wall shear stresses below approximately 1 — 1.2 Pa lead to stagnant and recirculating processes [59] in
the vessels, which is a disruption of healthy physiological blood flow and catalyzes the initiation and
progression of atherosclerosis with increased residence time of low-density lipoproteins (LDL) [60,61].

From this point of view, the most important barrier to atherosclerotic processes is the normal func-
tioning of the vascular endothelium and therefore the study of problems with endothelial dysfunction
is important [6,7]. It is important to note here that the shear stress [62], created by blood flow on the
endothelial layer, is the physiologically most important stimulus for the continuous formation of nitric
oxide (NO), produced by endothelial NO synthase (eNOS), and is a fundamental factor in cardiovas-
cular homeostasis. It regulates systemic blood pressure, vascular remodeling and angiogenesis [63].
In particular, NO regulates vascular tone by interacting with the enzyme guanylate cyclase (in the
active site of which it binds to an iron atom and thus increases enzymatic activity) in smooth muscles
and vascular permeability, and also inhibits platelet adhesion and aggregation, initiating a series of
reactions that lead to vasodilation. It is already well known that NO production in endothelial cells is
regulated by an increase in the concentration of calcium ions Ca?*t in the cytoplasm and by the shear
stress caused by blood flow. The increase in the cytoplasmic concentration of calcium ions Ca’7 is
mainly activated by adenosine triphosphate (ATP), which is released from erythrocytes and endothelial
cells. In this case, erythrocytes can absorb NO, reducing the bioavailability of NO in blood vessels.
In addition, NO, due to its reactivity, can react with Og [6] or free radicals, bind to heme-containing
proteins, or interact with iron-sulfur centers:

L-arg + O + 1.5NADPH — L-citr + 1.5NADP™ + NO + 2H,O0, (1)

where L-arg is L-arginine, L-citr is L-citrulline, NADPH is an electron transport transmembrane molec-
ular machine that catalyzes the transfer of electrons from NADP™, which is being oxidized, to undergo
this catalytic reaction with the formation of nitric oxide NO. From this point of view, mathematical
modeling of diffusion and reactions [6,7,64,65] involving nitric oxide is of great importance.

Blood exhibits complex rheological behavior, which is mainly related to its components, including
erythrocytes, leukocytes, platelets and plasma. In general, as is known, blood is a liquid suspension
(connective tissue) consisting of plasma (50 —60%) — a liquid intercellular substance and 40 — 45% of
erythrocytes, leukocytes, in particular monocytes and platelets. Plasma contains 90 — 92% of water,
7—8% of proteins (albumins, globulins, fibrogens), 0.12% of glucose, up to 0.8—1% of fats (triglycerides,
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phospholipids, cholesterol), 0.9% of salts, in particular sodium, potassium, magnesium and calcium,
as well as biologically active substances (hormones, cytokines, vitamins). The flow of blood, as a non-
Newtonian fluid, interacts with the vascular endothelium, the macromolecules of which are elongated
in the direction of blood movement and have the property of allowing the necessary blood components,
LDL, HDL, monocytes, water molecules, etc., to pass through the intima layers through reverse osmotic
processes.

From the point of view of statistical description, blood is a complex ion-molecular-macromolecular
system. Erythrocytes, leukocytes, monocytes, platelets, LDL, HDL have a complex internal structure
associated with their functions. From the theoretical description, we have the interaction of two
subsystems: blood flow, which interacts with the endothelium—intima in the vessels. As structural
elements of the model of such a system, we will take charged particles (positively and negatively charged
ions, uncompensated electrons in free radicals), polar water molecules, macromolecular structures,
which we will consider with the allocation of certain active centers (for example, vitamins E in LDL,
uncompensated electrons in free radicals). The endothelium-intima subsystem, with which blood
interacts, will be considered as a dynamic elastic membrane with a thickness of h, a porous structure
through which all components necessary for functioning can penetrate (diffuse): oxygen Oy, CO4, NO,
LDL, HDL, monocytes (which in the intima transform into macrophages), vitamins C (ascorbate),
etc. An important component of the endothelium-intima subsystem is the presence of free radicals
as fragments of macromolecules, proteins, and cell decay products, characterized by the presence of
uncompensated electrons in the structure, which are mainly associated with inflammatory processes.
It is important to note that free radicals are practically absent in the lumen of blood vessels, due to
the large number of antioxidants in the bloodstream. At the same time, in the intima, free radicals,
interacting with molecules of a-tocopherol (vitamin E) on LDL (can be from 3 to 15, on average 6)
convert it, respectively, into a radical [66]. And if the inflammatory process is present in the intima, then
the process of oxidation of molecules of E by radicals continues. In the structure of oxidized vitamins
E of LDL, localized negatively charged centers of uncompensated electrons appear, the value of which
can be from —3, —4, —5, —6 and higher. Obviously, such large macroions of LDL cause electrical
polarization of surrounding molecules, macromolecules, certain solvation processes. However, when all
of the vitamin E molecules in a lipoprotein are oxidized, the lipid moiety becomes susceptible to lipid
peroxidation and eventually the LDL is completely oxidized [25].

As a result of such processes, their properties change, they are characterized by subdiffusion
(very slow diffusion), they cannot return from the intima to the lumen and are actively captured
by macrophages. At the same time, the available vitamin C in the aqueous environment of the intima,
which restores vitamin E, can slow down the process of oxidation of LDL by free radicals [67-70].
Moreover, HDL (which can have only one vitamin E and is practically not oxidized and when captured
by macrophages it is able to leave such localization, taking cholesterol from plaques) in the intima
also affects free radicals and can take low-density cholesterol from plaques and transform it from the
intima into the lumen into the blood, and then to the liver. The importance of vitamin C and high
plasma concentrations of high-density lipoproteins in the fight against plaque formation and its de-
struction was noted in the work [25]|. In addition, the role of pro-inflammatory and anti-inflammatory
cytokines [52-55|, which are present in the endothelium-intima areas where the inflammatory process
takes place, is important. Cytokines signal monocytes about the presence of inflammatory processes,
and they in turn move from the lumen through the endothelium into the intima, where they transform
into macrophages.

In such a blood—endothelium—intima system, we have a complex motion of translational, rotational,
and vibrational components on different spatial and temporal scales. The Hamiltonian of such a system
can be represented in the following form:

Ny mfvl2 1 Ny No Mav2 ?a D w;w;
~ Z .
mo-Yy el S <1>fff<n,n,>+§;( oif |y o )
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where Ny is the number of ions (positively and negatively charged) of species f, their mass mf and
v; is the velocity vector, ® (1, 7y) is the pair interaction potential of ions of species f, f’; Ny is the

number of molecules of the type o with mass m, and moment of inertia tensor ?a, their v; and w; are
the velocity and angular velocity vectors, ®,5(r;, ;) and ®q¢(r;, r;) are the pair interaction potentials
between molecules of the types a and 8 and between molecules a and ions of the type f in the lumen;
Zyrep(ry;t) is the effect on ions of the Zye variety of the ¢(r;t) potential of the electric field created
by all ions, dipole molecules (water) of the blood, and d; - E(r;;t) is the effect of this electric field
on the dipole moment of molecule i of the o variety; N¢ is the number of macromolecular structures
of the order &, in which M of force centers — neutral or charged atoms are isolated (in particular,
erythrocytes, in hemoglobins, in the hemoglobin of which the active center is the iron ion Fe?*, in
free radicals — active centers — uncompensated electrons, oxidized vitamins E in LDL in the intima
region), 7, and v;, = dr;,(t)/dt denote, respectively, the position and velocity of atom a belonging to
molecule 7 and having mass m,, while @, and ¢, are atom-atom potentials between different molecules
and intramolecular potentials related to atomic interactions within the molecule. The intermolecular
atom—atom potential may consist of some short—range part, for example the Lennard—Jones potential,
and the Coulomb interaction of point atomic charges, i.e.

oun(r) = ey {(%)12 B (%)6:| N ZaZbe27 )

r r

where the intensity of short-range interactions is determined by the parameters €4, and the scale
of distances is given by the diameters of atoms o4, so that o4, = (04 + 0p)/2. The intramolecular
atom—atom potential is responsible for the vibrational oscillations of atoms in the molecule and can
be approximately replaced by the potential of a harmonic oscillator, namely ¢q(r) = kqpr?, where
kap 1s the coefficient of the stiffness of the interaction between atoms a and b. For most real polar
liquids, the coefficients k., are quite large and the effects of deformation of the molecule and changes
in its dipole moments in electric fields can be neglected. For rigid models of polar liquids, a convenient
representation is one in which the atomic phase variables r;,(t) and v;,(t) at each time ¢ are expressed
in terms of the translational and rotational motions of the molecule as a whole, i.e.
’I"ia(t) = T‘i(t) + 6ia(t)7 ’Uia(t) = ’Ui(t) + wi(t)xdm(t),

where d;, is the position of atom a belonging to molecule i relative to its center of mass r; =
Y aMaTia/ Y, Ma, Which has a translational velocity v; and rotates with an angular velocity w;.
Ny is the number of macromolecular structures of the endothelium—intima subsystem, which we con-
sider as a dynamic porous structure with vibrational movements of components with pair interaction

potentials @, between them. Endothelium macromolecules are elongated in the direction of blood
movement and have the property of passing the necessary blood components LDL, HDL, monocytes,
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water molecules, etc. into the intima layers during reverse osmotic processes. The permeability of the
endothelium of the arterial wall depends on the shear stress of the blood velocity on the endothelial
surface. Therefore, we assume that in the near-surface active layer of the blood flow-endothelium, the
diffusion of LDL, HDL, monocytes, water molecules and other necessary components diffuse in the
perpendicular direction to the endothelium. For a theoretical description of non-equilibrium transport
processes in the blood flow system in the vessels, we will choose a certain set of parameters of the
abbreviated description, which can also be measured by experimental methods. The main parameters
of the abbreviated description of non-equilibrium processes in the lumen subsystem (lumen volume V;)
will be chosen

PNt GO d)t, @l ), WO () (4)
are non-equilibrium average values of the densities of blood components, ions, water molecules, LDL,
HDL, monocytes, and other components (erythrocytes, leukocytes, platelets) and the non-equilibrium
value of the total blood momentum density, where the averaging ((...))! = [dIn(...)o(z";t) is
performed by the non-equilibrium distribution function (non-equilibrium statistical operator) o(zV;t),
N is the total number of particles in the system, dI'; = dx; = dr;dp;dd; is an element of the phase
space of the system, r; p; are the coordinate vector and momentum vector of the i-th particle, d_j = ‘Z—;'
is the unit vector of the dipole orientation of molecule j. The non-equilibrium distribution function
o(xV; ) satisfies the Liouville equation with the Liouville operator corresponding to the Hamiltonian of
the system (2). The index “1” will denote the lumen subsystem. Note that the system has a cylindrical
geometry, the value of the coordinate z varies along the axis of the vessels, and the value of the radius
vector 7 varies across the vessels, from the middle of the vessels to the endothelium border |7,,q4| and
further to the intima border |Fint|, |Fint| — |Fend| = h — the thickness of the endothelium-intima with
a volume of V3). The average values (4) correspond to the microscopic densities:

