
Changes of lysosomes in the earliest stages of

the development of atherosclerosis

Yuri V. Bobryshev a, b, c, *, Tatyana A. Shchelkunova d, Ivan A. Morozov e, Petr M. Rubtsov e,
Igor A. Sobenin f, g, Alexander N. Orekhov c, g, Alexander N. Smirnov d

a Faculty of Medicine, School of Medical Sciences, University of New South Wales, Kensington, NSW, Australia
b School of Medicine, University of Western Sydney, Campbelltown, NSW, Australia

c Institute for Atherosclerosis Research, Skolkovo Innovation Center, Moscow, Russia
d Biological Faculty, Lomonosov Moscow State University, Moscow, Russia

e Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow, Russia
f Russian Cardiology Research and Production Complex, Moscow, Russia

g Institute of General Pathology and Pathophysiology, Russian Academy of Medical Sciences, Moscow, Russia

Received: October 9, 2012; Accepted: January 21, 2013

Abstract

One of hypotheses of atherosclerosis is based on a presumption that the zones prone to the development of atherosclerosis contain lysosomes
which are characterized by enzyme deficiency and thus, are unable to dispose of lipoproteins. The present study was undertaken to investigate
the characteristics and changes of lysosomes in the earliest stages of the development of atherosclerosis. Electron microscopic immunocyto-
chemistry revealed that there were certain changes in the distribution of CD68 antigen in lysosomes along the ‘normal intima-initial lesion-fatty
streak’ sequence. There were no significant changes found in the key mRNAs encoding for the components of endosome/lysosome compart-
ment in initial atherosclerotic lesions, but in fatty streaks, the contents of EEA1 and Rab5a mRNAs were found to be diminished while the
contents of CD68 and p62 mRNAs were increased, compared with the intact tissue. The study reinforces a view that changes occurring in
lysosomes play a role in atherogenesis from the very earlier stages of the disease.
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Introduction

Atherosclerotic lesions form as early as during childhood and continue
to develop and transform throughout an individual’s life [1]. Despite a
detailed understanding of the mechanisms that initiate the disease
being crucial to our ability to find a preventive therapy, the characteris-
tics and peculiarities of the earliest lesion type that precedes the for-
mation of a fatty streak are poorly investigated [2, 3]. The guidelines of
the American Heart Association define the initial atherosclerotic lesion
as a Type I lesion [2, 3]. In contrast to a fatty streak (Type II lesion)
that contains a focal aggregation of lipid-laden (foam) cells, in which
several layers of foam cells can be distinguished, a Type I lesion con-
tains only a small number of individually located foam cells which are

not yet aggregated [2, 3]. While fatty streaks can be easily detected
macroscopically, the detection and identification of Type I lesions
require the use of microscopic examination and this circumstance, in
addition to other technical difficulties of the acquisition of samples of
human early atherosclerotic lesions, explains why the information
about the initial lesion type is scanty [2, 3].

The information gained from the available reports on the earliest
alterations of the human arterial intima as well as the findings obtained
from experimental models of atherosclerosis facilitated offering several
hypothesis of atherosclerosis (Reviewed elsewhere [1, 4–10]). One of
the hypotheses, proposed by Christian de Duve [11–13], is based on a
presumption that the zones prone to the development of atherosclero-
sis contain lysosomes which are characterized by enzyme deficiency
and thus, are unable to dispose of lipoproteins. According to this
hypothesis, a lysosomal deficiency or lysosomal defects lead to the
accumulation of lipids within lysosomes and, eventually, to the forma-
tion of foam cells which are the earliest morphological hallmark of the
development of an atherosclerotic lesion [11–14]. De Duve has defined
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foam cell formation in atherosclerosis as a variant of lysosomal
storage disease [11–13]. De Duve’s hypothesis was strengthened by
the observations that cholesteryl esters, which are the major form of
cholesterol in atherosclerotic lesions, cannot be cleared from lyso-
somes unless they are first hydrolysed to cholesterol and fatty acid
[15, 16]. In agreement with this, morphological studies have demon-
strated that the cytoplasm of foam cells is filled with membrane-
surrounded lipid inclusions and ‘lipid droplets’ that are not surrounded
by membranes [17, 18]. Classic lysosomal storage diseases are known
to result from mutations in key digestive enzymes [19], but the ques-
tion whether lysosomal mutations might be an essential attribute of
atherosclerosis has not received so far much attention [20]. Neverthe-
less, it is thought that it is extremely unlikely that mutations could be
virtually in the entire population [16, 17]. It is more likely that the
failure of lysosomes in atherosclerosis may be a result of altered
expression of genes relevant to lysosomes and other elements of the
vacuolar-lysosomal system [16, 17]. The question whether there might
be some peculiarities in the structure and content of lysosomes in the
very early stage of atherosclerosis has not yet been addressed.

