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Abstract: Atherosclerosis is one of the leading causes of death in developed and developing countries.
The atherogenicity phenomenon cannot be separated from the role of modified low-density lipopro-
teins (LDL) in atherosclerosis development. Among the multiple modifications of LDL, desialylation
deserves to be discussed separately, since its atherogenic effects and contribution to atherogenicity
are often underestimated or, simply, forgotten. Vladimir Tertov is linked to the origin of the research
related to desialylated lipoproteins, including the association of modified LDL with atherogenicity,
autoimmune nature of atherosclerosis, and discovery of sialidase activity in blood plasma. The review
will briefly discuss all the above-mentioned information, with a description of the current situation in
the research.

Keywords: atherosclerosis; low-density lipoproteins (LDL); sialidase; trans-sialidase; desialylation;
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1. Introduction: Atherogenicity Phenomenon and the Concept of Modified LDL

The diseases with atherosclerosis at their roots are responsible for the majority of
death cases in developed and developing countries. Despite certain progress that has
been reached in diagnostics, pharmacological intervention related to the lowering of blood
cholesterol levels and surgery, there is still no “universal” method or therapy approach that
would provide efficient and robust results in the prevention and curing of atherosclerosis.
The reason for such a tragedy for millions of patients, from the author’s point of view, lies in
the interdisciplinary character of this pathology (mostly it is not placed as a separate subject).
Atherosclerosis is studied in numerous medical fields including cardiology, angiology,
neurology, hematology, etc. As a result, patients receive mostly symptomatic treatment; the
knowledge obtained in different fields is not efficiently distributed between these fields,
since there is no unifying power that would combine all the results obtained together
in order to find efficient and reliable approaches to prevent and reduce atherosclerotic
lesions in arterial walls based on a deep understanding of the pathological changes that
happen during atherosclerosis initiation and its further development. The separation of
atherosclerosis from its clinical manifestations would allow one to focus the attention on
the pathological process, and, as a result of the study of such a process, to develop new
approaches for detection, prevention and curing of this disease.

Atherosclerotic pathological changes are related to the appearance of atherosclerotic
lesions in arterial walls. Many diseases are connected to atherosclerosis due to a rapid
decrease in blood flow caused by a decreased vessel lumen [1]. The arterial wall consists of
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the following three envelopes: 1. the closest one to the arterial lumen is called intima (this
is where atherosclerotic lesions develop); 2. the medium envelope is called media; 3. the
external envelope, the most distant from arterial lumen, is called adventitia.

Atherosclerotic plaque (a local thickening of intima protruding into the arterial lu-
men) serves as the main reason for disrupted circulation in vital organs in the case of
atherosclerosis. In general, atherosclerotic plaque is characterized by elevated levels of
oxidized lipoproteins, triglycerides, oxidized cholesterol products, and free fatty acids. The
protein components are apolipoprotein A1 (apoA1), fibrinogen, arylesterase-1 (PON-1), and
clusterin. If plaques become unstable in the carotid artery, this means a significantly higher
probability of ischemic events. Plaque formation and its structural alterations are medi-
ated by direct interaction between plaque components and various circulating elements in
blood [2].

The multiple mechanisms of atherosclerotic plaque formation, including lipoprotein
transfer and lipoprotein modification, can be summarized as atherogenicity, a known
phenomenon since 1986. Atherogenicity is opposed by antiatherogenic agents, such as
blood serum high-density-lipoprotein cholesterol (HDL-C), paraoxonase, and PON1 [3].
Another atherogenic factor is the plasma cholesteryl ester transfer protein (CETP), which
affects the distribution of cholesteryl esters between HDL and low-density lipoproteins
(LDL) [4]. In 1986, it was demonstrated for the first time that blood serum from coronary
heart disease (CHD) patients possesses atherogenic potential. The serum from such patients
facilitated lipid accumulation in cultured human aorta subendothelial cells, which showed
no such effect when treated with serum from healthy individuals [5]. Inflammation also
contributes to atherosclerosis-related pathological changes (in addition to lipids), which
highlights the complexity of this disease [6].

LDLs play a major role in atherosclerosis development and in ischemia. These lipopro-
teins are ApoB-containing particles, alongside very low-density lipoproteins (VLDLs),
intermediate density lipoproteins (IDLs) and chylomicrons [7]. LDLs carry out the trans-
port of lipids mediated by LDL receptors [8]. Small and dense LDL are more prone to
oxidation and possess a higher affinity for proteoglycans.

The main atherogenic modifications of LDL are oxidation [9], and enzymatic modifica-
tions. These changes result in the formation of pro-inflammatory LDL. The contribution
of oxidation to the LDL modification spectrum, which was traditionally thought of as a
primary mechanism, is now met with opposing experimental evidence [10]. For exam-
ple, it was shown that oxidation alone is not sufficient to promote the uptake of LDL by
macrophages, but that there are receptor-independent ways of LDL accumulation. This
can be attributed to fluid-phase pinocytosis of LDLs mediated by protease calpain-6. [11].
Cytotoxic enzymatically modified LDLs, referred to as minimally modified (MM) LDLs, are
supposedly first (along with native LDLs) to enter the arterial intima during atherogenesis,
where LDL can be oxidized due to the inaccessibility of circulation [12].

The components of the pathway involved in the clearance of LDL from blood, such
as LDL receptor (LDLR), and proprotein convertase subtilisin/kexin type 9 (PCSK9) re-
sponsible for the enhanced degradation of LDLR (also related to increased damage of
mitochondrial DNA, and certain types of cancer), should, therefore, be considered as
factors affecting atherogenicity [13–15].

The aim of this review is to summarize the current understanding of the role of
desialylated proteins in atherosclerosis development and provide future directions of the
research in this field.

2. Desialylated LDL as Atherogenicity Factor and Its Role in Atherosclerosis

It was quite logical to assume that modified LDL capable of inducing lipid accumula-
tion in the cells of arterial walls should be looked for, first of all, in the blood of patients
that already have their vessels subjected to atherosclerotic influence. In order to test this
idea, a fraction of total LDL was purified from the blood plasma of healthy individuals
and for the patients with atherosclerosis, angiography was used. The initial culture of
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subendothelial cells purified from human aortae was used to test the ability of purified
LDL to induce intracellular accumulation of lipids (i.e., exactly the cells that accumulate
lipids upon atherosclerosis), with the finding that LDLs from healthy individuals were
not able to induce intracellular accumulation of phospholipids or neutral lipids in most of
the cases studied, while LDLs from patients with coronary atherosclerosis were capable
of inducing a 1.5-fold accumulation of free cholesterol and triglyceride content, and a
1.5–5-fold accumulation of esterified cholesterol in the cells cultivated [16,17].

The identification of the chemical composition of the LDLs isolated from healthy
individuals and patients with atherosclerosis did not show any differences in the content of
protein, phospholipids, triglycerides, free, and esterified cholesterol. Interestingly, the total
content of sialic acid in LDL from the patients with carotid atherosclerosis was shown to be
2–3-fold lower than the one of healthy individuals [18,19].