Ny
ﬁ}l)(r) = Z S(r—mp) (5)
=1

is the microscopic number density of ions of type f,

Na
Al d) =" 6(r —rj)d(d - dj) (6)
j=1
is the microscopic number density of molecules (macromolecules) of the type «,
Ne M
(1
gy (1) = > 0(r = 7ja) ™)
i=1 a

is the microscopic density of the number of active centers (atoms, charges) of the variety a with the
total number of them M¢ in the macromolecular structure of the type &,

Ner Mey Ner Ser
A () =N or—ri) + > 6(r —s;p) (8)
j=1 a j=1 f

is the microscopic density of the number of active negatively charged centers of the f variety with
Lagrangian coordinates s;; with the total number of their Sy on the surface of the erythrocyte mem-
brane and a of positively charged and magnetically active centers Fe?T in the hemoglobin heme in the
internal macromolecular structure of the erythrocyte,

~ ~(1 ~ 7 ~(1 ~
P =" pW )+ D p0 e d) + > p () + 3 W (r) (9)
f «@ I3 er
is the microscopic density of the total pulse of blood components,

Ny
Pr(r) =Y pid(r—m) (10)
=1
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is the microscopic momentum density of ions of type f in the blood,
sz - (J CZj ) (11)

is the microscopic momentum density of molecules (macromolecules) of the type a,
Ne M
Z Z Do 0(1 — Tia) (12)
i=1 a=1
is the microscopic momentum density of the number of active centers (atoms, charges) of the type a
with the total number of them M in the macromolecular structure of the type &.

Ner Me'r Ner Ser
PRI =D pad(r —ria) + )Y ppo(r—sif) (13)
i=1 a=1 i=1 f=1

is the microscopic momentum density of the number of active negatively charged centers of the type
f with Lagrangian coordinates s;; with the total number of their Sy on the surface of the erythrocyte
membrane and a of positively charged and magnetically active centers Fe?* in the hemoglobin heme
in the internal macromolecular structure of the erythrocyte.

In addition, macromolecular complexes, such as erythrocyte-erythrocyte, may form in the lumen,
leading to aggregation processes. Such processes will be described by non-equilibrium density—density
functions, in particular:

(G () (14)
where
Go(rr) = i) (1) ) (). (15)
It is important to note that such paired non-equilibrium distribution functions of macromolecular
structures (suspensions) through the Fourier transform in space and time are associated with dynamic
structural factors that can be measured experimentally by neutron scattering [39].

In the endothelium-intima region, the parameters of the abbreviated description are the non-
equilibrium average value of the densities of the components LDL, ox-LDL, HDL, macrophages, water
molecules, ions, free radicals, oxidants, vitamin C, pro-inflammatory and anti-inflammatory cytokines,
T-cells, macromolecular structures of the endothelium—intima subsystem:

(2D (r))", (16)
where
(GE2 (r, 7)) = (AP (r)a? (")), (17)

are paired non-equilibrium correlation functlons that describe processes depending on the components,
in particular oxidation by radicals of LDL, HDL; processes of reduction of vitamin E in LDL under
the action of vitamin C; processes of LDL capture by macrophages, formation of pro-inflammatory
and anti-inflammatory cytokines; processes of macrophage aggregation with formation and growth of
plaques. In addition, paired non-equilibrium functions of particles of two subsystems are important

(G2 (r, 1)) = (AP (a2 ()", (18)
M

where 7y’ (r) is the microscopic density of the number of lumen components, and ﬁf) (r) is the mi-
croscopic density of endothelium—intima components, in particular, when ¢ = s, and s are the macro-
molecular structures of the endothelium-intima, then we actually have correlations at the boundary of
the blood—endothelium—intima subsystems.

To find the non-equilibrium distribution function of the components of the system o(z; ), it is nec-
essary to solve the Liouville equation with the Liouville operator corresponding to the Hamiltonian (2),
which can be represented in the form:

1 0 0 1 0 0
iLy(t ZZ D _Z > (mf B yp(re, ) - 70t . O Dy pr(ry, ) - avl/>
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where I; = > mq[(8iq - 0ia)1 — 0;40;4] denotes the matrix of moments of inertia of a molecule with
mass mqy, = Zg/[“ Mg, and 1 is the identity matrix, d_j = \Z_jl is the unit vector of the dipole orientation
of molecule j. By substituting in the corresponding sums £¢ — ss’, £ — &5/, §f — sf, Ea — sa
in (19) we obtain the contributions to the Liouville operator from the macromolecular structures of
the endothelium-intima subsystem.

To solve the Liouville equation for the non-equilibrium distribution function o(t) with the Liouville
operator (19), we will use the method of the non-equilibrium statistical operator [71-73| with reference
to the description of diffusion-reaction processes. The general solution of the Liouville equation taking

into account the design can be presented in the form:
¢

Q(t) = Qrel(t) - / ee(t/_t)Trel(ta t/) (1 - Prel(t/)) Z.LN(t/) Orel (t/) dtla (20)

—00

where T,..;(t,t’) is the time evolution operator

(e = e {- [ (1= Pt iL '} (21)
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with the Kawasaki—-Gunton projection operator, the structure of which depends on the relevant dis-
tribution function g,¢;(t), which is determined from the extremum of the Gibbs information entropy,
while maintaining the normalization conditions g, (t) and with fixed values of the main set of param-
eters of the abbreviated description (4), (14), (16)—(18) and a fixed pressure P. In this case, 0,¢(t)
has the form:

raa™it) =exp (=000 5(160) - PV = 0 [ v

f or=17Ve
_%:i/ dr/ddyg(r,dj)ﬁg(r,d_)—%:%Zi;i:l/ﬂ dr i, (v £) 7 ()
—%:Hg:l/ dr/ dT,M%\ (r, r' ;1) GWC(T?T/)_/\A dr’u(l)(r;t)ﬁ(l)(r)>>, (22)

where

= ln/dI‘N exp < — 6<H(t) — PV; — Zf:/v dr Vi (r;t) if§(r)

f k=1

Me 2
_za:’;/ dr/ddu (r,d;t)nk(r,d) — zﬁ:;;/‘/ﬂdr%a(r;t)n@(r)
— r r ")‘rr T, ro®(rt) pM (r
ZHZl/ i [ a0 G2 = [ oV pte) ) e

is the Massier—Planck functional, the indices k, A take the values 1 — the lumen subsystem and 2
— the endothelium-intima subsystem, v¢(r;t) = pr(r;t) + Zrep(r;t) are the electrochemical and
pg(r;t) are the chemical potentials of ions of the f type, depending on the coordinates and time in
the corresponding subsystem, vo(r;t) = pa(r;t) + do - E(r;t) are the dipole-chemical and chemical
Lo (T3 1) potenmals of molecules of the a type, depending on coordinates and time in the correspond-
ing subsystem, M’YC M, r/;t) is the chemical potential of the complex of macromolecular structures of
the v( varieties depending on coordinates and time in the corresponding subsystems, in particular
erythrocyte—erythrocyte in the first subsystem (lumen), cholesterol-macrophage in the endothelium-
intima subsystem, 'u(l)(r; t) is the hydrodynamic velocity of blood in the lumen. ¢(7;t) is the scalar
potential of the electric field E(r;t) created by ions and dipoles in the system. The electric field
E(r;t) = (E(r))! satisfies the averaged Maxwell’s equations:

Vo (B(r) = - O (B, (24)

V) = L D0+ (S )+ Y o o)) (29
! a ¢

V- (B(r))! =0, (26)

VD) =t 3 Zyelay )t + Y da 5 lia(r)), @

where V = 8%7 with boundary conditions at the boundary of the separation of two phases at k = (1)
are for the lumen subsystem k= (2) are for the endothelium-intima subsystem:

1 (B(r))! — (B(r))!) =

L (D)) — (D(r1))!) = Q1< wiit),

(B(rs)) — < < ) =0, (28)
((H(r2))" = (H(r1))") =Y Qa(Suw1; H)va(Su1; ),

a
at the corresponding values of the coordinates z; = 2o = 0 at the interface of the subsystems, where
Qa(Sw1;t) is the surface charge of ions of the type a at the interface of the lumen-endothelium-intima
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phases, Q1(Sw1;t) =Y, Qa(Swi;t) is the total surface charge. Moreover, from the law of conservation

of charge it follows:

1 2 () = £ Qu(Suri)
where v, (r;t) = % is the average velocity of ions of type a, p,(r) = Z;V:“l p;o(r — rj) is the
microscopic density of the number of ions of type a; n; is a unit vector directed perpendicular to the
plane of the phase separation “lumen — endothelium—intima”. The boundary conditions on the surface
Sw1 are obtained by integrating Maxwell’s equations over an infinitesimal volume surrounding a small
region of Sy1.