In this study, analysing urgent autopsy tissue specimens of the
human aorta, we focused on the examination of lysosomes in the very
early stages of atherosclerotic alteration of the intima. Specifically, in
this study we compared: (i) the properties of lysosomes in the initial
lesion (Type I lesion) with those of the normal intima; (ii) the proper-
ties of lysosomes in fatty streaks (Type II lesion) with those of the
normal intima and (iii) the properties of lysosomes in the initial lesion
(Type I lesion) with those of fatty streak (Type II lesion). We investi-
gated: (i) the structural peculiarities of lysosomes and (ii) the pecu-
liarities of the system of inner translocation and storage of molecules
that represent key markers of endosomes and lysosomes [21, 22].
Because this system could be described not only by the level of inter-
actions between protein components in these compartments but also
by the level of expression of the corresponding genes [21, 22], in this
study a number of the relevant genes were studied.

Materials and methods

Sample collection and initial processing

The material was collected in accordance with the ethical guidelines outlined

in the Helsinki Declaration and the Medical Research Council’s statement on

responsibility in investigation on human volunteers. The study was approved
by the ethics committees of the Institute for Atherosclerosis Research and

the Russian Cardiology Research and Production Complex, Moscow.

For this study, we used aortic samples collected during autopsies
performed within 4–6 hrs after accidental death on 12 men and 4

women aged 31–57 years. The vessels were dissected longitudinally

and were washed with phosphate-buffered saline (PBS). Upon macro-

scopic examination, aortic areas, relevant to the aims of the study, were
cut-off and each of the dissected fragments was divided into parts, for

biochemical and histological/morphological analyses. Based on both

macroscopic and histological examinations, tissue specimens were clas-

sified either as tissue samples from the normal intima or as tissue sam-
ples from the early atherosclerotically injured areas, including Types I

and Type II lesions, i.e. initial lesions and fatty streaks (according to

the American Heart Association classification [2, 3]). The available char-
acteristics of the donors and post-mortem intervals are summarized in

Table 1. For further mRNA measurements, tissue samples were frozen

in liquid nitrogen and kept at �70°C. To compare the expression of the

selected genes between the normal aorta and atherosclerotic lesions,
mRNA measurements were performed in pairs of ‘intact tissue frag-

ment/atherosclerotically injured fragment’; tissue fragments for each

pair were taken from the same donor. For a comparison between the
normal aorta and type I lesions, 12 pairs of tissue fragments were anal-

ysed whereas for a comparison between the normal aorta and type II

lesions, 15 pairs of tissue fragments were analysed.

Routine electron microscopy

For routine electron microscopic analysis, tissue samples (~1 mm3 each)

were cut in 1% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4),
fixed in the same solution and routinely processed and embedded in

Araldite resin as used previously [23]. Ultrathin sections taken from each

Araldite block were stained with uranyl acetate and lead citrate and exam-
ined with the aid of a Hitachi H7000. The identification of cell types in ultra-

thin sections was carried out as detailed in our earlier publication [24].