It is known that sialic acid residue is a terminal monosaccharide in an asparagine-
linked complex bi-antennae carbohydrate of ApoB protein of LDL. The next residue fol-
lowing sialic acid is galactose monosaccharide, which would become a terminal residue
after the removal of the sialic acid residue. This information was used for the purification
of desialylated LDLs using lectin specific for terminal galactose (agglutinin from Ricinus
communis) in affinity chromatography. The desialylated LDL fractions purified using this
approach were shown to contain 2–3-fold less of total sialic acid than the fraction of sialy-
lated LDL, which was not retained during chromatography, confirming the validity of such
an approach for the separation of sialylated and desialylated LDL [20].

The following development of this approach (column lectin-based chromatography),
in combination with solid-phase lectin enzymatic assay, allowed the estimation of the
content of desialylated LDLs in the blood of patients with atherosclerosis as belonging to
the range from 20 to 60%, while the one for healthy individuals usually did not exceed
10% [21].

Incubation of the fraction of sialylated LDLs with subendothelial cells isolated from
the intima of human aorta did not affect the intracellular content of phospholipids and
neutral lipids [20,22], while desialylated LDLs eluted from the lectin column with 50 mM
of galactose on average caused a 1.5–2-fold accumulation of unesterified cholesterol, and
triglycerides, and 2–7-fold accumulation of cholesterol esters in the cells cultivated [20,22].
It can be concluded that the desialylated fraction of human LDL is atherogenic, and
sialylated LDLs do not possess such a property, and should be considered as native non-
modified LDL.

Further studies showed that glycoconjugates of the ApoB protein in human LDL
consist of N-acetyl-glucosamine, galactose, mannose, and sialic acid in a molar proportion
of 2:1:2.5:1 [23]. The content of N-acetyl-glucosamine, galactose, and mannose did not differ
in protein-bound glycoconjugates from native sialylated LDL and circulating modified LDL
of healthy individuals. The level of N-acetyl-glucosamine in ApoB protein from native LDL
and circulating modified LDL from patients with coronary atherosclerosis did not differ
from the corresponding fractions of LDL isolated from healthy individuals. The galactose
and mannose content in circulating modified LDL from the patients was significantly lower
than in native LDL [23].

The content of sialic acid in circulating modified LDL from healthy individuals was
15–30% lower than the one in native LDL. The content of sialic acid in the ApoB protein of
native LDL isolated from the patients was approximately the same as the one from native
LDL of healthy individuals. The content of sialic acid in protein-bound glycoconjugates of
circulating modified LDL was 2–3-fold lower than the one for native LDL [23].

Thus, it was discovered that the atherogenic properties of blood serum are modulated
by desialylation. Desialylated LDL, but not native LDL, promoted the accumulation of
lipids in aortic intima cell culture [18]. Sialic acid belongs to negatively charged amino
sugars and is an important component of native LDL. Sialic acids are terminal carbohydrate
residues in apolipoprotein, and glycolipid components of HDL, LDL, VLDL and IDL.
Sialic acids are predominantly associated with ApoB100, ApoA, ApoE, Apo (a), and ApoC.
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The role of sialic acid metabolism in disease is studied extensively, providing support of
these findings.

The diminishing of arterial endothelium anion density due to desialylation leads
to intimal thickening, as a certain level of sialylation has to be maintained, serving as a
protective barrier [24]. Glycosylation is also required for the stable expression of LDL
receptors [25].

The following two concepts of lipoprotein modification in the context of atherosclerosis
exist: oxidation (which is more popular) and enzymatic modifications [26]. Enzymatic
modifications of LDL may play a more important role in atherogenesis than oxidation.
It is supported by the fact that enzymatically modified LDLs (E-LDL) tend to fuse and
form larger particles, they convey complement-activating activity via a scavenger receptor-
dependent pathway; they are more susceptible to be taken up by macrophages, leading
to foam cell formation [27]. Desialylation can predispose LDLs to further modifications
via a biochemical cascade that begins with cholesteryl esters hydrolysis, resulting in free
cholesterol deposition [26]. Thus, atherogenicity of LDL desialylation is manifested through
the changes in lipoprotein properties.

The sialic acid content of lipoproteins may affect the interaction of lipoproteins with
proteoglycans; the removal of sialic acid residues from LDL via a neuraminidase treatment
led to the increased formation of complexes between LDL and proteoglycans [28].

Desialylation reduces size and increases density of LDL particles [29]. Desialylated
LDLs have higher triglyceride and fatty acid contents than native LDLs and have different
structures of carbohydrate, lipid, and protein components [30]. Interestingly, the degree
of ApoC-III sialylation in LDLs correlates with atherogenicity, as desialylated apoC-III0
isoforms are positively associated with proatherogenic lipid profiles [31]. Desialylated
LDLs acquire negative charge [10,32]. This can be the result of not only desialylation,
but of lipid loss, particle size reduction and peroxidation [33]. However, there is a report
that sialic acid can still be found in electronegative LDL, and it was even predicted to
contribute to the negative surface charge of these molecules [34]. More experiments should
be conducted in the future in order to clarify these different observations. Negatively
charged, or electronegative, LDLs that are able to trigger the aggregation of other LDL
fractions are pro-atherogenic [35,36].

3. Autoimmune Nature of Atherosclerosis

Electronegative LDLs can initiate an immune response, resulting in anti-LDL autoanti-
bodies and immune complex (IC) production [37]. Contrary to the originally postulated
primary role of oxidized LDLs as a source of autoantibody both in atherosclerosis and in
healthy individuals [38], it was demonstrated that in coronary atherosclerosis, autoanti-
body levels are significantly higher [39], and that anti-LDL antibodies bind preferably to
desialylated LDL, which contradicts the originally proposed major role of oxidized LDLs
in atherosclerosis autoimmunity. Moreover, immune complexes comprising of modified
LDL and anti-LDL antibodies accelerated cholesterol, collagen and glycosaminoglycan
accumulation in cell cultures of vascular endothelium, deposition of the extracellular ma-
trix (ECM); stimulated the transformation of macrophages into foam cells. Foam cells are
extremely immunogenic. Modified LDLs initiate an immune response by being taken up
by antigen-presenting cells, which present LDL to T-cells, which leads to immune response
amplification. Repeated exposure to the antigen makes T-cells produce cytokines and
trigger inflammation [40].

LDL-immune complexes are taken up by macrophages via Fcγ-receptors. The size of
the immune complexes ultimately determines their fate, as large ones are delivered to the
spleen and liver, while soluble small-sized ICs remain in circulation. The pro-atherogenic
properties of ICs can be countered either by pharmaceutical intervention [41] or by altering
the glycosylation status of anti-LDL antibodies via targeting the Fc domain of the receptors.
Sialylation of IgG decreases IC immunogenicity and reduces cardiovascular risk.
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Circulating LDL-CICs are found in atherosclerotic lesions where they induce the accu-
mulation of extracellular matrix in the vascular wall and cholesterol uptake as macrophages
prime them to foam cells [42]. The unique properties of desialylated LDLs (increased athero-
genic potential and immunogenicity) may be the promoting factor in anti-LDL antibody
production. Anti-LDL antibodies have a low affinity to non-atherogenic native LDLs,
generating LDL-CICs, which promote atherosclerosis [3]. The experimental evidence sug-
gests that in cell cultures, LDL-CICs increase the cholesterol content within smooth muscle
cells of the arterial intima. The selective removal of LDL-CICs from circulation makes
non-bound circulating LDLs less atherogenic. A study of LDL-CIC properties showed that
immune complex-bound LDLs have lower sialic acid content, as well as less phospholipids
and neutral lipids. Immune complex-bound LDLs were more electronegative, smaller in
size and had a higher density, thus demonstrating key properties of desialylated LDL.