The microscopic intensities of the electric E(r) and magnetic H(r) fields and the corresponding
inductions ﬁ(r), B (r) satisfy the microscopic Lorentz—Maxwell equations. The known integral rela-
tions between (D(r)) and (E(r))* and (B(r))! and (H(r))! determine the spatially inhomogeneous
dielectric function e(r,7’;t,t') and the magnetization yx(r,7’;t,t'), which describe the polarization
processes in the system:

D(r >t:/0°°/v drye(ry,ry;T) <E(rl)>t_7d7, (29)
f

<B(r1)>t:/0 /Vd'rfx('rl,'rf;T)<ﬁ(rl)>t_7d7. (30)
f

The parameters Vj(f) (r;t), V&H)(r;t), ug;)(r; t), ME;Z./\)(T, ';t) and v(V (r; ) are determined from the
corresponding self-consistency conditions:
~ K t ~ K t ~K t ke t
<nf( )> _< f(’r)>rel’ <n04(r)> = <n04(r)>rel’ (31)
t

(A () = (AF, ()1 (GR2(r, ") = (GE2 (), s
BV () = (V@) -

To reveal the structure of the non-equilibrium distribution function o(t) according to (20), we reveal
the action of the operators (1 — P (t')) and Ly (t) on g, (2V;t) (22), as a result we obtain:

(1—Prel() iLNOrer(t ZZ/ drﬂl/ (r; t) (r t)

f k=1

+ZZ/Kdr/dd6y )(r,d;t)® 12(r,d;t) +ZZZ/ dr B ) (rs 1)) 159 (3 1)

a k=1 a k=1

+Z Z/ dr/v dr’,ug? (r r/;t)(“)‘) Igc(r,rl;t)—i-/ dr'v(l)(r;t)(l) I(r;t), (32)
K A

¢ kA=1 Vi
where the generalized flows that form the transfer processes in the system have the following form:

Wrl(rit) = (1 - P)ilnaf” (r) = —(1 = P(1)) mifa@ (), (33)

W13, 1) = (1= PO) Ly (r, ) = ~(1=P(0) = 5L 0 (1, D)~ (1= P(0) 5 B (D), (39

where N
LY (r.d) = (wi x di)5(r — ;) 5(d — dy) (35)
is the microscopic density of the rotational velocity vector of molecules of the type «,

(%) [ (ps ) = (1 — P()) il (r)

Ea
N,
19w S0 sy
—(1- P(t))mg o7 Pea (r) — (1= P(t) Z =) L™ (r —mr;), (36)

%
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where
Me

_i,(ﬁ)(r — 7*2-) = Zwi X (sia (5(7‘ —Tr; — 51'@) (37)

)

is the microscopic density of the rotational velocity vector of the active centers of the i-th molecule.
N8 (i) = (1 — P@))iLyGEN (7, 1)

= (1 - P(t)) (iLyxal (1)l (') + (1 — P(£)al) () (iLxa (1)), (38)
W, (r;t) = (1 — P(t))iLnp™ (r) (39)

is a generalized blood momentum density flow. The generalized flows include the generalized Mori
projection operator, which has the following structure:

POA= (At [ars O e b 1) - G0

Now, substituting (32) into (20), for the non-equilibrium distribution function we obtain:

Q(t):é)rel(t)_/_t e t reltt <ZZ/ d’l",BV(H Tt) (Tt) (41)

f k=1

+ZZ/ dr dd BvS) (v, dyt))") 12 (r d; ') +ZZZ/ dr B ) (ryt)®) 15 (r t')

a k=1 a k=1

+Z Z /dr/dr B,u (r r';t')(“)‘)Igf(r,r';t') + /drﬁv(l)(r;t')(l)lp(r;t')> ore(t') dt’.
v kA=1 Vi

It contains a non-dissipative part g.¢(t) and a dissipative part associated with the generalized flows

(“)Ig(r;t’), B 19(r, d;t'), (“)Ifla(r;t’), (“)‘)Igc(r,r’;t’), M71,(r;t') in the corresponding subsystems.

Using the non-equilibrium distribution function for the main set of parameters of the abbreviated

description (4), (14), (16)7(18) we obtain the following system of equations:

0.
§<p(1) > = (iLn(t)p T,el / dr/ cppp ror'st,t) BoM @ ) dt!
— Z Z / dr’ / e’ —t) (’D;;Ln (’l“,’l“/;t,t/)ﬁyj(f/)(’l“/;t/) dt’
/ / 1 /
—ZZ/ dr’ /dd/ == )QO;%"@(r,r',ci’;t,t')ﬁugfl)(r',d_';t')dt'
o' Kk'=1""Vw
Mél
- ZZ Z/ dr’ / st =t 15““ (r,r';t,t')ﬁué’faz(rl;t') dt’
g o w=1"VYw
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2 t I/
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Mél

—ZZZ / i [ OGN gt 7)) )
_Z Z / dr”/ dr”’/ e(t'—t) 'ndA'y’C’n’X(r v ’l“ ,r/// )ﬁ/‘»f@‘)’\,)( ”,r”’;t') dt’

,\Y C/ /)\/ 1
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i —00

where gp})})(r,r’ ;t,t') is the transfer kernel (memory function) that determines the generalized blood
viscosity coefficient taking into account the translational, rotational motions of the components and
polarization processes associated with the change in the microscopic density of the electric field created
by ions and dipole components of the blood. goll,ll,(r, r’;t,t') has the structure of the time correlation
function of the generalized blood momentum density flows in the first subsystem:

prt(r st ) = (I (i) T (8, ) IV (' t)> (47)

Transfer kernels of the type A8 (r,7';t,t') determine generalized diffusion coefficients for components
including in various subsystems, in particular for ions:

rel”

o fr! 0 0
il " (ot ) = o DER (st t) - o, (48)
where
I (s I .« ¢
Dy rr'stst) = (= PO) = ()T )1 = PP () (49)

is the generalized diffusion coefficient of ions of the types f, f’ in the subsystems x " and f = f/,
k = k' we have the generalized diffusion coefficient of ions of the type f in the subsystem r, and
also, when f = f’, but k = 1, ¥ = 2, then Dﬁ(r,r’ ;t,t') describes the dynamic correlation of the
generalized fluxes of ions of the type f between the two subsystems and this is very important, since it
shows how ions from one subsystem pass into another. Transfer kernels ¢/ ey (' l)‘/(r, " et

gpg’éd(r,r et t) = <I€; (r, 7’5 t) T (t, ) IE ( " ’";t/)> (50)
determine the coefficients of the corresponding biochemical reactions between components in differ-
ent subsystems, in particular, oxidation of LDL by free radicals, reduction of vitamins F in LDL
when interacting with vitamins C, processes of capture of peroxidized LDL by macrophages in the
endothelium-intima subsystem. Data of the transport kernel in the Markov approximation in time and
neglecting spatial dependence:

cpé(B; ~ Kagd(r—r")5(r" — ") 5(t — 1)

can be compared with the corresponding reaction constants of the works [19,21,25-29|. The transport
kernels of the type @Z%, gppn, gpgch describe the cross-dissipative correlations of the generalized flows of

blood components in different subsystems:
Pl (v, 7! 0, t) = (10 (rs ) Toa (8, ) T (773 1)),

rel’
t/
Oon (T, r'itt) = <Ig(r; ) Tyer (t, ) Ly (7' t/)>r

el

t/
rel

(51)

(52)

The obtained system of transport equations (42)—(46) within the framework of the selected model
of component interaction can describe non-Markovian in time and non-local in space processes of blood
transport in vessels, taking into account possible processes in the vessel walls. All its equations for the
corresponding transport kernels include the hydrodynamic velocity v(l)(r’ ;t'), as one of the important
parameters of the studies. In addition, this system of transport equations is open—ended, nonlinear
and can be applied to the description of both laminar and turbulent processes. It is important to note
that in the first subsystem — the lumen — a viscous reaction-diffusion description is used, and in the
endothelium—intima subsystem — a reaction—diffusion description.
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3. Diffusion-reaction transport processes in the dynamics of the circulatory system

Important from the point of view of atherosclerosis processes are the processes when in the intima
vitamins E (ArOH) in the structure of LDL are oxidized by peroxyl free radicals ROO® [67,68, 70|

(ROO®)qq + (ArOH)s;p, — (ROOH)4q + (ArO®)y4p, (53)

ArQ® are radicals of a-tocopherol. Peroxyl free radicals ROO® arise from the oxidation of free radi-
cals R*®:
R*®* 4+ O — ROO°®. (54)
Since LDL can have from 3 to 15 vitamins E, in the presence of inflammatory processes, the process
of oxidation of vitamins E by free radicals is triggered. Along with this, in the aqueous environment
of the intima, vitamin C (ascorbic acid AHj), which is in the form of ascorbate anion (AH™),,, can
actively reduce vitamin E in the structure of LDL by the reaction [67,68,70]:
(ArO®)yip + (AH7 )aq — (ArOH)gip + (A7%)4q- (55)

Therefore, according to this reaction, vitamin E is reduced and the ascorbic radical A™* is formed,
which can again neutralize the radicals ROO® with the participation of protons HT:

A 4+ ROO®* + H — A + ROOH. (56)

At the same time, dehydroascorbic acid A is also formed. And therefore, there may be competition
between the processes of oxidation and reduction of vitamin E in the structure of LDL. Under the
condition of inflammatory processes and insufficient amounts of vitamin C in the intima, the process
of oxidation of vitamins E will progress. In this case, an interesting situation arises, the oxidation of
vitamins E leads to the appearance of negatively charged radicals (ArO®);;, of the order of 3 to 15 in the
structure of LDL. These macroions of L with negative charges polarize the surrounding macromolecules
of the intima s, water molecules, and others, leading to solvation formations. Such solvation coats
around of L can play the role of some protection against the action of free radicals. It is also important
to note here that vitamins C, as strong antioxidants, can directly fight free radicals ROO® in the
presence of oxygen molecules Oy and protons H' through a series of chemical reactions [68]:

ROO® + AH™ — ROOH + A~*, (57)

AH™ + 03 - A™*+0;° +HT, (58)
A7+ 0y =+ A+05°

03°* +RO0® + Ht — Oy + ROOH, (59)

0;°+AH™ + H" — Hy05 + A™°, (60)

in which radicals A™* according to (56) and radicals O;°® neutralize free radicals ROO®, forming

ROOH. In all these redox reactions, we have processes of proton transfer bound to electrons on the
corresponding components. Bound proton—electron transfer in biological systems is very important
and well studied from the point of view of reaction constants based on quantum-statistical calcula-
tions [58,74,75|. It is important to note that a change in proton concentration affects the activity and
conformation of proteins, as well as the properties of other macromolecular structures. From this point
of view, the kinetics of proton diffusion—controlled transport is a very important area of research and
requires the application of methods of non-equilibrium statistical mechanics. In the redox processes
of macromolecular structures (53), (55), (56), (57)—(60) we are dealing with correlated proton-electron
charge transfer. For a deeper understanding of these processes in order to influence them, it will be
necessary to take into account models of charge transfer dynamics along hydrogen bonds [76-78| be-
tween macromolecular structures. In particular, to describe the oxidation processes of vitamins E in
the structure of LDL by free radicals, according to [76,77| in the Hamiltonian of the problem it is
necessary to take into account proton-electron transfer based on the pseudospin—electron model:

Z Z (q’Roo' AroH(Tj,T1) + Z o(ne (1) + ne(ry))

ROO®(5),LE ArOH(l)
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+ 95 (no (1) — no(rj)) — Qag (15)aq(r)S* + ai(’”l)aa(rj)s_)}) (61)

where ®rooe Arom(Tj,71) is the potential of interaction between free radicals with vitamins E in the
structure of LDL, Ey =& — Ag/2, ¢ is the energy of electronic levels, Ay corresponds to the minimum
of the adiabatic proton potential, g = ¢ — /\g is the proton-electron coupling constant, €2 is the proton
tunneling energy, the jumps of which are covered by pseudospins ST, S™. n,(r;) = af(r;)as(r;)
is the electron population operator, in particular for free radicals, ¢ =1 is the electron spin. And
corresponding to the reactions of vitamin E reduction in the structure of LDL by ascorbic anions AH™
in the Hamiltonian of the problem, it is necessary to take into account proton-electron transfer based
on the pseudospin—electron model, i.e. proton transfer from AH™ to ArO®:

Z (q)ArO',AH* (rj,m1)

(ATO®)1ip (4),AH™ (1)
+ Z o(no (1) + 1o (11)) + gS% (15 (1) — 10 (15)) = Q0 (r7)an (r)) ST + aj(’”z)aa(rj)s_)})- (62)

In the intimate area, there are actually three types of LDL: LDL — non-oxidized, which we will
denote LE (have unoxidized vitamins E); LDL, in which vitamins E are oxidized by free radicals,
we will denote them ofL, and from vitamin E a hydrogen ion H' is transferred to a free radical,
as a result of L has negatively charged active centers; and LDL, in which fully oxidized vitamins E
are oxidized by oxygen (peroxidized LDL), which we will denote — pL, which are actively captured
by macrophages. Charged active centers in of L obviously cause polarization around themselves and
create electromagnetic fields, which also affect polarization processes according to Maxwell’s equations,
or at the microlevel of the Lorentz—Maxwell equations. pL when interacting with macrophages mc are
captured, forming complexes <CA¥pL7mc(r,r’)>t.