Electron microscopic immunohistochemistry

Subcellular localization of CD68 antigen was studied in ultrathin cryosec-

tions. For this, tissue samples were fixed in 2% formaldehyde and 0.2%

glutaraldehyde in 0.1 M PBS, pH 7.4, and prepared for cryosectioning and
immunogold labelling as described by Slot et al. [25] with the slight modi-

fication proposed by Liou et al. [26] in which sections were picked up in a

1:1 mixture of methyl cellulose and 2.3 M sucrose, resulting in an
improved ultrastructure [26]. After blocking the sections by floating the

grids on drops of blocking buffer [1% bovine serum albumin (BSA),

0.02 M glycine, 10% cold water fish gelatine in PBS] for at least 30 min.,

the primary anti-CD68 antibody (Dako, CD68; EBM11; Gbostrup, Den-
mark) was applied at a 1:50 dilution in blocking buffer. After incubating

for 1 hr at 37°C or over night at 4°C in a humid chamber, excess antibody

was removed by washing six times (3 min. each time) in drops of PBS.

Secondary antibody conjugated with gold particles was applied for
30 min.–1 hr at 37°C diluted in blocking buffer. The labelled grids were

washed six times in PBS and five times in distilled water prior to negative

contrasting and embedding in methyl cellulose. For this, the sections were
floated on three consecutive drops of 0.2% uranyl acetate and 2% methyl

cellulose in distilled water for 2.5 min. each before blotting off excess

contrasting solution and air drying the grids. All reagents used in the

above procedures were obtained from British Biocell International (UK). In
addition, the localization of CD68 was examined in Lowicryl-embedded

tissue specimens according to the procedures detailed elsewhere [27]. In

all experiments, appropriate controls were performed which resulted in

the absence of immunopositivity. The distribution and localization of
CD68 antigen were analysed with the aid of a Hitachi H7000.

Selection of markers important in the functioning
of the vacuolar-lysosomal system

As markers that are important in the functioning of the vacuolar-lyso-
somal system we chose the following markers: the early endosome
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antigen 1 (EEA1) and interacting with EEA1 – a small GTPase, Rab5a
(responsible for translocation and fusion of early endosomes [28, 29]),

lysosome-associated membrane glycoproteins 1 and 2 (Lamp1 and

Lamp2) (responsible for biogenesis of lysosomes, translocation and

fusion of phagosomes with lysosomes [30]), protein p62 (responsible
for delivery of ubiquitin-tagged proteins into autophagosomes [31]) and

antigen CD63 (responsible for exocytosis and possibly for biogenesis of

lysosomes [32]). Lamp1, Lamp2, p62 and CD63 can be displaced
between the plasma membrane, late endosomes and lysosomes and

thus, their levels characterize the entire vacuolar-lysosomal system [30–
32]. We also investigated changes and lysosomal distribution of CD68

antigen. Even though, in some conditions, CD68 antigen can be
expressed by various hematopoietic and non-hematopoietic cell types

[33–35], it is well known that CD68 is predominately expressed by mac-

rophages and thus, is often used as an identification marker for macro-

phagal cells [33–36]. CD68 represents a glycoprotein of the LAMP
family which binds to low-density lipoproteins (LDL) and plays impor-

tant roles in phagocytotic activity and in intracellular lysosomal metabo-

lism [33–35].