Since atherosclerosis is an autoimmune disease that triggers an immune response to
self-antigens, it is logical to assume that vaccines may potentially be beneficial in cardio-
vascular disease prevention, reducing inflammatory response by restoring tolerance to
antigens. Most experimental studies in the field focused on developing a vaccine using
lipoproteins and heat shock proteins (HSP) epitopes. Typically, T cells that react to LDL and
HSP are eliminated in the thymus. LDL modification creates molecular mimicry via gener-
ating novel antigens, leading to persistent T cell reactivity and chronic inflammation [40].

It also should be noted that modified LDLs are capable to induce signals through
toll-like receptors, which also play a role in innate immunity [43].

4. Multiple LDL Modifications

We already mentioned various ways through which LDL in circulation can be modified.
These are oxidation, desialylation, particle size alteration, electrical charge alteration and
loss of lipids (Figure 1). It needs to be noted that LDL modification types do not exist
separately from each other, but form a cascade ultimately leading to atherogenesis. LDL
modifications occur throughout the entire course of disease progression and give rise to
different forms of modified LDL, contributing to cardiovascular metabolic and autoimmune
diseases [12,44,45].
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Figure 1. Possible modifications leading to the appearance of multiple modified low-density lipopro-
teins (LDLs) possessing atherogenic properties.

5. HDL Modifications

Optimal HDL and HDL-cholesterol (HDL-C) levels are required for active antiathero-
genic processes and a low CVD risk. In healthy people, HDL accepts free cholesterol via
ApoA1. ApoA1 modifications give rise to dysfunctional proatherogenic HDL [46]. A high
CVD risk is associated with decreased HDL capacity to carry out the reverse transport of
cholesterol, high levels of HDL oxidation, high content of triglycerides in HDL particle
cores and smaller particle HDL size [47]. Dysfunctional HDL can be formed as a result
of structural changes, post-translational modifications or lipid alteration. Oxidation and
glycation are the most common post-translational modifications [48]. HDL oxidation occurs
during inflammation with participation from myeloperoxidase MPO, which is shown to
be excessively expressed in atherogenesis. HDL glycation occurs due to lipid and protein
exposure to carbohydrates, as it happens in hyperglycemia. The glycome of HDL was
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extensively studied by Huang et al. [49]. It was shown that Hexose5HexNAc4Neu5Ac2,
possessing two sialic acid residues, is the most abundant glycan in HDL. Interestingly,
it is also widely present in blood. Thus, sialic acid contributes to HDL negative charge.
Sialylated glycans in HDL proteins partake in interactions between molecules and cells,
affecting HDL functionality. Sialylated ApoE is necessary for it to be recognized by HDL3
particles. In addition, the desialylation of Apo is associated with elevated levels of cir-
culating Streptococcus pneumoniae neuraminidase, meaning that bacterial (and probably
viral) infection may govern HDL desialylation in vivo. Fucosylated N-glycans levels were
relatively low. Desialylation acts on HDL the same way as it does on LDL. Desialylated
HDLs tend to lose their anti-atherogenic properties via impairing HDL capacity to remove
cholesterol from arterial cells. Desialylated ApoE less actively integrates itself in HDL,
inhibiting its anti-atherogenic properties [50,51]. In CVD, HDLs are distinctively modified.
They contain less ApoA1 (but increased levels of oxidized ApoA1), ApoA2 and ApoE
and are enriched in complement-activating C3 [52]. The desialylation of ApoE noticeably
decreases its binding to HDL, thus impairing the antiatherogenic properties of HDL. ApoE
terminal glycosylation is suggested to protect against spontaneous self-aggregation in
atherosclerosis [53]. This was also observed in metabolic syndrome patients, where ApoC3,
ApoE and SAA4 were less sialylated compared to the healthy control [54]. The association
of lipoprotein desialylation with disease is not exclusive to LDL. A high content of desia-
lylated HDL was observed in hemodialysis patients and in metabolic syndrome patients,
linking the loss of sialylation to metabolic dysfunction [55]. Despite the established role
of HDL and its modifications in health and disease, targeted interventions have yet to be
proved beneficial [56].

6. Plasma Sialidase Activity

Sialidases are exoglycosidases in vertebrates. Sialic acid residues are often found at
the terminal positions of the glycoconjugate chains of the cellular glycocalyx. Sialidases or
neuraminidases catalyze the removal of these residues, thereby, modulating various normal
and pathological cellular activities. The following four types of mammalian sialidases
have been described: Neu1, Neu2, Neu3, and Neu4, which are encoded by different genes
and are characterized by different subcellular localizations [57]. Atherogenic modified
LDLs are recognized by scavenger receptors (SR), unlike native LDLs, which interact with
LDL-R. SR and Siglec-1, a macrophage-specific pattern recognition receptor, are known to
participate in viral and bacterial pathogen recognition, meaning that LDL recognition and
viral infections act as stimuli for the same sialylation-dependent molecular complexes [58].

Viral sialidases (neuraminidases) are crucial for the flu infection process. Structurally,
influenza neuraminidases are divided into two phylogenetic subtypes, which are as follows:
group 1 (N1, N4, N5, N8) and group 2 (N2, N3, N6, N7 and N9). Viral neuraminidase and
hemagglutinin bind to the terminal sialic acid residues of the glycocalyx on the surface
of the host cell for viral internalization by the host cell. Neuraminidase binds to sialic
acid and cleaves α-(2,3) and α-(2,6) glycosidic bonds of terminal residues. Neuraminidase
plays a key role in the infection and spread of the virus, so all the currently developed
neuraminidase inhibitors are effective only when administered no later than 36–48 h after
the first onset of symptoms [59,60]. The seasonal dynamics of sialidase activity (human
and viral) in connection with the flu was studied, with the finding of an increased viral
sialidase activity correlated with the severity of the disease. Elevated viral sialidase mRNA
expression was observed alongside increased activity of human (endogenic) sialidase,
hinting at the contribution of viral enzymes to overall atherogenicity. There is supportive
evidence in the literature that viral infections aggravate cardiovascular conditions, such as
myocardial infarction, heart failure, arrhythmia, myocarditis [61,62].

Sialidase is also present in erythrocyte membranes, with a marked increase in sialidase
activity observed in stroke patients. The increased activity of sialidase leads to the cleavage
of sialic groups located at the ends of complex carbohydrates of erythrocyte membranes,
leading to an increase in the level of free sialic acid in blood plasma [63].
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7. Trans-Sialidase Discovery

The discovery of atherogenic plasma activity characterized by decreased LDL sialyla-
tion led to establishing the enzyme carrying out the desialylating activity. The correspond-
ing plasma enzyme was purified and its properties were studied. This 65 kDa enzyme with
a specific affinity to LDL primarily catalyzes the hydrolysis of alpha-2,6 chemical bonds
of terminal sialic acid residues, transferring them onto circulating plasma proteins [64].
Trans-sialidases remove and then transfer sialic acid residues between sialogalactosides.
The highest rate of sialic acid residue transfer in vitro was observed for the α2-6 bond, and
the lowest rate for the α2-8 bond [65].