In addition, macrophages in the intima must be divided by function, in particular, macrophages that
have just formed in the intima from monocytes, active macrophages that absorb pL, H DL, erythrocytes
that have entered the intima and other products of the decay of macromolecular structures, as well
as saturated (loaded) macrophages, which apparently with subdiffusion movements become centers
of their aggregation and plaque formation. H DL are practically not oxidized and H DL captured by
macrophages can take cholesterol from them and remove it from macrophages with subsequent passage
into the lumen, and then into the liver, in particular for the conversion of transported cholesterol into
bile acids.

In the case of high pressures at the branches, tortuous arteries, and especially inflammatory pro-
cesses (as a result of stress, viral diseases, etc.) of the endothelium-intima subsystem (loss of elasticity),
weakly turbulent processes may occur, in which the interaction of blood with the endothelial surface
is of great importance. To study the influence of such processes on non-equilibrium processes in the
endothelium-intima subsystem (plaque formation), it is necessary to take into account the equation for
the transfer of the non-equilibrium average value of the blood pulse density. Such an equation, taking
into account diffusion-reaction processes in the endothelium-intima subsystem, has the form:

t
%<ﬁ(1)(7‘)>t - <z‘LN (1)( )>T€l / ) </ dT‘/c,Opp(T,r/;t,t’)ﬁv(l)(r/;t’)
1

+Z/ dr’' /dd’%n ror dit,t) B us(r'd;t)
+ZZ/ dr'cp;mf (r r';t,t')ﬁ(ufr(r';t') +Zf/e<,0(r';t))
/Vdr/ dd oy, (r,v', dst, 1) B(pw(r',dit') + d - E(r';t'))
5
; dr' oy FE (r vt ) Bure(r'it) + ; dr’sﬁénHL(r,'f’;ti’)ﬁuHL('f’;t’))
> >
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+Z/ dr'so;mofL (r, 75 t,8) Bpop (v t)) + Zpep(r'st))

/V dr’ /d’gpénm“” v’ d ) B timacr (7! ds ) dt (63)
2

where gpl S(r,7',d';t,t') are the transport kernels that describe the dynamic correlations between
viscous blood ﬂows Wlth ‘diffusion” flows of macromolecules of the endothelium-intima subsystem. By
“diffusion” flows of macromolecules of the endothelium-intima subsystem we will understand vibrations
(within a certain frequency interval), conformational changes, and displacements of macromolecules,
through the structure of which the necessary blood components diffuse from the lumen to the intima,
which occurs continuously in time; gp%,fl r (r,7';t,t") are the transport kernels, which at x = 1 describe
the dynamic correlations between viscous blood flows with diffusion flows of charged particles with
valence Zy, in particular HT, OH", AH™, etc. in the lumen, and at x = 2 describe dynamic correlations
between viscous blood flows with diffusion flows of charged components HT, O3, AH™, A™*, etc
pg(r';t") are non-equilibrium values of the chemical potential of components f , p(r';t) is the scalar
potential of the electric field formed by all charged components; cpl W(p, v d';t,t') describes the
dynamic correlations between viscous blood flows with diffusion (translatlonal and rotational) flows
of dipolar water molecules in the intima, and especially the correlations with the stress tensor of
water molecules and blood plasma ions included in (39) taking into account (9), p, (7', d’;t') are the
non-equilibrium values of the chemical potential of dipolar water molecules; 901 LE(p p':t.1') and
gollm HL(p 9’ 1) are transport kernels that describe dynamic correlations between viscous blood flows
and the corresponding diffusion flows of low- and high-density lipoproteins, and they are important
from the point of view of cholesterol transport as a “building” material for cells in areas of vascular
inflammation, as well as for the transport of unused cholesterol by high-density lipoproteins from
the intima into the lumen, and then into the liver; gp;},ﬁof /L(r,r’ ;t,t') is the transport kernel that
describes the dynamic correlations between viscous blood flows and the diffusion flow of low-density
lipoproteins, in which a certain amount of f’ vitamins F is oxidized in the structure, and of’L contains
negatively charged centers, v, (r';t') = porr (7’5 t))+Z pre(r';t') is the electrochemical potential, and
pofr(r';t') is the chemical potential of low-density lipoproteins in which vitamins E are oxidized with
a localized charge Z e, the sum over f’ means how many vitamins E are oxidized in lipoproteins; the
effect of viscous blood flows on the movement of macrophages with chemical potentials fiqer (7', d'; 1)
in the intima can be described by the transport kernel 4,011); macr (p ! dlst,t).

The activity and concentration of macrophages increases with the increase in the concentration of
free radicals ROO® in areas of inflammatory processes in the intima. In these areas of inflammation,
the concentration of low- and high-density lipoproteins also increases. The transport equation for the
non-equilibrium value of the density of free radicals (in which there is an uncompensated electron) in
the intima, taking into account redox processes, has the form:

o . 't _ =
S tmoon(ryt == [ et t(Z [ [a@eeo s i) ' @it

_ Va

dr! pRO0 LE(”“,T;t,t)ﬁﬂLE(T;t)Jr/ dr pROO =HL (e p' 4 ') B g (r';t)

Va
+)° / 7! pROOT=0F Lyt ') B(ptoprr (s t) + Zprep(r' ')
dr' @ROO*=PL (o 't 1) B p1pr, (75 1)
Va

+/ dr! pROO* —HT (r,v'st,t) Bug+ (v’ ) + Zyrep(r', 1))
\ %}

- / dr' RO AR (p !t ) B(ppy- (75 1) + Zyy-ep(r' 1))
Va
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dr’gps,?o —AT (r, st t) 5(,uA7.('r'; t') 4+ Zpy-sep(r’, t'))

ROO -0, * HT
/dr/ dr’ o, 2 (r,r’ vt 1)
Va Va

/ 14l ", o1
X B(/‘O*',H+(T ) + Zog.egp(r i) + Zygrep(r’;t ))
+/V dr' RO =ROO% (p vt 1) B(prooe (r'5t) + Zroosep(r',t'))
2
+/V dr’ i dr”gp§80°‘ROO"ROO°(r,r’,r”;t,t’)
2 2

x B(proo* Roo* (7', 7"5') + Zroosep(r',t') + Zroosep(r” 1))
+ /dr’dd’cpsr?o e dst ) B(pe (T, ds )+ d - E(r 1))

dr’gp%?o Yo r'st 1) B'v(l)('r/;t/)) at, (64)
%1

where pROO*=s(p g/ /st 1), ROOT=LE (g g/.¢ 1) QROO*=HL(p 4/-¢ 1) are the transfer nuclei that
describe the 1nterd1ffu810n processes between free radical flows and macromolecules s in the intima
and low and high density lipoproteins. When ROO?® interacts with LE, the oxidation of vitamins E
in the structure of LE (LDL). Since the structure of HL (HDL) can contain one vitamin E, which
can also be oxidized when interacting with ROO®, this contribution does not make a fundamental
contribution compared to LDL. goROO —of /L(r,'r’;t,t’) are the transfer kernels that describe the in-
terdiffusion processes between the flows of free radicals and low-density lipoproteins, which contain
f" oxidized vitamins E. In this case, it is necessary to take into account the proton-electron trans-
port between ROO® and (ArOH);;;, (53). The oxidation process of (ArOH), in the LDL structure

can be described by the pairwise non-equilibrium distribution function <GROO-, re(r, 7)) and at the
same time, ROOH (free radicals are neutralized by proton-electron transport) and of’L — low-density
lipoproteins with oxidized f’ vitamins E are formed. ngOO._‘)f L('r,r’ ;t,t') is the transport kernel
that describes the interdiffusion of free radicals and low-density lipoproteins, which have f’ oxidized
vitamins E. In this process, due to proton—electron transport, further oxidation of vitamins E in the
LDL structure may occur. Such processes can be described by a pair non-equilibrium distribution func-

tion <GROO' ofrn(r, 7)), and at the same time ROOH are formed again and further oxidation of LDL

occurs. 4,05,? O L(r,r’ ;t,t') is the transport kernel describing the interdiffusion of free radicals and

peroxidized low-density lipoproteins, in which fully oxidized vitamin E and such peroxidized LDL are
actively taken up by macrophages, Which can be described by the pairwise nonequilibrium distribution
function (Gpr.maer(r,7'))t. @ROO*—H T st b)), QROOTAHT (p .y 41y QROO®=AT® (4 0/t 41) and

*_0,°* Ht . . :
cpsgo O2" (r,r',7";t,t') are the transfer kernels that describe the interdiffusion of free radicals

and protons HT, anions AH™, radicals A~®, O * together with HT taking into account the influence of
the scalar potential of the electric field, which as a result of the reactions (57)—(60) lead to the neutral-
ization of ROO®, which is very important from the point of view of reducing the oxidation processes
of LDL in the intima, while the collective diffusion of free radicals and the mutual diffusion of the

complexes ROO®, ROO*® and free radicals are described by the transfer nuclei pROO"=ROO® (5. 1/.¢ /)

cpsgo —ROO ROO (r, 7', 7";t,t'), respectively. At the same time, chemical reactions can occur in the

complexes ROO®*, ROO*:

ROO®* + ROO®* — ROO-OOR, (65)
which is the neutralization of free radicals due to the emergence of a covalent bond between free
radicals ROO®. In this case, it is important to prescribe in the Hamiltonian of the problem the
characteristic interactions ®roos roo* (7, '), which lead to ROO-OOR. QROO*—w(p ! d':1,1') is the
transport kernel, which describes the mutual diffusion of free radicals and dipolar Water molecules,
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taking into account the influence of the electric field E(r',t') created by all charges of the system;
cpSI?O ~L(r,7';t,t') is the transport kernel that describes the dynamic correlations between the diffusion
fluxes of free radicals in the intima with the viscous blood flows in the lumen. Analysis of the transport
equation for the non-equilibrium average value of the free radical density shows that all processes are
important from the point of view of neutralizing free radicals and that vitamins C and high-density
lipoproteins play an important role in this. Also important is the equation for the pair non-equilibrium
distribution function for the complex ROO®, ROO*® with the chemical potential igooe roo* (77, 7";1'),

which is included in the equation (64).
%(GROO',ROU (r,7') = / = <Z/dT’”/dJ”(PgSO.’ROO._S(Ta7"77°"767';t,t,)ﬂus(rljl;t/)

; d'r” ROO' ,ROO® — (r’r/’,r//; t,t/) 5,ULE("“//§75/)
2

d’l“” ROO' ROO®*— (r’ ’l“,, ’I“”; ¢, t,)ﬁMHL(THS t/)

+ Z/ dr" ROO JROO®—of'L (T,T/,T,/;t7t/)5(/lof’L("°/,§t/) + Zf/egp(r",t'))
Vo

/ dr " 2(30' ROO'—pL(T’,’n/7 T//;t,t/) BMpL(”"//§t/)
Va

d’l“” ROO' ROO®— (r,r’,r”;t,t’) 5(/‘H+ (’l“”; t/) + ZH+€(,D(T‘”,t/))
Vo

/ dr " ROO' ROO*—-AH~ (T,T’,T’l;t,t/),@(uAHf (T’l;t,) + ZAH* egp(r",t'))
Vs

/ dr" 2(30' ,ROO®*—A—"* (n 7‘/,1"//; t,t/) B(MAH(T//; t/) + ZAfoe(‘D(”'//,t/))
/ d'r"/ dr” ROO ROO®—03*,H* (e, 2" "t )

Vo

X Blpgze g (v, 7" ) + Zosep(r"it) + Zgrep(r™;t))

d"“” ROO. ROOT-ROO (r, 7' 7" t,t") B(uroos (r";t') + Zroosep(r” 1))

/ dT‘”/ dr " ROO ,ROO*—-ROO*,ROO (7‘ ’I" 7‘ ’I"”/ ¢ t/)
%) Vo

/l /l/

X B(proO* ROO® (T t") + Zroosep(r”,t') + Zroorep(r” ')

/ dr”/ " ROO ROO*=ROO-0OR (. 1 (it (it y 1y g o (1)
Va

dr” (R;;C;)O. ,ROO® — 1(’)‘, ’l“/, ’I“”; ¢, t,) 5,0(1)(7,‘//; t/)
Vi

/d //dd// ROO ,ROO* _w(r,r',r",ci’;t,t')ﬁ(uw(r",c?;t') + d'E(T”,t/))> dt/, (66)
where ngOO. RO~ (r,r! d st t) gpggo.’Roo._LE(r,r’;t,t’), gpggo.’Roo._HL(r,r’;t,t’) are the
transfer kernels describing the interdiffusion processes between the flows of free radical complexes
ROO®,ROO® and macromolecules s intima and low and high density lipoproteins. When one
of ROO® and LE interact, the oxidation of vitamins E in the structure of LE (LDL) occurs.
cp(R;SO.’ROO._Of ,L(r, r’;t,t') are the transfer kernels that describe the interdiffusion processes between
the flows of free radical complexes and low-density lipoproteins, which contain f’ of oxidized vita-
mins E. In this case, it is necessary to take into account the proton-electron transport between ROO®
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and (ArOH);;;, (53), (61), and the oxidation process of (ArOH);;;, in the LDL structure can be described
by the pair non-equilibrium distribution function <GROO', re(r, 7))t and at the same time, ROOH
(free radicals are neutralized by proton-electron transport) and of’L — low-density lipoproteins with
oxidized f’ vitamins F are formed. 4,05,? Of—of’ L(r,r’ ;t,t') is the transport kernel that describes the
interdiffusion of free radicals and low-density lipoproteins, which contain f’ of oxidized vitamins E.
In this process, due to proton—electron transport, further oxidation of vitamins E in the LDL struc-
ture can occur. Such processes can be described by the pair non-equilibrium distribution function

<GROO' opL(r, 7 ))t and at the same time ROOH are formed again in the complex and further oxida-

tion of LDL occurs. ngOO ROO®—pL (r,7';t,t’) is the transport kernel that describes the interdiffusion

of free radical complexes and peroxidized low-density lipoproteins in which vitamin FE is completely
oxidized, and such peroxidized LDLs are actively taken up by macrophages, which can be described

by the pairwise nonequilibrium distribution function (Gpr maer(7,7"))". cpggo ROO®—H* (r,r';t, 1),
* *_AH™ ROO®,ROO*-0; * H
goCR;gO ROOT=AHT (. prt 1), goCR;gO ROOT=A™ (0 /i1, ¢') and Cac (r,r',r";t,t') are

the transfer kernels describing the interdiffusion of free radical complexes and protons H™, anions
AH™, radicals A%, O5® together with HT taking into account the influence of the scalar potential of
the electric field, which as a result of reactions (57)—(60) lead to the neutralization of ROO® in the
complex, which is very important from the point of view of reducing the oxidation processes of LDL in
the intima, while the collective diffusion of free radicals and the mutual diffusion of complexes ROO®,
ROO® and complexes of free radicals are described by the transfer nuclei @ROO.’ROO._ROO. (r,r';t, 1),
cpggo.’ROO._ROO.’ROO. (r,r',7";t,t'). The transfer kernel gpggo ROO®- ROO'OOR(T,T’, " vt 1) de-
scribes the interdiffusion of the complex ROO®, ROO® and the products ROO-OOR (with chemical
potential uroo-oor(r”,7"”;t')) of reactions between the radicals ROO®. The influence of viscous
blood flows in the lumen on the diffusion processes of the ROO®*, ROO® complexes in the intima is
described by the transport kernel chOO ROO®— (r,r’, r”;t,t'), and cpggo.’ROO._w(r, v’ d;t,t) is
the transport kernel describing the mutual diffusion between the ROO®*, ROO® complexes and water
molecules, taking into account the influence of the electric field E(r”,¢'). In the equation for the
non-equilibrium distribution function for radicals ROO®, we have taken into account almost all the
interdiffusion and reaction processes between the main components in the intima, which is important
from the point of view of inflammatory processes and the formation of aggregates ROO-OOR in the
intima. (CA}'ROO-,ROOo (r,7"))t can be related (by Laplace transforms in time and Fourier transforms in
coordinates) to the non-equilibrium dynamic structure factor Sgrooe roo*(k,w), which is important
from the point of view of experimental studies on light scattering and theoretical methods for their
calculations.

In the redox processes of macromolecular structures (53), (55), (56), (57)-(60) protons H™ actively
participate. The change in the non-equilibrium average proton density is described by the following
equation:

%mm(r»t = —/t e </d'r’ T ) B (738 + Zyep(r' 1))
—l—Z/ dr’ /dd'gpgj_s (r, v, d:t, V) B ps(r'd;t)
+ /dr’dd’cpsg_w(r, v dt,t) ﬁ(uw(r’, d;t')+d-E(r, t'))
+Z/dr go,m —of' Ly 16t Bpop (P ) + Zpep(r' 1))
+/d7”/ﬁﬁgn RO (1, 1') B(nrooe (7' 1) + Zroorep(r’, )
1, dr'oh, (e, vt ) B i (5t
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[ dr AT (et ) B (75 ) 4 Zag-ep(r! )
Vo

+ / dr/gpg;_Aﬂ (r,7'st, t’)ﬁ(uAf. (r'st") + Zp—eep(r’, t'))
Vo

+ / dr' dr//(pS;—ROO',ROO' (r ! 1)
Va Vs

x B(troo* roo* (7', 7"5') + Zroosep(r' ') + Zroosep(r” 1))

+ / dr'gpgg_l(r, vt ) Bv(l)(r’; t')) at’, (67)

Vi
H+—H*

where ¢, (r,7';t,t') is the transport kernel that describes the collective diffusion of protons in
the intima and is related to the proton diffusion coefficient D;-{; —H¥ (r,r';t,t):

P (e t) B (g (73 8) + Zyep(r 1))
0 Ht—Ht / / 0 1ol ’ ol
= =5 Dy Tt ) B 5 (75 0) + ZeeB(r 1) ) (68)

taking into account the influence of the electric field E (', t'). (,DE;_S(’I", v d;t,t), @SZ ~w(p, ', d;t,t)

are the transfer kernels that describe the interdiffusion processes of protons with macromolecules s of
the intima and dipolar water molecules in the intima, while it is important to take into account
the solvation processes. (,p;?,j_of /L('r,r’ ;t,t') is the transfer kernel that describes the interdiffusion
processes of protons and low-density lipoproteins, in which a certain amount f’ of vitamins E are
oxidized. This is an important contribution because in these processes vitamin E can be reduced and
such interaction of protons with f LDL should be described in detail in the Hamiltonian of the system.

