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MecTo aMnupHoM Teopuu B UCTOPUU U3YYEHUA
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AHHOTAUMA

BgedeHue. HecMoTpA Ha 3HauMTeNbHble YCMeXu MOCNeOHMX [AECATWIETUA B M3yY4eHWM aTepocKiepo3a,
accouMMpoBaHHbIE C HUM 3aboneBaHWA BCe elle ABNAKOTCA OAHOWM M3 Bedywux npobneM COBPEMEHHOr0 3anafHoro
obuiectBa. B HempocToi MCTOPUM WM3yYeHWs aTepocKniepos3a Mpepfiaranucb pasfvyHble TEOpUM, KOTOpbIE MbITanuch
06BACHUTb €ro NpUpoay B COOTBETCTBUM C YPOBHEM HAYYHbIX 3HAHWM TeX NeT.

Llene. TpoBecT aHanu3 MecTa JMNUOHBIX HapyLIEHWWA B Pa3UYHbIX TEOPUAX aTeporeHesa, KoTopble 6binu
NpeLoKeHbl B pasHble UCTOPUYECKME NepUOLbl U KOTopble CHOPMUPOBANK TEKYLLEE NOHUMaHWUe ero NPUPOAbLI U ABNATCA
OCHOBOM ANnA ByayLLMX UCCeaoBaHUM.

NvnugHan TeopuA, NpeasiorKeHHan 6onee cTa NeT Hasap, U CerofHs ABNAETCA OCHOBOM AN1A NPOUNAKTUKM U NeYeHUs
aTepockneposa. [MonyyeHHble BMOCNEACTBUM [aHHbIE O PONM HapyleHUs QYHKUMM SHOOTENWA, 3HAYEHUM UMMYHHbIX
KNEeTOK M MEeXaHU3MOB BPOXAEHHON MMMYHHOW CUCTEMbI, @ TaKKe 0 BarKHOCTM HapyLUEHW COCYAMCTON reMoguHaMUKK
chopMMpoBanM ceropHsiLLHee NOHWMaHWe NaToreHe3a aTepocKiepo3a, KOTOPOe PaccMaTpMBAET ero Kak COMHYI0 Lenb
MMMYHHbIX ¥ METab0NMYECKUX COBBITUI, MPOMCXOAALLMX B TEHEHWUE MHOMMX NIET C Y4aCTUEM Pa3/IMYHbIX KNETOK COCYAMUCTOM
CTEHKM 1 KPOBOTOKA. MHOrMe M3 NoNy4YeHHbIX Ha CeroAHALIHMI JeHb JaHHbIX 0 NaToreHe3e aTepocKepo3a noka He UMetoT
TepaneBTUYECKOro NPUMEHEHWA 1 ABNAITCA NEePCMEKTUBHBIMW HanpaBieHAMM By ayLIMX UCCIeL0BaHMN.

3arnoyerue. JIUNMOHanA TeopuA aTeporeHesa MpOLUMA CAOMHHBIA MyTb OT MOHWMaHWA PoOfiM JIMNUAOB B KayecTse
npocroro cybcTpaTa AnA pasBUTWA aTepoCKepo3a [0 TOro, YTO OHM BbIMOJHAKT CIOMHbIE UMMYHHbIE U MeTabonnyeckne
$YHKUMM 1 ABNAIOTCA BaXKHOW AMArHOCTUYECKOW U TepaneBTUYECKO LieNbio.
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Place of Lipid Theory in History of Study
of Atherosclerosis
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ABSTRACT

INTRODUCTION: Despite the significant advances in the study of atherosclerosis in recent decades, the diseases
associated with it still remain one of the leading problems of modern Western society. In the complicated history of the
study of atherosclerosis, various theories have been proposed that attempted to explain its nature from positions of the
scientific knowledge of those years.

AIM: To analyze the place of lipid disorders in various theories of atherogenesis that have been proposed in different
historic periods and have shaped the current understanding of its nature and are the basis for future research.

The lipid theory, proposed more than a hundred years ago, is still the basis for the prevention and treatment of
atherosclerosis. Subsequent findings on the role of endothelial dysfunction, on the importance of immune cells and innate
immune mechanisms, and the importance of vascular hemodynamic disturbances, have shaped today's understanding of
the pathogenesis of atherosclerosis, which regards it as a complex chain of immune and metabolic events occurring over
many years and involving various cells of the vascular wall and the bloodstream. Much of the data on the pathogenesis of
atherosclerosis obtained to date have no therapeutic application and are promising areas for future research.