RNA isolation and real-time polymerase chain
reaction (PCR)

RNA was isolated by a homogenization of the frozen samples taken

from the vessel walls in TRIzol Reagent (Invitrogen; Carlsbad, CA,

USA). The RNA was then treated with chloroform, precipitated with iso-
propanol and washed with ethanol. The synthesis of cDNA was per-

formed on 2–6 lg of total RNA using a Promega ImProm_IITM Reverse

Transcription System kit (Promega Corporation; Madison, WI, USA).
The synthesized cDNA was used as a template for quantitative real-time

polymerase chain reaction (qRT-PCR) on a Rotor-Gene 3000 amplifier

(Corbett Research, Sydney, Australia) with a kit of reagents including

the intercalating dye SYBR Green I (Syntol, Moscow, Russia) as recom-
mended by the manufacturer. The details of amplification were

described earlier [37]. The primers for the most part of mRNAs were

chosen using the Beacon Designer 6.00 program (www.PremierBiosoft.

com) and described previously [38]. The primers for GNB2L1 were the
same as described by Ishii et al. [39]. The primers for analysis of endo-

Table 1 Characteristics of autopsy material

Case # Sex
Age
(years)

PMI
(hours)

Types
of lesion
identified *, †

Types
of lesion
studied *, †

1 M 31 4.5 I, II I, II

2 M 31 4 I, II, Vc‡ I, II

3 M 39 5 I, II I, II

4 M 40 6 I, II, Vc I, II

5 M 46 5.5 II, Va II

6 M 48 5 II II

7 M 50 4 I, II, Va II

8 M 51 4 I, Va, Vc I

9 M 51 6 II II

10 M 52 4.5 I, II I, II

11 M 53 4.5 I, II, Va I, II

12 M 55 4 I, II, Va, Vc I, II

13 F 39 4 I, II, Va I, II

14 F 44 5.5 I, II I, II

15 F 54 4 I, II I, II

16 F 57 4.5 I, II I, II

M: Male; F: Female; PMI: Post-mortem intervals.
*All aortas contained areas with the normal (undiseased) intima (not shown in the table).
†AHA classification [2, 3].
‡Type V lesions are defined as lesions in which prominent new fibrous connective tissue has formed [2, 3]. When the new tissue is part of a
lesion with a lipid core (type IV), this type of morphology may be referred to as fibroatheroma or type Va lesion. A type V lesion in which the
lipid core and other parts of the lesion are calcified may be referred to as type Vb. A type V lesion in which a lipid core is absent and lipid in
general is minimal may be referred to as type Vc. [2, 3].
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somes (phagosomes) and lysosomes are provided in Table 2. To check
for the absence of products amplified from genomic DNA, isolated RNA

was used as a template. Amplified products were sequenced using an

ABI PRISM� BigDyeTM Terminator v.3.1 kit of reagents and an ABI

PRISM 3100-Avant automated DNA sequencer to confirm the expected
sequence. The results were included only when the melting temperature

and the electrophoretic mobility of the amplified products corresponded

to the expected values. DNA sequencing was performed in the Genome
Interinstitutional Collective Use Center of the Engelhardt Institute (http://

www.genome_centre.narod.ru/), supported by the Russian Foundation

for Basic Research (project no. 00-04-55000). The content of the partic-

ular mRNAs was normalized to glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA content as an internal reference control and

expressed as percent.

Statistical analysis

The results were analysed with the Statistica 7.0 program. Independent

samples were compared using the Mann–Whitney U-test. The data were

analysed on normality by distribution fitting. Both mRNA contents in
samples and ratios of mRNA contents in paired samples (lesion/intact

tissue) did not correspond to normal distribution. Therefore, nonpara-

metric criteria for analysis of changes in mRNA contents and correla-

tions between mRNAs were used. The contents of mRNA in intact aorta
and lesions of types I and II did not show gender differences or age

dependence and thus, combined data for samples from male and female

aortas excised from donors of different ages were used. Correlations
were evaluated using the Spearman rank test. Differences or correla-

tions were considered significant at P < 0.05. In this report,

mean � SD values are shown.