The following transfer nuclei included in the equation (67) 4,05; —ROO% (g 91t 1), gpgt P L(r,r’ st t),

cpS;_AHi (r,r';t, 1), @EJ‘AH (r,r';t,t), @S;_ROO.’ROO. (r,r',7";t,t') are important from the point
of view of neutralization of free radicals, radicals and description of redox processes of LDL. Since pH
in arterial blood is about 7.4 in venous and tissue fluid 7.35, in the cytosol of cells about 7.0, then
@E; ~L(r,r';t,t') is the core of the transfer describing the dissipative processes between the diffusion
flows of protons and the viscous alkaline flows of blood. Important in these processes is the transfer
equation for the non-equilibrium value of the average density of ascorbic anions (7, - (r))!, which has

the following form:

g ,. t " - AH-
et g == [ O [t ) B 0750) 4 Zygg-cplr' 1)
+Z/ dr’/dd_'gpff_s(r,r',J’;t,t’)ﬁ,us('r’ci’;t')
s Va
+ /dr’dci’cp,‘ff_w(r,r',c?;t,t’)ﬁ(uw(r/,J’;t’) +d-E(r',t))
+ Z/drﬁpﬁf_Of,L('r,r’;t,t’)ﬁ(,uof/L(r’;t’) + Zpep(r',t'))
f/
" /dr,ﬁﬁﬁr{{_ROO.(T7T/;t7t/)5(MROO° (r'st") + Zroosep(r', 1))
+ | drlont TP (e ) B ()
+ /V dr'opa” 1 (et ) B(pan - (751) + Zag-ep(r' 1)

2
+/ dr’/ dr”gpfl‘g:ROO ROO® (1 o sy 1Y
Va Va
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B(proos roos (1", 7";t") + Zroosep(r', ') + Zroosep(r” ')
+/ dr'gpﬁll,{_1(7*,r';t,t')ﬂ'v(l)(r';t')>dt', (69)
\%1

AH™—-AH™

e (r,r’;t,t') is the transport kernel that describes the collective diffusion of ascorbine

where ¢

anions in the intima and is related to the diffusion coefficient of ascorbine anions D]Aij_AHf (r,r';t,t'):

il =AM (e !t ) Bpagr- (73 ) + Zag-ep(r' 1))

0 - AH- 0
= T or DY A (e 1) - B <WNAH (r';st)) + ZAHEE(r/’t/)> (70)
taking into account the influence of the electric field E(r/,t). QAT =s(p ! dl it 1),

QAIT—w(p o/ d@:t t') are the transfer kernels that describe the interdiffusion processes of ascorbine
anions with macromolecules s of the intima and dipolar water molecules in the intima, while it is im-

portant to take into account the solvation processes. cpﬁrlf “of ,L(r, r';t,t') is the transport kernel that
describes the interdiffusion processes of ascorbic anions and low-density lipoproteins, in which a certain
amount of f’ of vitamin E is oxidized. This is an important contribution because in these processes
vitamin E can be reduced and such interaction of ascorbic anions with f’ of LDL should be described

in detail in the Hamiltonian of the system. The following transfer nuclei included in the equation (67)
QAT RO (it 1), it PH(r st ), A TH (1), gl TROOTROO (e e ) are
important from the point of view of neutralizing free radicals and describing LDL redox processes;
907%{7_1@,7“’;15,15’) is the transport kernel describing the dissipative processes between the diffusion
flows of ascorbic anions and the viscous alkaline blood flows.

Note that the diffusion movement of peroxidized LDL (pL) is primarily influenced by the macro-
molecular structure of the endothelium and intima, as well as macrophages that capture them. There-
fore, from the system of equations (42)—(46), we extract the equations for non-equilibrium average
values for the three types of LDL, taking into account dissipative correlations with macrophages and
the macromolecular structure of the endothelium—intima, which is considered as a dynamic porous
system of components of the type s:

t
Gripm) = [0S [ [ad ekt st )
—00 s %)

+ / dr' oEE=ROO% ('t 1) B(ro0e ('3 ') + Zroowep(r',t'))
Va

2 2
+ Y dr ol E e ) Bure(r ) + | drl o TR () B (v t)
V. V.
K/ = rk'=1 K

+ Z dr! pEE=of L !¢ 1) Bpopn(r'st)) + Zpep(r', 1))
Va
f
2
+ Z / dr'dd o= (e v d st ) Bpw(r', dst)) + d - E(r', 1))
K/'=1 !
+/ dr/gpﬁf_pL(r,r’;t,t/)ﬂ,upL(r’;t’)
Vo
+ /V d'r/ ; d’r”dci//gpﬁg_pL’mc(’r,'r/,’r//, d_//;t,t/) 5MpL,mc(”“/,"°//d_//§t/)
2 2

—i—/Vdr/gpﬁf_l(r,r/;t,t/)ﬂv(l)(r’;t’)>dt', (71)
1

where at « = 1 the equation describes the change in time (A% .(r))" in the lumen, and
cpﬁf‘s(r, r',d’;t,t') is the transport kernel that describes the mutual diffusion motion of lipoproteins
LE and macromolecules s of the intima taking into account their rotational motion, @ZE=LE (r /i ¢, ¢/)

is the transport kernel at & = 1 describes the mutual diffusion of lipoproteins LFE in the lumen,
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and at k" = 2 describes the mutual diffusion of lipoproteins LE between the lumen — endothelium—
intima; pLE—HL(p p':t ¢/ is the transport kernel at ' = 1 describes the interdiffusion of low-density
lipoproteins LE and high-density lipoproteins HL in the lumen, and at ' = 2 describes the in-
terdiffusion of low-density lipoproteins LE and high-density lipoproteins HL between the lumen —
endothelium—intima subsystems; gpﬁf —of lL('r,r’ ;t,t') is the transport kernel describing the interdif-
fusion of low-density lipoproteins LE and low-density lipoproteins in which vitamins E are oxidized,
i.e. of' L between the subsystems lumen — endothelium-intima; gpﬁf P L('r, r';t,t') — the transport ker-
nel describing the interdiffusion of low-density lipoproteins LFE and low-density lipoproteins in which
vitamins E are oxidized and fully peroxidized — pL between the subsystems lumen — endothelium—
intima; @EE=w(p o' d';t,t') is the transport kernel describing the interdiffusion of low-density lipopro-
teins LE with d1polar water molecules at £’ = 1 in the lumen, and at ¥’ = 2 between the lumen —
endothelium—intima subsystems taking into account the influence of the electric field; gpLE Yo r'st,t)
— the transport kernel reflects the dissipative correlations of the generalized low-density hpoprotem flow
and the generalized flow of the total blood momentum density in the lumen of the vessel (which is
related to the blood viscous stress tensor, on which the blood viscosity coefficient is built according to
the Kubo formulas).

At k = 2 the equation describes the change in time (2% (7))! in the endothelium-intima sub-
system, and @EE=5(pr o' d';t,t') is the transport kernel that describes the mutual diffusion motion
of lipoproteins LE and macromolecules s of the intima taking into account their rotational motion,
QEE=LE (p g/-1 ') is the transport kernel at x’ = 1 describes the mutual diffusion of lipoproteins LE
between the endothelium-intima — lumen subsystems, and at ' = 2 describes the mutual diffusion
l1poprote1ns LE in the endothelium-intima subsystems; @ZZ=HEL(p ¢/:¢ ') is the transport kernel at
k' = 1 describes the interdiffusion of low-density lipoproteins LE and high-density lipoproteins H L be-
tween the lumen—endothelium — intima subsystems, at x’ = 2 describes the interdiffusion of low-density
lipoproteins LE and high-density lipoproteins H L in the intima, chE of L(r, r';t,t') is the transport
kernel describes the interdiffusion of low-density lipoproteins LE and low-density lipoproteins in which
vitamins E are oxidized, i.e. of’L in the intima; gpﬁf P L(r, r';t,t') is the transport kernel describing
the interdiffusion of low-density lipoproteins LE and low-density lipoproteins in which vitamins E are
oxidized and fully peroxidized — pL; EE=w(r v/ d';t,') - the transport kernel describing the interdif-
fusion of low-density llpoprotems LE with dipolar water molecules at " = 1 in the endothelium-intima
and lumen subsystem, and at " = 2 in the endothelium-intima subsystem taking into account the
influence of the electric field; gpLE pLlome (. g/ o d@";t,¢') is the transport kernel describing the inter-
diffusion of low-density lipoproteins LE and complexes of peroxidized LDL — pL and macrophages mc;
cpﬁf L, 7' t,¢') is the transport kernel reflecting the dissipative correlations of the generalized flow
of low-density lipoproteins and the generalized flow of the total momentum density of blood in the
lumen of the vessel (which is related to the blood viscous stress tensor, on which the blood viscosity
coefficient is built according to the Kubo formulas). When blood viscosity changes, this transfer core
will transmit the effect of changes in the concentration of LDL in the lumen to LDL in the intima.
Thus, for k =1 and k = 2, the equations (71) describing changes in time and space of non-equilibrium
mean value of low-density lipoproteins take into account the main diffusion, reaction—diffusion and
viscous processes between the main components of blood in the lumen and the endothelium—intima.

However, in conditions of inflammatory processes in the intimate area due to the activity of free
radicals, the oxidation process of vitamins E in the LDL structure will continue. The change in the
non-equilibrium average value of LDL density with a certain amount of oxidized vitamins E is described

by the following equation:

%moﬂ(r)y = _/ (t'=1) (Z/ dr’ /dd QoI L=s(p ! dst,t") B ps(r'd';t)
_ Vo
+Z/dr'g0$/:f LE (ryr"st,t) Bure(r';st +Z/dr'cp%]“ HL (ryr’st, ) Bupr(r';t)
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+ Z /V d"“'gDZJ:LL_OfIL(r, it t) 5(,uof/L(r’; ") + Zpep(r', t'))
f/ 2

+ / dr' gof T (v 4,8 By (75 t) + Zyep(r' 1))

+ /V 2 dr' A (e 8,0 B(pan- (75 ) + Zag-ep(r' 1))

+ /V dr’dci’cpfj:f_w(r, v dt,t) ﬁ(,uw(r’, d;t)+d-E(r, t'))
p

+ dr' 2T E=PL(p 't ) B ppr(r'st)

+ Z /V d'r' y d,r//(p;JLfGL—of’L,AH* (,r’ ’l“/, ’l“”; t, t/)
f/ 2 2

X Bppan- (7" t) + Zpep(r' . 1) + Zay-ep(r”, 1))
+ / dr' @O0 (e, vt 1) ﬁv(l)(r’;t’)>dt’, (72)
\%1
ofL

where (7,7, d:tt ) is the transport kernel describing the inter-modification motion of lipopro-
teins of L, in which vitamins E and macromolecules s of the intima are oxidized, taking into account

their rotational motion, go%L_LE(r,r’;t,t’) is the transport kernel at x = 1 describing the inter-
diffusion of lipoproteins of L and LE between the lumen-endothelium-intima subsystems, at x = 2

describing the inter-diffusion of lipoproteins of L and LE in the intima; go%L_HL('r,r’ ;t,t') is the

transport kernel at k = 1 describes the interdiffusion of low-density lipoproteins of L and high-density
lipoproteins H L between the lumen—endothelium — intima subsystems, at x = 2 describes the inter-
diffusion of low-density lipoproteins with oxidized vitamins E — of L and high-density lipoproteins H L

in the intima, @?LJ,ZL_Of L(r,'r’; t,t') is the transport kernel describes the interdiffusion of low-density

lipoproteins with oxidized vitamins E, i.e. ofL in the intima; gpf/;L_p L(r,r’ ;t,t') is the transport
kernel describing the interdiffusion of low-density lipoproteins of L and fully peroxidized LDL — pL;

cpZ]éL_of 'LAH™ (r,7',7";t,t") — the transport kernel describing the interdiffusion of low-density lipopro-

teins of L and complexes of’L — ascorbate anion AH™; @?L];L_l(r,r’; t,t') is the transport kernel re-
flecting the dissipative correlations of the generalized flow of low-density lipoproteins with oxidized
vitamins E and the generalized flow of the total pulse density of blood in the lumen of the vessels.
After the complete oxidation of vitamins E in the structure of low-density lipoproteins under the ac-
tion of oxygen, of L are further oxidized and become vulnerable to the processes of their capture by
macrophages. The transport equation describing the change in time of the non-equilibrium value of

the average density of peroxidized LDL — pL has the following structure:
a . t ' —— _ _
S == [ [ art [ adhs et dind) s die)
—00 s Vo
2 2
+ Z/ dr' Gl M (e st ) B une(r's ) + Z/ dr' gy (e, st 8) B (5 t)
k=1 r k=1 K
+ /V dr' bt~ (e, 05 ) Bpopri (75 ) + Zpep(v 1))
f/ 2
+ " dr’gpflﬁ_pL(r,r’;t,t’)B,upL(r’;t’)
2
+ [ ar'dd P (v v At ) Bpw(r', dst) + d - E(r', 1))