CONCLUSION: The lipid theory of atherogenesis has passed a complicated way from understanding the role of lipids
as a simple substrate for development of atherosclerosis to the fact of their performing complex immune and metabolic
functions and being an important diagnostic and therapeutic target.
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LIST OF ABBREVIATIONS

ABCA1 — ATP binding cassette subfamily A member 1
ABCG1 — ATP binding cassette subfamily G member 1
AS — atherosclerosis

CS — cholesterol

eNOS — endothelial nitric oxide synthase

HDLs — high density lipoproteins

LDLs — low density lipoproteins

SPM — specialized pro-resolving mediators

INTRODUCTION

Atherosclerosis (AS) is one of the key problems of our
time due to its significant contribution to the morbidity and
mortality structure of the population of many countries
[1]. Indeed, atherosclerotic cardiovascular diseases,
such as coronary heart disease [2], cerebral stroke [3]
and AS of the lower limb arteries [4], remain the leading
causes of temporary and permanent incapacity for work,
and present a heavy economic and social burden for
patients, their families and even for healthcare system
as a whole [5]. These and other problems associated
with AS undoubtedly emphasize the need to better
study its causes, mechanisms and pathogenetic factors,
which can be the targets for therapeutic intervention.
In this context, AS is an actively studied problem, and
the information available today considerably expanded
understanding of its nature, but is insufficient to provide
a comprehensive solution to either the problem of early
diagnosis, or effective treatment for all patients. In the
controversial history of the study of AS, various concepts
have been proposed that explained various pathogenetic
factors of the disease from positions of the scientific
knowledge of that time.

The aim of this study to analyze the place of lipid
disorders in various theories of atherogenesis that have
been proposed in different historical periods and formed
the current understanding of its nature and are the basis
for future studies.

Lipid Theory of Atherogenesis

The word ‘atherosclerosis’ was first introduced
by a German pathologist F. J. Marchand in 1904
and suggests the lipid base in the lesion foci [6]. The lipid
theory of atherogenesis proposed by a Russian scientist
Nikolai N. Anitschkow in 1913 [7] still remains one of
the key concepts and underlies the current therapeutic
and preventive strategies. The lipid theory rests on
the results of studied conducted by N. N. Anitschkow
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and colleagues. In those experiments, rabbits were
introduced cholesterol (CS) through the stomach,
and in several months, cholesterol deposits were
found in their arteries resembling lesions in human AS.
N. N. Anitschkow was inspired to conduct these studies
by the experiments of another Russian scientist —
Aleksandr 1. Ignatovsky who tried to obtain AS in rabbits
by feeding them with a mixture of eggs and milk [8].
Although the scientist obtained the desired result,
he incorrectly linked it to the presence of proteins in
these products. N. N. Anitschkow and colleagues took
those results into consideration and modeled the
experiment that proved the connection of AS development
with egg yolk and cholesterol present in it. Besides,
later N. N. Anitschkow first described lipid-laden
macrophages the so-called foam cells or cholesterol
esterasophagocytes, as he called them (cholesterin-
esterphagozyten). However, the authors could not
completely understand the nature of these cells.

Twelve years after the publication of his key work,
N. N. Anitschkow wrote: ‘It appeared that cholesterol,
experimentally introduced in an organism, always forms
deposits in strictly determined, sort of, predisposed to
this, areas, including the arterial walls, and giving a
typical picture of atherosclerosis. It was further found
that cholesterol forms deposits not only in cells, but
along with cells and often primarily, in the intercellular
intermediate substance, as well as in fibers and on
the surface of connective tissue fibers. It is this latter
process, that is, deposition of lipoids in the interstitial
substance of arterial walls, that is most important in the
pathogenesis of AS’ [9].

On the basis of the available data and the results
of his experiments, N. N. Anitschkow came to the
conclusion that ‘lipoids’ ‘precipitate’ within the walls of
arteries, like other colloidal substances, and that cells
of the ‘reticuloendothelial system’ also participate in
this process. Thus, the primary understanding was of

683



684

REVIEWS

the infiltrative nature of AS with CS being a passive
substrate. Further experiments on dogs and rats did not
give the same results as modeling of AS on rabbits, and
his conclusions were rejected for some time [10, 11].