Results

Ultrastructural observations

Ultrastructural examination of numerous profiles of cells residing in
the normal intima revealed characteristic round and oval shapes of
lysosomes (Fig. 1A). In these cells, lysosomes were filled with a
homogenous material of middle or high electron density (Fig. 1A). In
the initial lesions (Type I lesion), the presence of inclusions withinTable 2 Primers used for measurements of mRNAs relevant to the

endosomal/lysosomal compartment

mRNA Sequence

Size of
PCR
product,
bp

EEA1 For 5′-GGAGGAGAGTCTAATCTTGCTTTG-3′ 182

Rev 5′-GAATCAGTCACCAACCCATCAG-3′

Rab5a For 5′-CAGTTCAAACTAGTACTTCTGG-3′ 200

Rev 5′-GCTAGGCTATGGTATCGTTCTTG-3′

Lamp1 For 5′-AACTTCTCTGCTGCCTTCTC-3′ 172

Rev 5′-GAGTGAGTGTATGTCCTCTTCC-3′

Lamp2 For 5′-GATACTTGTCTGCTGGCTACC-3′ 222

Rev 5′-CATGCTGATGTTCACTTCCTTC-3

p62 lck For 5′-CCGAGTGTGAATTTCCTGAAG-3′ 144

Rev 5′-CTCTGTGCTGGAACTCTCTG-3′

CD63 For 5′-GTGTGAAGTTCTTGCTCTACG-3′ 154

Rev 5′-ACTGCGATGATGACCACTG-3′

CD68 For 5′-ATTCATGCAGGACCTCCAGC-3′ 263

Rev 5′-AGGAGAAACTTTGCCCAAAG-3′

GAPDH For 5′-GAGCCCGCAGCCTCCCGCT-3′ 145

Rev 5′-GCGCCCAATACGACCAAATC-3′

GNB2L1 For 5′-GAGTGTGGCCTTCTCCTCTG-3′ 224

Rev 5′-GCTTGCAGTTAGCCAGGTTC-3′

A

B C

Fig. 1 Structural appearance of lysosomes in the normal intima (A) and
in the initial atherosclerotic lesions (Type I lesion) (B and C) in the

human aorta. In (A), note that lysosomes are round- and oval-shaped
structures characterized by the presence of homogenous material of

middle or high electron density. In (B and C), inclusions within lyso-

somes are shown by arrows. (A–C): Electron microscopy. Scale

bars = 500 nm (A), 200 nm (B and C).
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some lysosomes were detected (Fig. 1B and C). Electron density of
the lysosomal ‘matrix’ was quite irregular in these lysosomes (Fig. 1B
and C). The cells, containing some lipid inclusions in the initial lesions
contained a well-developed vacuolar-lysosomal apparatus while they
did not contain visible filaments or the basal membrane and thus
were identified as macrophages. In cells in fatty streaks (Type II
lesion), some lysosomes were presented by secondary lysosomes
and autophagosomes which contained lipid inclusions (Fig. 2A–C).
Some of the lipid-laden cells in fatty streaks contained a large number
of lipid inclusions and autophagosomes.

Examination of cryosections at the electron microscopic level
revealed the same ultrastructural organization (Fig. 3A–D) that was
observed by routine electron microscopy except that there was also
a pronounced presence of lamellar bodies in cells residing in fatty
streaks (Type II lesion; Figs 3D and 4). These lamellar bodies (or
‘myelin-like figures’) consisted of membrane-bounded cytoplasmic
‘vesicles’ containing a series of concentric, membrane-like swirls
(Figs 3D and 4). The membranes that surrounded the lamellar
bodies frequently were found to be discontinuous or disrupted
(Figs 3D and 4). Lamellar bodies, surrounded by membranes, also
frequently contained an amorphous electron-dense substance
(Figs 3D and 4).

Immunocytochemical immunogold staining of cryosections with
anti-CD68 revealed a specific association of CD68 antigen with pri-
mary and secondary lysosomes as well as with autophagosomes
(Figs 3A–D and 4). It has been found that, while in primary lyso-
somes the distribution of immunogold-labelled CD68 antigen was
quite regular throughout the lysosomal ‘bodies’ (Fig. 3A), in the sec-
ondary lysosomes and, especially, in autophagosomes, CD68 antigen
was distributed irregularly (Figs 3D and 4).