The treatment of LDL with purified trans-sialidase results in the desialylation of LDL
and accumulation of cholesterol esters in the human aortic intima smooth muscle cells.
Thus, trans-sialidase may be involved in the formation of foam cells [64].

Sialidases (Neu) catalyze the removal of terminal sialic acid residues. Either class
of enzymes can potentially participate in atherogenic LDL modification and serve as
manifestations of blood atherogenicity. All human sialidases (NEU1–4) can exert their
catalytic activities in circulation [66]. The desialylation of LDL in vitro by human Neu1 and
Neu3 led to an increase in their atherogenicity in models of cultured human and mouse
macrophages [67].

Neu inhibitor 2,3-dehydro-2-deoxy-2β-N-acetylneuraminic acid did not affect LDL
desialylation in experiments, which supports the idea that desialylation is performed by
trans-sialidase [24]. It should be noted that the amino acid sequence (and corresponding
coding gene) of trans-sialidase [64] has not been determined yet, leaving intrigue (there is
always a possibility that this activity belongs to the so-called ‘moonlight’ protein, which has
never attracted attention in the field of sialidase studies) and space for future discoveries.

All potential contributors to plasma sialidase activity are shown in Figure 2.
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Figure 2. Potential contributors to sialidase activity in blood are neuraminidases (Neu1–4) and yet to
be identified trans-sialidase. One of these enzymes (or a combination) leads to desialylation of normal
LDLs, giving them atherogenic properties. “?” sign at neuraminidases means that it is not known
exactly which one/s contributes to sialidase activity in blood. Arrows between boxes represent a
sequence of events leading to atherogenic changes starting from enzymatic activities leading to the
elimination of sialic acid residues from LDLs. Deasialilation of LDL also leads to a reduction in
particle’s size, and increase in particle’s density.
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8. Animal Model Experiments

The reduction in Neu1 expression in Neu1(hypo) Apoe(−/−) mice led to the reduction in
serum levels of VLDL, and LDL cholesterol, and caused the reduction in atherosclerotic
lesions in comparison with Apoe(−/−) mice [51]. Moreover, treatment of Apoe(−/−) mice
with pan-sialidase inhibitor (DANA) caused a significant reduction in atherosclerotic lesion
development [51].

Recently, a further logical development of the approach used in the above-mentioned
study was carried out. A novel pathway was described that takes place at early stages
of atherosclerosis, involving desialylation of LDL in circulation [67]. It was hypothesized
that sialidases (Neu) remove sialic acid residues from LDL glycoprotein and glycolipid
components, thus, promoting atherosclerosis. Animal models of human atherosclerosis
were obtained in Neu4(−/−), Neu3(−/−), and NEU1-deficient (CathAS190A-Neo) mice. Human
enzymes Neu2, Neu3, Neu4 were expressed in Escherichia coli and then purified. Neu1
was expressed in HEK293 cells; transduced with a CathA-IRES-NEU1 lentivirus. Siali-
dases were used for LDL modification. It was shown that ApoE-deficient mice injected
with desialylated LDL demonstrated vascular accumulation of LDLs via lectin receptor
Asgr1. In Neu3(−/−) Apoe(−/−), Neu4(−/−) Apoe(−/−) and CathAS190A-Neo Apoe(−/−) knock-
out mice, it was demonstrated that a 90% reduction in Neu1 activity or Neu3 complete
inactivation diminished atherogenesis. In Neu4(−/−) Apoe(−/−) mice, the atherogenesis
rate was almost the same as in Neu4-intact Apoe(−/−) animals. CathAS190A-Neo Apoe(−/−)

mice showed decreased penetrability of their arteries compared to Neu3(−/−) Apoe(−/−)

and Neu4(−/−) Apoe(−/−), thus, pointing at potentially different mechanisms that regulate
atherogenesis and inflammatory response. LDLs were shown to be desialylated by Neu1
and Neu3. Neu1 was shown to participate in the inflammatory response. The lipoprotein
content analysis showed that plasma ApoB of CathAS190A-Neo Apoe(−/−) mice was more
sialylated, which is probably the factor influencing the atherogenesis rate in CathAS190A-Neo

Apoe(−/−) mice. The plasma LDL content in Neu1(−/−) mice was higher compared to the
wild type (by 3-fold). Lowering Neu1 activity in CathAS190A-Neo Apoe(−/−) mice slowed
down atherosclerosis progression, while the LDL levels remained intact. This suggests that
Neu1 governs LDL uptake [67]. The role of sialidase as a proatherogenic factor in vivo
was studied in experiments with immobilized sialidase. It was found that a sialidase
injection caused long-term reduction in LDL sialic acid content by 50% [57]. The selective
inhibition of Neu1 and Neu3 in LDLR(−/−) and in Apoe(−/−) backgrounds of mice fed a
high-fat diet achieved a significant reduction in atherosclerotic lesions, while the plasma
levels of total cholesterol, triglycerides, LDL-C and HDL-C remained the same. Thus, the
evidence points in the direction that in model conditions, Neu1 has pro-atherogenic and
pro-inflammatory properties.

9. Putative Pharmacological Intervention, Future Directions of Research
and Conclusions

The vast involvement of desialylation in atherosclerosis onset and progression opens a
spectrum of opportunities for targeted pharmacological interventions. It has already been
established that sialylation is a promising target for developing novel treatment strate-
gies for influenza. A recombinant sialidase DAS181 derived from Actinomyces viscosus, if
administered by inhalation, cleaves sialic acid from the respiratory epithelium, thereby
inhibiting influenza virus binding [68]. C9-BA-DANA, sialidase inhibitor, reduced siali-
dase enzymatic activity in the lung epithelium, endothelium and fibroblasts, providing
a potential way to manage sepsis and atherosclerosis [69]. One could assume that once
the exact sequence and corresponding gene of plasma trans-sialidase is figured out, a
potential new antiatherosclerotic therapy could be developed by the creation of specific
trans-sialidase inhibitors, leading to the reduction in LDLs with reduced sialylation in
blood plasma, and thus, to the reduction in atherosclerosis progression. In addition, one of
the future directions of research should probably be shifted towards an attempt to connect
together the different aspects of atherosclerosis pathology. For example, to find out if there
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is any possible relation between the mutations of mitochondrial DNA shown earlier to be
associated with atherosclerosis [70] and modified LDL (including the desialylated ones).
The tremendous work by V. Tertov allowed us to move closer to an understanding of
the role of sialylation in atherosclerosis development, and to the creation of new ways to
prevent this pathology.