\ %}
+/ dr'/dci’ nﬁ_mc(r,r/,J’;t,t’)ﬂumc(r/,cz';t’)
Va
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/ d'l“ / d’l“”dd” pL pL, mc(r,r',r", J”; t,t,) 5,UpL,mc(7“/,r”, JH; t/)
1% 1%
+ / dr’dci// dr”dcf"cpﬁé_mc’mc(r, v d " d';tt) B e me (T, d,r" dt)
Vo Vo
dr 't BoM (st )>dt/, (73)

where cp%_ (r,r ,d’ ;t,t') is the transport kernel describing the self-diffusion movement of peroxi-
dized low-density lipoproteins pL and macromolecules s in the intima, studies show that such lipopro-
teins can only perform subdiffusion (very slow) movements in the intima and cannot return to the
lumen, becoming susceptible to capture by macrophages; goﬁﬁ_LE(r,r’ ;t,t') is the transport kernel
describing the self-diffusion movement of peroxidized low-density lipoproteins pL and non-oxidized
low-density lipoproteins; cp%_HL(r, r/;t,t') is the transport kernel describing the intermodiffusion mo-
tion of peroxidized low-density lipoproteins pL and high-density lipoproteins; goﬁﬁ_of /L(r,r’ ;t,t') is
the transport kernel describing the intermodiffusion motion of peroxidized low-density lipoproteins
pL and low-density lipoproteins containing f’ of oxidized vitamins E; @b L=p L(r,r’ ;t,t') is the trans-
port kernel describing the very slow collective diffusion of peroxidized low-density lipoproteins pL;
90% (! d;t, t') is a transport kernel that describes the mutual diffusion movement of peroxidized
low-density lipoproteins pL and macrophages, this is one of the key processes in the capture of pL by

macrophages, in which a similar role is played by the transport kernels cpﬁé_p Lome ! " d';t, 1),
(,OPL mc, mC(
nG

teins pL and complexes pL, mc, mec, mc; goﬁg_l('r, r’;t,t') — the transport kernel reflects the dissipative
correlations of the generalized flow of peroxidized low-density lipoproteins and the generalized flow of
the total pulse density of blood in the lumen of the vessels.

Extremely important role in the fight against atherosclerosis is played by high-density lipoproteins,
which transport unused cholesterol (excess) to the liver for the formation of fatty acids, which is
important for the digestive system. It is very important to maintain a stable amount of high-density
lipoproteins in the blood. The equation for changing the non-equilibrium value of the average density
of high-density lipoproteins, taking into account viscous-diffusion-reaction processes, has the form:

t
%(ﬁ’ﬁm(r»t = _/ (1) <Z/ dr' /dd el (v d st ) B ps(r'dst)
_ Vo

+ Z/dr'cpgnL LE(p o't ) Burp(r':t) + Z/dr'cpgnL ALy o't t) B ugr(r';t)

;v d" r", d";t,t'), which describe the dissipative correlations between the flows lipopro-

+ dr’gpfnL_ofL(r,r’;t t )5(,uOf/L(r )+ Zpep(r' t ))
\ %}

2

+ Z/ dr'dd o= (e e dst ) B (', dit') +d - E(r', 1))
2

+/ dr' pHE=PE (p o5t ) B ppr (775 1)

\ %}
+ dr' d’l””dJ” HL—pL,mC( A/ ci”'t t/),B ( /i ci//'t/)

v v QOnG 7’,7’,7’ ) » Yy MpL,mCT7T 9 I

2 2

+ dr'gpgpL Yo r'stt )51)(1 (r'; t))dt’, (74)
\%1

where at x = 1 the equation describes the change in time (2% ,(r))" in the lumen, and
QL =s(p p! d';t,1') is the transport kernel that describes the interdiffusion motion of lipoproteins LH
and macromolecules s of the intima taking into account their rotational motion, EZH=LE(p ¢/ ¢ /)

is the transport kernel at ' = 1 describes the interdiffusion of high-density lipoproteins LH and
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low-density lipoproteins LE in the lumen, and at ' = 2 describes the interdiffusion of lipoproteins
high-density lipoproteins LH and low-density lipoproteins LE between the lumen — endothelium—
intima subsystems; @EH—LH (p /.t ') is the transport kernel at ' = 1 describes the interdiffusion of

lipoproteins LH in the lumen, and at ' = 2 describes the interdiffusion of lipoproteins LH between
the lumen — endothelium—intima subsystems; gpﬁf —of lL(r,'r’;t,t’) is the transport kernel describes
the interdiffusion of high-density lipoproteins LH and low-density lipoproteins in which vitamins F
are oxidized, i.e. of’L between the lumen — endothelium-intima subsystems; gpﬁn_p L(r, r’;t,t') is the
transport kernel describing the interdiffusion of high-density lipoproteins LH and low-density lipopro-
teins, in which vitamins E are oxidized and fully peroxidized — pL between the subsystems lumen
— endothelium—intima; gpﬁf‘“’(r,r’ dtt ) is the transport kernel describing the interdiffusion of
high-density lipoproteins LH with dipolar water molecules at x' = 1 in the lumen, and at ' = 2
between the subsystems lumen — endothelium—intima, taking into account the influence of the electric
field; cpﬁf “L(r,7';t,t') is the transport kernel reflecting the dissipative correlations of the generalized
lipoprotein flux high-density and the generalized flux of the total blood momentum density in the
lumen of the vessel (which is related to the blood viscous stress tensor, on which the blood viscosity
coefficient is constructed according to the Kubo formulas).

At £ = 2 the equation describes the change in time (2%, (7))' in the endothelium-intima sub-
system, and @EH=5(pr ¢/ d';t,t') is the transport kernel that describes the inter-modification motion

of lipoproteins LH and macromolecules s of the intima taking into account their rotational motion,

QEI=LH (p /-t 1) is the transport kernel at x' = 1 describes the inter-diffusion of lipoproteins LH
between the endothelium—intima — lumen subsystems, and at x = 2 describes the inter-diffusion

of lipoproteins LH in endothelium-intima subsystems; = =LE(p p/:t 1') is the transport kernel at

k' = 1 describes the interdiffusion of high-density lipoproteins LH and low-density lipoproteins LE
between the lumen — endothelium—intima subsystems, at ' = 2 describes the interdiffusion of high-
density lipoproteins LH and low-density lipoproteins LFE in the intima, 4,05;? —of /L(r,r’ ;t,t') is the
transport kernel describes the interdiffusion of high-density lipoproteins LH and low-density lipopro-
teins in which vitamins E are oxidized, i.e. of'L in the intima; @= P L(r,r’ ;t,t') is the transport
kernel describing the interdiffusion of high-density lipoproteins LH and low-density lipoproteins in
which vitamins E are oxidized and fully peroxidized — pL; =% (y 2/ d';t,#') — the transport kernel
describing the interdiffusion of high-density lipoproteins LH with dipolar water molecules at ' = 1
in the endothelium-intima and lumen subsystem, and at ' = 2 in the endothelium-intima subsystem
taking into account the influence of the electric field; cpﬁg P L’mc(r, r',r" d’;t,t') is the transport ker-
nel describing the interdiffusion of high-density lipoproteins LH and complexes of peroxidized LDL —
pL and macrophages mc; 4,0%{ “L(r,7';t,t') is the transport kernel reflecting the dissipative correlations
of the generalized flow of high-density lipoproteins and the generalized flow of the total momentum
density of blood in the lumen of the vessel (which is related to the blood viscous stress tensor, on which
the blood viscosity coefficient is built according to the Kubo formulas).

Thus, the set of equations (71)—(74) describes the change in time of the average density of low- and
high-density lipoproteins in the lumen and in the endothelium-intima subsystem of vessels. They do not
take into account the processes of maturation of LDL from very low-density lipoproteins (produced in
the liver) with the participation of HDL, as well as the maturation of HDL itself (produced in the liver).
In the absence of inflammatory processes in the endothelium—intima subsystem, normal functioning of
the immune system, the movement of low- and high-density lipoproteins is balanced and excess choles-
terol that was not used in cellular processes is removed by high-density lipoproteins, which transport
it to the liver with subsequent processing into bile acids for digestion processes in the gastrointestinal
tract. However, the presence of inflammatory processes is accompanied by an increased concentration
of peroxide free radicals, while the concentration of lipoproteins (f,rr(r))" and (f,r(r))" increases,
and macrophages, which are constantly in the intima (their lifespan is from 45 days to several months),
enter the protective processes. Macrophages are constantly transformed from monocytes (large white

blood cells, their share does not exceed 3-8% of the total number of leukocytes, which are formed in
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the bone marrow and play an important role in protecting the body from infections and inflammatory
processes) during their transition from the lumen to the endothelium-intima subsystem. Monocytes
remain in the bloodstream for only one to three days, after which they migrate to the tissues, where
they transform into macrophages or dendritic cells. These transformed cells actively participate in
the fight against microorganisms, the elimination of damaged tissues and the regulation of inflamma-
tory reactions. After activation, macrophages secrete a variety of cytokines and chemokines, which
“signal” to monocytes about the presence of inflammatory processes in the corresponding area in the
lumen—endothelium — intima system. This causes the directed movement of monocytes to the area of
inflammatory processes and their transition from the lumen to the endothelium—intima and their trans-
formation into macrophages, which again secrete many cytokines and chemokines and the process takes
on an avalanche-like character. At the same time, pro- and anti-inflammatory cytokines are released,
and as noted in the introduction, in the work [55] it was shown that when a high concentration of
(fpr(r))t and a moderate concentration of pro- and anti-inflammatory cytokines are present in the in-
tima, inflammation will increase and reach the stage of chronic atherosclerosis. However, if the concen-
tration of anti-inflammatory cytokines in the intima is sufficiently high, inflammation may increase but
will not reach the stage of chronic atherosclerosis. Since the life spans of monocytes and macrophages
are finite, although very large compared to the times of intermolecular interactions, it is important to
consider that macrophages disintegrate after the end of their life span, and the pigments themselves
that the cell has absorbed are released together with the decay cells and are again absorbed by “new”
macrophage cells. This process is very complex and free radicals arise again in it, and therefore a high
concentration of antioxidants is important, in particular vitamin C, according to the reactions in the
redox processes of macromolecular structures (53), (55), (56), (57)—(60). In the area of inflammatory
processes in the intima, with an increase in the concentration of macrophages, especially those loaded
with peroxidized low-density lipoproteins, as life experience shows (my personal experience, since I
suffered a heart attack with subsequent stenting), they can aggregate into foamy structures, which
subsequently form plaques. Therefore, the next important step from the point of view of mathematical
modeling of atherosclerosis processes is to obtain equations for the non-equilibrium average value of
macrophage density (fmc(r,d))t, and correlation functions (GEE™(r, v/, d))t, (Gme™ (v, d, 7', d))".
The equation for (fi,,.(r,d))" has the following form:

t
%(ﬁmc(r,ci»t = _/ ot/ =) (Z/\/ dr’ /ddgomc Str,d, v’ d it t) Bus(r',d;t)
- 2
+/ dr'ony” LE(T,d,r;t,t)ﬂuLE(T;t)Jr/ dr' oy (v dyr' st ) Bup L (v t)
Vz V2

dr' e OfL(r, d,r';t,t) 5(,u0f/L(r’; ")+ Zpep(r', t'))
Va

+/ dr' e pL(r,J,r/;t,t/)ﬂ,upL(r/;t')
Va
2
830 ar i ) BT ) B )

w=17"2
/ dr’ /dd eme=me(p d v’ d;t,t") B pme(r’, d's 1)
)%}

+/ dr'dd’ / dr”dci”cpzmé_mc’mc(r,ci, . d " d" it ) B meme(r, d v d )
Vo Va

dr'dd’ d’r”dd—”goanc_pL’mc(T, dr' " d't, #) 5MpL,mc(’r,, " d )
Vo 1%

+/V dr'y (v, d, r/;t,t’)ﬂv(”(r/;t/)> " "
1

where ©"¢~3(r,d,r’,d’;t,t') is the transport kernel describing the self-modification movement of
macrophages and macromolecules s of the intima, m¢~LE(r d r';t,t), el (p d r';t,t') are
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the transport kernels describing the self-modification movements of macrophages and low- and high-

density lipoproteins; ny of L(T,J, r’;t,t') is the transport kernel describing the self-modification
movement of macrophages and low-density lipoproteins in which f of vitamins E are oxidized,

Onm T L(r, d,r';tt ) is the transport kernel describing the self-modification movement of macrophages

and peroxidized low-density lipoproteins pL, which are in favorable states for their capture by
macrophages; @™ (p, r/ dtt ) is the transport kernel that describes the self-diffusion motion
of macrophages and dipolar water molecules taking into account the influence of the electric
field; ome=me(p, d, v, d’;t,t') is the transport kernel describing the collective very slow diffusion of
macrophages, cpZZ me, mc(r,d, r'.d,r" ,d";t,t') is the transport kernel describing the self-diffusion
movement of macrophages and the mec, me complex, which can be an essential signal in the processes
of macrophage aggregation, ¢, 5" Lomep d, v/ ¢" d";t,¢') is the transport kernel describing the self-
modification motion of macrophages and the pL, mc complex which can also be an essential signal
in the processes of macrophage aggregation, ¢j"~ Yr,d,r';t, ') is the transport kernel reflecting the
dissipative correlations of the generalized subdlﬂu510n flow of macrophages and the generalized flow of
the total blood momentum density in the lumen of the vessel (which is related to the viscous stress
tensor of blood). This contribution can be considered small from the point of view of the subdiffusion
motions of macrophages.

0
ot

_/_ e(t'—t) (Z/Vz dr”/dci” pL,mc— S(T v d, " J”;t,t’)ﬁus(r”,i”;t’)

+/ dr” GIT/me pL( ' d "t ) B (v t)
\ %}
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—00 s 1%
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/ d,r// / dr///dd/// mC mec— pL mC(r’ d, ’r/’ JI’ ’r//’ ,r///’ J’// ) /8 'Ll/pL mc( //’ ,r///’ Ci/”; t/) (77)
%) 1%
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Va Vo

It is important to note that a special problem is the calculations of generalized transport kernels,
which contain the main mechanisms of viscous, diffusion-reaction, redox processes in the lumen—
endothelium — intima system in the obtained transport equations. Also important is the presence of
polarization processes associated with the transport of ions, electrons, water molecules, macromolecular
structures in the electromagnetic fields they create. The electromagnetic fields themselves undoubtedly
affect viscous, diffusion-reaction, redox processes and this must be taken into account when calculating
the transport kernels. The exact calculation of the transport nuclei is currently impossible, therefore
approximate calculations based on physical, chemical, biological assumptions are necessary. In this
case, it is important to understand the spatial-temporal correlations of processes and their mutual
influence, self-organization. Analysis of viscous, diffusion—reaction, redox processes already at the level
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of the obtained transport equations indicates that for the normal functioning of the cardiovascular
system, the balance of ions KT, Nat, Ca?* (in particular, ion channels), H", OH™, Cu™, Fe?t, Mg?t,
molecules HoO, Oo, NO, vitamins E, C, A, B-group, amino acids L-arginine, L-carnitine and others is
important. Their deficiency or excess leads to imbalance and, in particular, at the level of low-density
lipoproteins, to the gradual formation of plaques — the formation of atherosclerotic processes in the
intima of blood vessels.

4. Conclusion

A statistical approach to the description of non-equilibrium processes of blood component transport
in the lumen—endothelium—intima system of blood vessels is proposed. This approach involves tak-
ing into account the nature of the interactions of blood components, which to one degree or another
participate in atherosclerotic processes. It is based on the parameters of the abbreviated descrip-
tion: non-equilibrium average values of the densities of blood components, ions, water molecules,
in particular LDL, HDL, monocytes, and other components (erythrocytes, leukocytes, platelets) and
the non-equilibrium value of the total blood pulse density for the vascular lumen subsystem; in the
endothelium-intima region, the parameters of the abbreviated description are non-equilibrium average
values of the densities of the components LDL, ox-LDL, HDL, macrophages, water molecules, ions,
free radicals, oxidants, vitamin C, pro-inflammatory and anti-inflammatory cytokines, T-cells, macro-
molecular structures of the endothelium — intima. Using the method of the non-equilibrium statistical
operator for the parameters of the abbreviated description, a system of transport equations (42)—(46)
was obtained, which, within the framework of the selected model of component interaction, can de-
scribe non-Markovian in time and non-local in space blood transport processes in vessels, taking into
account possible reaction—diffusion processes in the vessel walls. All its equations for the correspond-
ing transport kernels include the hydrodynamic blood velocity 'v(l)('r’;t’ ), as one of the important
parameters of the studies. In addition, this system of transport equations is open-ended, nonlinear
and can be applied to the description of both laminar and turbulent processes. It is important to
note that in the first subsystem — the lumen, a viscous reaction-diffusion description was used, and in
the endothelium-intima subsystem — a reaction—diffusion description. In addition, this approach takes
into account the electromagnetic fields created by ions and dipole molecules, for example water, the
intensities of which satisfy the averaged Maxwell equations.

Based on such a statistical model, it is important to consider two important tasks: the description of
the processes of subdiffusion of oxidized LDL and macrophages in the endothelium-intima subsystem,
and the possibility of describing the influence of turbulent (weak) blood processes in the lumen on
subdiffusion processes in the endothelium—intima subsystem.

In the following works, we will consider one of the ways of approximate calculation of generalized
transport kernels and conduct a study of subdiffusion processes for ox-LDL and macrophages in the
intima, using the methodology of fractional derivatives [73,79].
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CratnctnyHuvii nigxig Ao onucy NpoueciB TPaHCNOPTY JiNONpPoTeiHiB

Ta IHWNX KOMMNOHEHT Y KPOBOHOCHUX cyanHax — |

Tokapuayk M. B.1?

! Inemumym gisuru xondencosarnux cucmem HAH Yrpainu,
syn. Ceenuyiyvrozo, 1, 79011, Jlveis, Ykpaina
2 Haugonanvnuti yrisepcumem “Tvsiscora noaimerwira’,
eyn. C. Bandepu, 12, 79013, Jlveis, Yrpaina

s onmcy aTepOoCKJIEPOTUYHUX MIPOIECIB y iHTHMI CYJIUH KPOBOTOKY 3aIIPOIIOHOBAHO CTa-
TUCTUYHUN ITJIX1JT ONUCY HEPIBHOBAXKHUX IPOIIECIB IIEPEHOCY KOMIIOHEHT KPOBI y CHUCTEMI
[IPOCBIT—€HJO0TeMiI-IHTIMa KDOBOHOCHUX CYJINH, AKHUil lepe1dauae BpaxyBaHHs XapaKTepy
B3aEMOJIiIl Mi2K KOMIIOHEHTaMU KpOBi. Bukopucrapiim MeTo HEPiBHOBaXKHOTO CTATUCTUY-
HOT'O OIlepaTopa JJIs TapaMeTPiB CKOPOYEHOTO OITACY, OTPUMAaHO CUCTEMY PiBHIHB IT€PEHO-
cy, gKa B paMKaxX BHOpPAHOI MOJE/Ii B3a€MOJIil KOMIIOHEHT MOYKE OIMCYBATH HEMAaPKOBCHKI
y dYaci Ta HeJIOKaJbHI Yy IPOCTOPI IPOIECU IIEPEHOCY KPOBl y Cy/IMHAX 3 BpaXyBaHHSAM
MOXKJIUBUX PeAKIIiHO-1udy3iliHNX MporeciB y cTiHKax cygauH. Y IPOCBITI 3aCTOCOBYBaB-
cs B'SI3KO peakiiitHo-nmudysiitanii onuc, a y miacucTeMi eHI0Te iii—iIHTuMa — PeaKIiiHO-
audy3iiHmi.

Knw4osi cnoBa: amepockaepos; KpoGoHOCHT CYOUHU; EPUMPOUUINU; AINONDOMEIHU; Ni-
NONPOMETHU HUSLKOT UTAOHOCTNE; npouect Judy3il 1016 Ma MOAEKYA 800U, HEPIBHOBANHC-
HUT cmamucmuynull onepamop; pienanns Makxceesna; 6iavhi NEPOKCUOHi padurait; ok-
cud azomy; maxpopazu.
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