Study of Role of Lipoproteins

N3yyeHne nyten 6uocuntesa XC aABnsanoch
cnegyiowmmThe study of the pathways of cholesterol
biosynthesis was the next important step in
understanding atherogenesis. Significant advances in
the study of the pathways of cholesterol synthesis were
achieved in the 1950s. The most notable were the works
of K. Bloch and F. Lynen, who received the Nobel Prize
in Physiology or Medicine in 1964 for their discoveries
[12, 13]. Of particular interest among these studies is the
description of 3-hydroxy-3-methylglutaryl coenzyme A
(beta-hydroxy-beta-methyl-glutaryl coenzyme A, HMG-
CoA) reductase in cholesterol biosynthesis by F. Lynen
and N. L. Bucher L [13]. The data obtained by the authors
attracted attention to HMG-CoA reductase as an enzyme
that controls the rate of cholesterol biosynthesis, which
was of enormous importance in the future.

The next important milestone that strengthened
the lipid theory of atherogenesis was the isolation and
characterization of low-density lipoproteins (LDLs) in
the late 1940s and 1950s. J. W. Gofman, a physician
and physicist at the University of California, Berkeley,
used the recently invented analytical ultracentrifuge
to separate plasma lipoproteins [14]. Gofman chose to
study heart disease because he was intrigued by early
studies in Russia indicating a link between AS and blood
cholesterol levels. Together with a team that included his
long-time colleagues F. T. Lindgren and A. V. Nichols,
he isolated and characterized two main fractions based
on density: LDLs and high-density lipoproteins (HDLs)
[15]. In May 2007, the Journal of Clinical Lipidology
republished his classic article on the work of his
laboratory from 1949 to 1955 and assigned J. W. Gofman
the title of ‘Father of Clinical Lipidology’ [16].

The concept of oxidized modification of LDLs has
become another important part of the lipid theory
of atherogenesis. The prehistory of this discovery
started in 1979, when a young Norwegian researcher
T. Henriksen noted that under certain conditions LDLs
were toxic to the culture of endothelial cells and even
led to their death. Although subsequent works showed
that the initial results were associated with peculiarities
of preparation of samples in the presence of oxygen
leading to oxidative transformation of LDLs, the concept
of oxidatively modified LDLs itself became a part of the
current understanding of AS [17].

A therapeutic milestone for the lipid theory began
with the identification of the inhibitor of 3-hydroxy-3-
methylglutaryl coenzyme A reductase in 1976 by A. Endo
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from Sankyo company (Tokyo, Japan). This discovery
paved the way for a new class of drugs known as
statins [18]. Endo’s statin, compactin, was isolated from
Penicillium citrinum culture, and in 1987, mevinolin
(also known as lovastatin or Mevacor®, Merck company)
isolated from Aspergillus terreus culture, became the
first statin approved for human use [18]. Statins remain
the key drugs for prevention and treatment for AS today.

Studies of Lipid Composition of Membranes

Further studies facilitated expanding the
understanding of the role of lipids beyond being simple
morphological basis for AS [19]. The current concept
suggests that lipids are important participants in
many molecular cellular mechanisms. It is known that
the plasma membrane of cells, which separates their
cytoplasm from the external environment, is not just
a mechanical barrier, but also performs key functions
for the life of the cell, since it regulates the transport
of substances, interactions with other cells, etc. [20].
According to the accepted model of a fluid mosaic
proposed by S. J. Singer and G. L. Nicolson in the early
1970s [21], the plasma membrane of cells is represented
by a complex combination of various lipids, which render
it the necessary biophysical properties, such as viscosity
and fluidity [22]. In this case, it is believed that the
membrane has a liquid-ordered phase and a disordered
phase. The ordered phase is characterized by denser
packing of lipids and is known as ‘lipid rafts’, which are
rich in cholesterol and function as dynamic signaling
platforms.