Author Contributions: Conceptualization, A.N.O.; writing—original draft preparation, V.G., E.E.B.,
V.S. and A.N.O.; writing—review and editing, V.G., E.E.B., V.S. and A.N.O.; visualization, E.E.B.;
supervision, V.G.; project administration, V.G.; funding acquisition, V.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation, grant number 20-15-00264.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Libby, P.; Ridker, P.M.; Hansson, G.K. Progress and challenges in translating the biology of atherosclerosis. Nature 2011, 473,

317–325. [CrossRef] [PubMed]
2. Cohen, E.; Aviram, M.; Khatib, S.; Rabin, A.; Mannheim, D.; Karmeli, R.; Vaya, J. Increased Levels of Human Carotid Lesion

Linoleic Acid Hydroperoxide in Symptomatic and Asymptomatic Patients Is Inversely Correlated with Serum HDL and
Paraoxonase 1 Activity. J. Lipids 2012, 2012, 1–9. [CrossRef] [PubMed]

3. Orekhov, A.N.; Melnichenko, A.A.; Sobenin, I.A. Approach to Reduction of Blood Atherogenicity. Oxidative Med. Cell. Longev.
2014, 2014, 1–8. [CrossRef] [PubMed]

4. Quinet, E.; Tall, A.; Ramakrishnan, R.; Rudel, L. Plasma Lipid Transfer Protein as a Determinant of the Atherogenicity of Monkey
Plasma Lipoproteins. J. Clin. Invest. 1991, 87, 1559–1566. [CrossRef]

5. Chazov, E.I.; Orekhov, A.N.; Perova, N.V.; Khashimov, K.A.; Tertov, V.V.; Lyakishev, A.A.; Kurdanov, K.A.; Novikov, I.D.;
Smirnov, V.N. Atherogenicity of blood serum from patients with coronary heart disease. Lancet 1986, 328, 595–598. [CrossRef]

6. Malekmohammad, K.; Bezsonov, E.E.; Rafieian-Kopaei, M. Role of Lipid Accumulation and Inflammation in Atherosclerosis:
Focus on Molecular and Cellular Mechanisms. Front. Cardiovasc. Med. 2021, 8, 707529. [CrossRef]

7. Van Craeyveld, E.; Jacobs, F.; Feng, Y.; Thomassen, L.C.J.; Martens, J.A.; Lievens, J.; Snoeys, J.; De Geest, B. The Relative
Atherogenicity of VLDL and LDL Is Dependent on the Topographic Site. J. Lipid Res. 2010, 51, 1478–1485. [CrossRef]

8. Fernández-Higuero, J.; Salvador, A.M.; Martin, C.; Milicua, J.C.G.; Arrondo, J.L.R. Human LDL Structural Diversity Studied by IR
Spectroscopy. PLoS ONE 2014, 9, e92426. [CrossRef]

9. Mushenkova, N.V.; Bezsonov, E.E.; Orekhova, V.A.; Popkova, T.V.; Starodubova, A.V.; Orekhov, A.N. Recognition of Oxidized
Lipids by Macrophages and Its Role in Atherosclerosis Development. Biomedicines 2021, 9, 915. [CrossRef]

10. Levitan, I.; Volkov, S.; Subbaiah, P.V. Oxidized LDL: Diversity, Patterns of Recognition, and Pathophysiology. Antioxid. Redox
Signal. 2010, 13, 39–75. [CrossRef]

11. Miyazaki, T.; Tonami, K.; Hata, S.; Aiuchi, T.; Ohnishi, K.; Lei, X.-F.; Kim-Kaneyama, J.-R.; Takeya, M.; Itabe, H.; Sorimachi, H.; et al.
Calpain-6 confers atherogenicity to macrophages by dysregulating pre-mRNA splicing. J. Clin. Investig. 2016, 126, 3417–3432.
[CrossRef]

12. Thorne, S.A.; Abbot, S.E.; Winyard, P.G.; Blake, D.R.; Mills, P.G. Extent of oxidative modification of low density lipoprotein
determines the degree of cytotoxicity to human coronary artery cells. Heart 1996, 75, 11–16. [CrossRef]

13. Puteri, M.U.; Azmi, N.U.; Kato, M.; Saputri, F.C. PCSK9 Promotes Cardiovascular Diseases: Recent Evidence about Its Association
with Platelet Activation-Induced Myocardial Infarction. Life 2022, 12, 190. [CrossRef]

14. Ding, Z.; Liu, S.; Wang, X.; Mathur, P.; Dai, Y.; Theus, S.; Deng, X.; Fan, Y.; Mehta, J.L. Cross-Talk Between PCSK9 and Damaged
mtDNA in Vascular Smooth Muscle Cells: Role in Apoptosis. Antioxid. Redox Signal. 2016, 25, 997–1008. [CrossRef] [PubMed]

15. Mahboobnia, K.; Pirro, M.; Marini, E.; Grignani, F.; Bezsonov, E.E.; Jamialahmadi, T.; Sahebkar, A. PCSK9 and cancer: Rethinking
the link. Biomed. Pharmacother. 2021, 140, 111758. [CrossRef]

16. Orekhov, A.N.; Tertov, V.V.; Pokrovsky, S.N.; Iyu, A.; Martsenyuk, O.N.; Lyakishev, A.A.; Smirnov, V.N. Blood serum atherogenicity
associated with coronary atherosclerosis. Evidence for nonlipid factor providing atherogenicity of low-density lipoproteins and
an approach to its elimination. Circ. Res. 1988, 62, 421–429. [CrossRef]

17. Tertov, V.V.; Orekhov, A.N.; Martsenyuk, O.N.; Perova, N.V.; Smirnov, V.N. Low-density lipoproteins isolated from the blood of
patients with coronary heart disease induce the accumulation of lipids in human aortic cells. Exp. Mol. Pathol. 1989, 50, 337–347.
[CrossRef]

http://doi.org/10.1038/nature10146
http://www.ncbi.nlm.nih.gov/pubmed/21593864
http://doi.org/10.1155/2012/762560
http://www.ncbi.nlm.nih.gov/pubmed/22690338
http://doi.org/10.1155/2014/738679
http://www.ncbi.nlm.nih.gov/pubmed/25101152
http://doi.org/10.1172/JCI115169
http://doi.org/10.1016/s0140-6736(86)92426-8
http://doi.org/10.3389/fcvm.2021.707529
http://doi.org/10.1194/jlr.M003509
http://doi.org/10.1371/journal.pone.0092426
http://doi.org/10.3390/biomedicines9080915
http://doi.org/10.1089/ars.2009.2733
http://doi.org/10.1172/JCI85880
http://doi.org/10.1136/hrt.75.1.11
http://doi.org/10.3390/life12020190
http://doi.org/10.1089/ars.2016.6631
http://www.ncbi.nlm.nih.gov/pubmed/27197615
http://doi.org/10.1016/j.biopha.2021.111758
http://doi.org/10.1161/01.RES.62.3.421
http://doi.org/10.1016/0014-4800(89)90043-9


Biomedicines 2022, 10, 1174 10 of 12

18. Orekhov, A.N.; Tertov, V.V.; Mukhin, D.N.; Mikhailenko, I.A. Modification of low density lipoprotein by desialylation causes
lipid accumulation in cultured cells: Discovery of desialylated lipoprotein with altered cellular metabolism in the blood of
atherosclerotic patients. Biochem. Biophys. Res. Commun. 1989, 162, 206–211. [CrossRef]

19. Orekhov, A.N.; Tertov, V.V.; Mukhin, D.N. Desialylated low density lipoprotein—Naturally occurring modified lipoprotein with
atherogenic potency. Atherosclerosis 1991, 86, 153–161. [CrossRef]

20. Tertov, V.V.; Sobenin, I.A.; Tonevitsky, A.G.; Orekhov, A.N.; Smirnov, V.N. Isolation of atherogenic modified (desialylated) low
density lipoprotein from blood of atherosclerotic patients: Separation from native lipoprotein by affinity chromatography. Biochem.
Biophys. Res. Commun. 1990, 167, 1122–1127. [CrossRef]

21. Tertov, V.V.; Sobenin, I.A.; Orekhov, A.N. Modified (Desialylated) Low-Density Lipoprotein Measured in Serum by Lectin-Sorbent
Assay. Clin. Chem. 1995, 41, 1018–1021. [CrossRef]

22. Tertov, V.V.; Orekhov, A.N.; Sobenin, I.A.; Gabbasov, Z.A.; Popov, E.G.; Yaroslavov, A.A.; Smirnov, V.N. Three types of naturally
occurring modified lipoproteins induce intracellular lipid accumulation due to lipoprotein aggregation. Circ. Res. 1992, 71,
218–228. [CrossRef]

23. Tertov, V.V.; Orekhov, A.N.; Sobenin, I.A.; Morrisett, J.D.; Gotto, A.M.; Guevara, J.G. Carbohydrate Composition of Protein and
Lipid Components in Sialic Acid-Rich and -Poor Low Density Lipoproteins from Subjects with and without Coronary Artery
Disease. J. Lipid Res. 1993, 34, 365–375. [CrossRef]

24. Zhang, C.; Chen, J.; Liu, Y.; Xu, D. Sialic Acid Metabolism as a Potential Therapeutic Target of Atherosclerosis. Lipids Health Dis.
2019, 18, 173. [CrossRef] [PubMed]

25. Pedersen, N.B.; Wang, S.; Narimatsu, Y.; Yang, Z.; Halim, A.; Schjoldager, K.T.-B.G.; Madsen, T.D.; Seidah, N.G.; Bennett, E.P.;
Levery, S.B.; et al. Low Density Lipoprotein Receptor Class A Repeats Are O-Glycosylated in Linker Regions. J. Biol. Chem. 2014,
289, 17312–17324. [CrossRef] [PubMed]

26. Torzewski, M. The Initial Human Atherosclerotic Lesion and Lipoprotein Modification—A Deep Connection. Int. J. Mol. Sci.
2021, 22, 11488. [CrossRef] [PubMed]

27. Bhakdi, S.; Dorweiler, B.; Kirchmann, R.; Torzewski, J.; Weise, E.; Tranum-Jensen, J.; Walev, I.; Wieland, E. On the pathogenesis of
atherosclerosis: Enzymatic transformation of human low density lipoprotein to an atherogenic moiety. J. Exp. Med. 1995, 182,
1959–1971. [CrossRef]

28. Millar, J.S.; Anber, V.; Shepherd, J.; Packard, C.J. Sialic acid-containing components of lipoproteins influence lipoprotein-
proteoglycan interactions. Atherosclerosis 1999, 145, 253–260. [CrossRef]

29. Paukner, K.; Lesná, I.K.; Poledne, R. Cholesterol in the Cell Membrane—An Emerging Player in Atherogenesis. Int. J. Mol. Sci.
2022, 23, 533. [CrossRef]

30. Summerhill, V.I.; Grechko, A.V.; Yet, S.-F.; Sobenin, I.A.; Orekhov, A.N. The Atherogenic Role of Circulating Modified Lipids in
Atherosclerosis. Int. J. Mol. Sci. 2019, 20, 3561. [CrossRef]

31. Loaeza-Reyes, K.J.; Zenteno, E.; Moreno-Rodríguez, A.; Torres-Rosas, R.; Argueta-Figueroa, L.; Salinas-Marín, R.; Castillo-Real,
L.M.; Pina-Canseco, S.; Cervera, Y.P. An Overview of Glycosylation and its Impact on Cardiovascular Health and Disease. Front.
Mol. Biosci. 2021, 8, 751637. [CrossRef]

32. Tertov, V.V.; Sobenin, I.A.; Orekhov, A.N. Similarity Between Naturally Occurring Modified Desialylated, Electronegative and
Aortic Low Density Lipoprotein. Free Radic. Res. 1996, 25, 313–319. [CrossRef]

33. Ivanova, E.A.; Bobryshev, Y.V.; Orekhov, A.N. LDL electronegativity index: A potential novel index for predicting cardiovascular
disease. Vasc. Health Risk Manag. 2015, 11, 525. [CrossRef]

34. Ke, L.; Chan, H.; Chen, C.; Chang, C.; Lu, P.; Chu, C.; Lai, W.; Shin, S.; Liu, F.; Chen, C. Increased APOE glycosylation plays a key
role in the atherogenicity of L5 low-density lipoprotein. FASEB J. 2020, 34, 9802–9813. [CrossRef] [PubMed]

35. Lu, M.; Gursky, O. Aggregation and fusion of low-density lipoproteins in vivo and in vitro. Biomol. Concepts 2013, 4, 501–518.
[CrossRef] [PubMed]

36. Bancells, C.; Villegas, S.; Blanco, F.; Benítez, S.; Gállego, I.; Beloki, L.; Pérez-Cuellar, M.; Ordonez-Llanos, J.; Sánchez-Quesada, J.L.
Aggregated Electronegative Low Density Lipoprotein in Human Plasma Shows a High Tendency toward Phospholipolysis and
Particle Fusion. J. Biol. Chem. 2010, 285, 32425–32435. [CrossRef] [PubMed]

37. Estruch, M.; Sánchez-Quesada, J.L.; Llanos, J.O.; Benítez, S. Electronegative LDL: A Circulating Modified LDL with a Role in
Inflammation. Mediat. Inflamm. 2013, 2013, 1–13. [CrossRef]

38. Palinski, W.; Rosenfeld, M.E.; Ylä-Herttuala, S.; Gurtner, G.C.; Socher, S.S.; Butler, S.W.; Parthasarathy, S.; Carew, T.E.; Steinberg, D.;
Witztum, J.L. Low density lipoprotein undergoes oxidative modification in vivo. Proc. Natl. Acad. Sci. USA 1989, 86, 1372–1376.
[CrossRef]

39. Sobenin, I.A.; Karagodin, V.P.; Melnichenko, A.; Bobryshev, Y.V.; Orekhov, A.N. Diagnostic and Prognostic Value of Low Density
Lipoprotein-Containing Circulating Immune Complexes in Atherosclerosis. J. Clin. Immunol. 2013, 33, 489–495. [CrossRef]

40. Samson, S.; Mundkur, L.; Kakkar, V.V. Immune Response to Lipoproteins in Atherosclerosis. Cholesterol 2012, 2012, 1–12.
[CrossRef]