The concept of lipid rafts was proposed in 1988 by
K. Simons and G. van Meer [23]. CS is involved in
maintaining the spatial structure of the plasma membrane,
which is due to the chemical structure of its molecule and
its spatial location in the plasma membrane. Changes in
CS content in the plasma membrane affect the structure
of the latter, its biophysical properties and functions.
CS can also directly interact with specific protein sites
and affect the lateral diffusion of proteins, due to which
it can participate in the regulation of the function of
membrane proteins. This is due to the fact that in order
to perform their specific function, proteins must have
a specific conformation, which can only be achieved in
an optimal microenvironment, so the lipid composition
of this microenvironment is of critical importance.
In this regard, a decrease in the reverse transport of
cholesterol in AS and its accumulation in macrophages
and lipid rafts can contribute to their proinflammatory
activation, among other things, through the activation
of membrane receptors of the innate immune system
involved in atherogenesis.

It is suggested that lipid rafts exist in planar and
caveolar forms (caveolae). Caveolae, first described in
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the early 1950s, by 1990s were referred to lipid rafts,
which increased interest in them as dynamic signal
platforms. One of the best-known functions of caveolae
in the endothelial cells includes participation in regulation
of endothelial NO synthase, a key source of nitric oxide,
which is an important hemodynamic regulator in the
arteries, and impairment of which bioavailability in the
endothelial dysfunction is considered a key pathogenetic
mechanism of AC [24-26]. The caveolae structure is
supported by several proteins required for formation
and stabilization of caveolae, including the structural
protein caveolin-1 and the adapter protein cavin-1 [27].
Caveolin-1 negatively affects the activity of endothelial
nitric oxide synthase (eNOS) via a direct interaction
with the enzyme, which limits nitric oxide production
[28]. Derangement of caveolae structure affects eNOC
activation and vascular reactivity [[29]. It is interesting,
but the deficit of Abcal and Abcgl transporters in
endothelial cells reduces CS efflux from these cells,
which reduces eNOS activity and enhances inflammation,
adhesion of monocytes and infiltration of monocytes into
atherosclerotic plaques [30]. These data enhance the
understanding of the relationship between eNOC activity,
caveolar lipid rafts and CS levels in them.

Apart from participation in the organizing membrane
molecular processes, caveolae are considered as a
reserve of the plasma membrane surface, which enables
endothelial cells to rapidly change the cell surface area
[31]. Thus, rapid flattening of caveolae is considered to
be a mechanism of rapid increase in the surface area
of endothelial cells, preventing damage to the cell
membrane in case of change in the vessel geometry,
e.g., when blood pressure changes [32].

There is convincing evidence of association
of vascular hemodynamics with localization of
atherosclerotic lesions [33, 34]. It is known that in straight
regions of arteries, the blood flows in laminar pattern,
that is, in layers parallel to the vessel wall with high
shear stress. It is suggested that curvatures, stenosis
or branching of arteries are associated with formation
of disordered chaotic turbulent blood flows [35]. These
patterns are characterized by non-uniform distribution
of low shear stresses, the parameter characterizing
the force exerted on the endothelium by the boundary
blood flow. It is generally accepted to consider laminar
blood flow physiological, and the appearance of
turbulence as an atherogenic factor [36]. Experimental
data show that in response to changes in the shear
stresses, the lipid order in the plasma membranes of
endothelial cells undergoes changes, which affect some
physical properties of the plasma membrane, such
as fluidity and viscosity [37]. Shear stress in laminar
flow results in a rapid reduction in the lipid order of
the plasma membrane, with the most pronounced
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changes in the ordered phases, shifting caveolae to
liquid disordered state [38]. The decrease in lipid order
is dependent on the intensity of shear stress and is
reversible. These biophysical characteristics of plasma
membranes are part of the mechanical transduction
mechanism in endothelial cells, which mediates their
response to changes in vascular hemodynamics. Indeed,
endothelial cells sense changes in vascular hemodynamic
parameters, including shear stress, and respond to these
changes by polarization, which involves a change in cell
orientation in the direction of blood flow. Polarization
involves changes in the arrangement of cell organelles,
changes in the cell cytoskeleton, and changes in the
composition and structure of plasma membranes [39].
Some known data also indicate that caveolae can
function as platforms on which shear stress-sensitive
receptors function, i. e., act as platforms for mechano-
detection and transduction [40].

Thus, understanding of the role of lipids as
structural and functional units of molecular cellular
events determines the current position of lipids in the
development of AS. To note, the lipid raft concept is
a subject of discussion, since some of its statements
raise questions in the expert community concerning
dimensions of these rafts, their lifetime and also the
boundaries between ordered and disordered lipid phases.