41. Hörl, G.; Froehlich, H.; Ferstl, U.; Ledinski, G.; Binder, J.; Cvirn, G.; Stojakovic, T.; Trauner, M.; Koidl, C.; Tafeit, E.; et al.
Simvastatin Efficiently Lowers Small LDL-IgG Immune Complex Levels: A Therapeutic Quality beyond the Lipid-Lowering
Effect. PLoS ONE 2016, 11, e0148210. [CrossRef]

http://doi.org/10.1016/0006-291X(89)91982-7
http://doi.org/10.1016/0021-9150(91)90211-K
http://doi.org/10.1016/0006-291X(90)90639-5
http://doi.org/10.1093/clinchem/41.7.1018
http://doi.org/10.1161/01.RES.71.1.218
http://doi.org/10.1016/S0022-2275(20)40729-1
http://doi.org/10.1186/s12944-019-1113-5
http://www.ncbi.nlm.nih.gov/pubmed/31521172
http://doi.org/10.1074/jbc.M113.545053
http://www.ncbi.nlm.nih.gov/pubmed/24798328
http://doi.org/10.3390/ijms222111488
http://www.ncbi.nlm.nih.gov/pubmed/34768918
http://doi.org/10.1084/jem.182.6.1959
http://doi.org/10.1016/S0021-9150(99)00071-4
http://doi.org/10.3390/ijms23010533
http://doi.org/10.3390/ijms20143561
http://doi.org/10.3389/fmolb.2021.751637
http://doi.org/10.3109/10715769609149054
http://doi.org/10.2147/VHRM.S74697
http://doi.org/10.1096/fj.202000659R
http://www.ncbi.nlm.nih.gov/pubmed/32501643
http://doi.org/10.1515/bmc-2013-0016
http://www.ncbi.nlm.nih.gov/pubmed/25197325
http://doi.org/10.1074/jbc.M110.139691
http://www.ncbi.nlm.nih.gov/pubmed/20670941
http://doi.org/10.1155/2013/181324
http://doi.org/10.1073/pnas.86.4.1372
http://doi.org/10.1007/s10875-012-9819-4
http://doi.org/10.1155/2012/571846
http://doi.org/10.1371/journal.pone.0148210


Biomedicines 2022, 10, 1174 11 of 12

42. Legein, B.; Temmerman, L.; Biessen, E.A.L.; Lutgens, E. Inflammation and immune system interactions in atherosclerosis. Cell.
Mol. Life Sci. 2013, 70, 3847–3869. [CrossRef]

43. Hovland, A.; Jonasson, L.; Garred, P.; Yndestad, A.; Aukrust, P.; Lappegård, K.T.; Espevik, T.; Mollnes, T.E. The complement
system and toll-like receptors as integrated players in the pathophysiology of atherosclerosis. Atherosclerosis 2015, 241, 480–494.
[CrossRef]

44. Xu, Y.-X.; Ashline, D.; Liu, L.; Tassa, C.; Shaw, S.Y.; Ravid, K.; Layne, M.D.; Reinhold, V.; Robbins, P.W. The glycosylation-
dependent interaction of perlecan core protein with LDL: Implications for atherosclerosis. J. Lipid Res. 2015, 56, 266–276.
[CrossRef] [PubMed]

45. Wang, S.; Mao, Y.; Narimatsu, Y.; Ye, Z.; Tian, W.; Goth, C.K.; Lira-Navarrete, E.; Pedersen, N.B.; Benito-Vicente, A.; Martin, C.; et al.
Site-specific O-glycosylation of members of the low-density lipoprotein receptor superfamily enhances ligand interactions. J. Biol.
Chem. 2018, 293, 7408–7422. [CrossRef] [PubMed]

46. Head, T.; Daunert, S.; Goldschmidt-Clermont, P.J. The Aging Risk and Atherosclerosis: A Fresh Look at Arterial Homeostasis.
Front. Genet. 2017, 8, 216. [CrossRef]

47. Hernáez, Á.; Soria-Florido, M.T.; Schroder, H.; Ros, E.; Pintó, X.; Estruch, R.; Salas-Salvadó, J.; Corella, D.; Arós, F.;
Serra-Majem, L.; et al. Role of HDL function and LDL atherogenicity on cardiovascular risk: A comprehensive examination.
PLoS ONE 2019, 14, e0218533. [CrossRef] [PubMed]

48. Lee, C.-K.; Liao, C.-W.; Meng, S.-W.; Wu, W.-K.; Chiang, J.-Y.; Wu, M.-S. Lipids and Lipoproteins in Health and Disease: Focus on
Targeting Atherosclerosis. Biomedicines 2021, 9, 985. [CrossRef] [PubMed]

49. Huang, J.; Lee, H.; Zivkovic, A.M.; Smilowitz, J.T.; Rivera, N.; German, J.B.; Lebrilla, C.B. Glycomic Analysis of High Density
Lipoprotein Shows a Highly Sialylated Particle. J. Proteome Res. 2014, 13, 681–691. [CrossRef]

50. Centa, M.; Prokopec, K.E.; Garimella, M.G.; Habir, K.; Hofste, L.; Stark, J.M.; Dahdah, A.; Tibbitt, C.A.; Polyzos, K.A.;
Gisterå, A.; et al. Acute Loss of Apolipoprotein E Triggers an Autoimmune Response That Accelerates Atherosclerosis. Arter.
Thromb. Vasc. Biol. 2018, 38, e145–e158. [CrossRef]

51. White, E.J.; Gyulay, G.; Lhoták, Š.; Szewczyk, M.M.; Chong, T.; Fuller, M.T.; Dadoo, O.; Fox-Robichaud, A.E.; Austin, R.C.;
Trigatti, B.L.; et al. Sialidase down-regulation reduces non-HDL cholesterol, inhibits leukocyte transmigration, and attenuates
atherosclerosis in ApoE knockout mice. J. Biol. Chem. 2018, 293, 14689–14706. [CrossRef]

52. Olivieri, O.; Chiariello, C.; Martinelli, N.; Castagna, A.; Speziali, G.; Girelli, D.; Pizzolo, F.; Bassi, A.; Cecconi, D.; Robotti, E.; et al.
Sialylated isoforms of apolipoprotein C-III and plasma lipids in subjects with coronary artery disease. Clin. Chem. Lab. Med.
(CCLM) 2018, 56, 1542–1550. [CrossRef]

53. Lee, Y.; Kockx, M.; Raftery, M.J.; Jessup, W.; Griffith, R.; Kritharides, L. Glycosylation and Sialylation of Macrophage-derived
Human Apolipoprotein E Analyzed by SDS-PAGE and Mass Spectrometry. Mol. Cell. Proteom. 2010, 9, 1968–1981. [CrossRef]

54. Savinova, O.V.; Fillaus, K.; Jing, L.; Harris, W.S.; Shearer, G.C. Reduced Apolipoprotein Glycosylation in Patients with the
Metabolic Syndrome. PLoS ONE 2014, 9, e104833. [CrossRef] [PubMed]

55. Krishnan, S.; Shimoda, M.; Sacchi, R.; Kailemia, M.J.; Luxardi, G.; Kaysen, G.A.; Parikh, A.N.; Ngassam, V.N.; Johansen, K.;
Chertow, G.M.; et al. HDL Glycoprotein Composition and Site-Specific Glycosylation Differentiates Between Clinical Groups and
Affects IL-6 Secretion in Lipopolysaccharide-Stimulated Monocytes. Sci. Rep. 2017, 7, srep43728. [CrossRef] [PubMed]

56. Shapiro, M.D.; Fazio, S. Apolipoprotein B-containing lipoproteins and atherosclerotic cardiovascular disease. F1000Research 2017,
6, 134. [CrossRef] [PubMed]

57. Mezentsev, A.; Bezsonov, E.; Kashirskikh, D.; Baig, M.; Eid, A.; Orekhov, A. Proatherogenic Sialidases and Desialylated
Lipoproteins: 35 Years of Research and Current State from Bench to Bedside. Biomedicines 2021, 9, 600. [CrossRef]

58. Xiong, Y.-S.; Yu, J.; Li, C.; Zhu, L.; Wu, L.-J.; Zhong, R.-Q. The Role of Siglec-1 and SR-BI Interaction in the Phagocytosis of
Oxidized Low Density Lipoprotein by Macrophages. PLoS ONE 2013, 8, e58831. [CrossRef]

59. Russell, R.J.M.; Haire, L.F.; Stevens, D.J.; Collins, P.J.; Lin, Y.P.; Blackburn, G.M.; Hay, A.J.; Gamblin, S.; Skehel, J.J. The structure of
H5N1 avian influenza neuraminidase suggests new opportunities for drug design. Nature 2006, 443, 45–49. [CrossRef]

60. Kerry, P.S.; Mohan, S.; Russell, R.J.M.; Bance, N.; Niikura, M.; Pinto, B.M. Structural basis for a class of nanomolar influenza A
neuraminidase inhibitors. Sci. Rep. 2013, 3, 2871. [CrossRef]

61. Di Pietro, M.; Filardo, S.; Falasca, F.; Turriziani, O.; Sessa, R. Infectious Agents in Atherosclerotic Cardiovascular Diseases through
Oxidative Stress. Int. J. Mol. Sci. 2017, 18, 2459. [CrossRef]

62. Azevedo, R.B.; Botelho, B.G.; De Hollanda, J.V.G.; Ferreira, L.V.L.; De Andrade, L.Z.J.; Oei, S.S.M.L.; Mello, T.D.S.; Muxfeldt, E.S.
COVID-19 and the cardiovascular system: A comprehensive review. J. Hum. Hypertens. 2021, 35, 4–11. [CrossRef]

63. Nanetti, L.; Vignini, A.; Raffaelli, F.; Taffi, R.; Silvestrini, M.; Provinciali, L.; Mazzanti, L. Sialic Acid and Sialidase Activity in
Acute Stroke. Dis. Mark. 2008, 25, 167–173. [CrossRef]

64. Tertov, V.V.; Kaplun, V.V.; Sobenin, I.A.; Boytsova, E.Y.; Bovin, N.V.; Orekhov, A.N. Human plasma trans-sialidase causes
atherogenic modification of low density lipoprotein. Atherosclerosis 2001, 159, 103–115. [CrossRef]

65. Tertov, V.V.; Nikonova, E.Y.; Nifant’Ev, N.E.; Bovin, N.V.; Orekhov, A. Human Plasma trans—Sialidase Donor and Acceptor
Specificity. Biochemistry 2002, 67, 908–913. [CrossRef] [PubMed]

66. D’Avila, F.; Tringali, C.; Papini, N.; Anastasia, L.; Croci, G.; Massaccesi, L.; Monti, E.; Tettamanti, G.; Venerando, B. Identification
of lysosomal sialidase NEU1 and plasma membrane sialidase NEU3 in human erythrocytes. J. Cell. Biochem. 2013, 114, 204–211.
[CrossRef] [PubMed]

http://doi.org/10.1007/s00018-013-1289-1
http://doi.org/10.1016/j.atherosclerosis.2015.05.038
http://doi.org/10.1194/jlr.M053017
http://www.ncbi.nlm.nih.gov/pubmed/25528754
http://doi.org/10.1074/jbc.M117.817981
http://www.ncbi.nlm.nih.gov/pubmed/29559555
http://doi.org/10.3389/fgene.2017.00216
http://doi.org/10.1371/journal.pone.0218533
http://www.ncbi.nlm.nih.gov/pubmed/31246976
http://doi.org/10.3390/biomedicines9080985
http://www.ncbi.nlm.nih.gov/pubmed/34440189
http://doi.org/10.1021/pr4012393
http://doi.org/10.1161/ATVBAHA.118.310802
http://doi.org/10.1074/jbc.RA118.004589
http://doi.org/10.1515/cclm-2017-1099
http://doi.org/10.1074/mcp.M900430-MCP200
http://doi.org/10.1371/journal.pone.0104833
http://www.ncbi.nlm.nih.gov/pubmed/25118169
http://doi.org/10.1038/srep43728
http://www.ncbi.nlm.nih.gov/pubmed/28287093
http://doi.org/10.12688/f1000research.9845.1
http://www.ncbi.nlm.nih.gov/pubmed/28299190
http://doi.org/10.3390/biomedicines9060600
http://doi.org/10.1371/journal.pone.0058831
http://doi.org/10.1038/nature05114
http://doi.org/10.1038/srep02871
http://doi.org/10.3390/ijms18112459
http://doi.org/10.1038/s41371-020-0387-4
http://doi.org/10.1155/2008/613272
http://doi.org/10.1016/S0021-9150(01)00498-1
http://doi.org/10.1023/a:1019918704920
http://www.ncbi.nlm.nih.gov/pubmed/12223090
http://doi.org/10.1002/jcb.24355
http://www.ncbi.nlm.nih.gov/pubmed/22903576


Biomedicines 2022, 10, 1174 12 of 12

67. Demina, E.P.; Smutova, V.; Pan, X.; Fougerat, A.; Guo, T.; Zou, C.; Chakraberty, R.; Snarr, B.D.; Shiao, T.C.; Roy, R.; et al.
Neuraminidases 1 and 3 Trigger Atherosclerosis by Desialylating Low-Density Lipoproteins and Increasing Their Uptake by
Macrophages. J. Am. Hear. Assoc. 2021, 10, e018756. [CrossRef]

68. Zenilman, J.M.; Fuchs, E.J.; Hendrix, C.W.; Radebaugh, C.; Jurao, R.; Nayak, S.U.; Hamilton, R.G.; Griffiss, J.M. Phase 1 clinical
trials of DAS181, an inhaled sialidase, in healthy adults. Antivir. Res. 2015, 123, 114–119. [CrossRef]

69. Hyun, S.W.; Liu, A.; Liu, Z.; Cross, A.S.; Verceles, A.C.; Magesh, S.; Kommagalla, Y.; Kona, C.; Ando, H.; Luzina, I.G.; et al. The
NEU1-selective sialidase inhibitor, C9-butyl-amide-DANA, blocks sialidase activity and NEU1-mediated bioactivities in human
lung in vitro and murine lung in vivo. Glycobiology 2016, 26, 834–849. [CrossRef]

70. Bezsonov, E.; Sobenin, I.; Orekhov, A. Immunopathology of Atherosclerosis and Related Diseases: Focus on Molecular Biology.
Int. J. Mol. Sci. 2021, 22, 4080. [CrossRef]

http://doi.org/10.1161/JAHA.120.018756
http://doi.org/10.1016/j.antiviral.2015.09.008
http://doi.org/10.1093/glycob/cww060
http://doi.org/10.3390/ijms22084080

	Introduction: Atherogenicity Phenomenon and the Concept of Modified LDL 
	Desialylated LDL as Atherogenicity Factor and Its Role in Atherosclerosis 
	Autoimmune Nature of Atherosclerosis 
	Multiple LDL Modifications 
	HDL Modifications 
	Plasma Sialidase Activity 
	Trans-Sialidase Discovery 
	Animal Model Experiments 
	Putative Pharmacological Intervention, Future Directions of Research and Conclusions 
	References