Study of Role of Inflammation in Atherogenesis

There is increasing evidence about inflammation
being an important part of atherogenesis. Indeed,
monocytes migrating from the bloodstream, penetrate
under the endothelium and induce inflammation, the
same as tissue microphages that make the second
macrophage pool in the atherosclerotic plaque. The
progression of AS is in many aspects associated with
the absorption of lipoproteins by macrophages and their
transformation to foam cells, which were described by
N. N. Anitschkow. It is believed that lipid (cholesterol)
overload of macrophages and the absorption of
oxidatively modified LDLs launch inflammatory
reactions. Inflammatory activation of macrophages is
also promoted by their cholesterol overload resulting
from disruption of reverse cholesterol transport with the
involvement of ABCA1 (ATP binding cassette subfamily A
member 1) and ABCG1 (ATP binding cassette subfamily
G member 1) transporters. Under normal conditions,
these transporters export CS from macrophages to the
extracellular acceptors forming HDLs, a decrease in the
level of which is another AS predictor.

Inflammation is a universal mechanism activated in
response to a variety of infectious and non-infectious
tissue damages. The innate immune system, the
evolutionarily ancient arm of immunity, possesses a
multiplicity of overlapping tools to initiate and maintain

685



686

REVIEWS

inflammation. The accumulated data show that in the
inflammation process, there is not only a phase of
initiation, but also a phase of active resolution. The
resolution phase of inflammation is mediated by a
number of hiological factors and is coordinated with the
phase of inflammation, which jointly play an important
role in providing immune homeostasis of tissues. This
coordination permits the body to control inflammation to
minimize tissue damage [41].

The key role in both maintenance and resolution of
inflammation is played by bioactive lipids, derivatives
of fatty acids. They participate in the regulation of
numerous processes associated with inflammation
and can be actively involved in the pathogenesis of AS.
Leukotrienes are considered important participants of
the inflammation in AS. In turn, representatives of the
family of lipid mediators, which were termed specialized
pro-resolving mediators (SPM), play a role in active
resolution of inflammation. AS is characterized by
imbalance between the production of proinflammatory
and specialized pro-resolving lipid mediators, which
leads to persistent inflammation [42].

The presence of SPM in the vasculature and their
role in AS were first reported in 1992 by C. N. Serhan
and colleagues, who showed that coronary artery
angioplasty promotes the release of peptide leukotrienes
and lipoxin A4 into the arterial lumen [40]. These results
laid the foundation for the hypothesis that an imbalance
of lipid mediators such as SPM and leukotrienes may
contribute to the development of AS. In 1996, a number
of studies provided insight into possible mechanisms.
It was shown that rabbits fed a high-fat, high-cholesterol
diet but with increased expression of 15-lipoxygenase
(@ key enzyme in SPM biosynthesis) in monocytes/
macrophages, were resistant to the progression
of AS [43]. Leukocytes from rabbits with increased
expression of 15-lipoxygenase were characterized by
increased production of lipoxins, promoting increased
anti-inflammatory activity [44]. Currently, SPMs are an
actively studied topic, and the therapeutic potential of
SPMs is also being assessed, including the possibility of
using their synthetic analogues in AS.
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Thus, lipid mediators participate both in activation
and maintenance of inflammation in the vessel wall in
AS, and can promote the resolution of this inflammation.
According to this concept, progression of AS depends
on the balance between pro- and anti-inflammatory
mediators. Upon that, the biosynthesis pathways of
these lipid mediators intersect and have intercellular
nature, which further enhances the understanding of the
complexity of the problem and significance of searching
keys to its solution.

CONCLUSION

The data accumulated to date, evidence that
atherosclerosis is the result of a complex chain of
events occurring both within and outside the vessel wall.
These events include hemodynamic changes in blood
flow, disorders in the blood lipid profile, endothelial
dysfunction, local and systemic inflammation, with
the participation of various mechanisms of the innate
immune system.

The lipid theory of atherogenesis was one of the
earliest, and today its understanding has expanded
significantly beyond a simple mechanical interpretation
of the processes occurring in the vessel wall. The
information obtained in recent years has shown the
multifaceted role of lipids and lipid mediators as
participants in the structural, metabolic, and immune
mechanisms associated with atherogenesis. A better
understanding of these mechanisms will improve the
quality of diagnosis and treatment for all patients.
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