Data obtained by PCR analysis

To validate the relevancy of GAPDH mRNA as a reference point, we
first analysed the expression of an additional housekeeping gene
GNB2L1, in both intact and atherosclerotically injured aortic frag-
ments obtained from several donors. The content ratios of GNB2L1
mRNA in atherosclerotically injured areas to that in the intact aorta
fragments (normalized by GAPDH mRNA), were close to 1.0 for ath-
erosclerotically injured areas (Type I and Type II lesions) [0.94 �
0.38 (n = 6) and 0.96 � 0.24 (n = 6) respectively]. This suggested
that the expression of the two housekeeping genes does not vary
significantly during early atherogenesis.

As seen from Figure 5, no significant changes in mRNAs that
encode the components of endosome/lysosome compartment were

A B

C

Fig. 2 Structural appearance of lysosomes in intimal cells containing

‘lipid droplets’ in intimal cells in fatty streaks (Type II lesions; A–C).
Note that, while few lysosomes are characterized by the presence of
homogenous material of middle or high electron density, the majority of

lysosomes are represented by secondary lysosomes and autophago-

somes, containing lipid inclusions. (A–C): Electron microscopy. Scale

bars = 200 nm (A–C).

A B

C

D

Fig. 3 Electron microscopic immunocytochemical demonstration of the
distribution of CD68 antigen in lysosomes in cells located in the normal

intima (A), the initial lesions (Type I lesions; B and C) and a fatty streak

(D) of the human aorta. (A–D): Electron microscopy; Immunogold tech-

nique. Scale bars = 200 nm (A–C).
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found in the initial lesion (Type I lesion) of the aorta. However, in fatty
streaks (Type II lesion), the contents of EEA1 and Rab5a mRNAs
diminished while the contents of p62 and CD68 mRNAs were
increased compared with the intact tissue. Prominent changes were
observed in coupling between the contents of mRNAs encoding for
molecules that govern the functioning of endosomes and lysosomes
in both Type I and Type II lesions. Although the total amounts of cor-
relations were comparable in the intact and atherosclerotically injured
areas tissues (7, 9 and 6 in intact tissue, initial lesion and fatty streak

respectively), the distribution of correlations between mRNAs varied
in the different types of atherosclerotic lesions.

When the correlations in three analysed tissue types (the normal
aortic areas, Type I lesion and Type II lesion) were superposed, a
number of these correlations appeared to be conservative, i.e. were
common for, at least, two tissues (Table 3). The distribution
of these conservative ties was not uniform in three analysed tis-
sue types; in the initial lesions (Type I lesion) and fatty streaks
(Type II lesion), the proportions of such correlations were signifi-
cantly lower (56% and 50% respectively) than in the intact tissue
(86%). The most conservative ties included: EEA1-Rab5a and
Lamp2-CD68.

Discussion

This study, for the first time, investigated parameters of the regu-
latory system of expression of genes relating to the lysosomal
function of intimal cells residing in the initial lesion (Type I
Lesion).

A comparative analysis of the correlations between mRNAs in the
regulatory system of expression of lysosome-relevant genes in the
‘normal intima-initial lesion-fatty streak’ sequence revealed a certain
rearrangement. In particular, it has been found that the expression of
CD68 antigen is dramatically increased in fatty streak, compared with
the initial lesion type. This is not surprising as it is well known that
the penetration of monocytes from the blood stream through the
endothelial barrier into the subendothelial layer and the following dif-
ferentiation of the majority of monocytes into CD68(+) macrophages
represent the earliest events in the development of the disease [1, 15,
18, 40].

Apart from the demonstration of the increase in CD68 mRNA in
the earliest stages of atherogenesis, electron microscopic immuno-
cytochemistry revealed that there were certain changes in the

Fig. 4 A high resolution micrograph showing the distribution of CD68

antigen in an autophagosome in an intimal cell in a fatty streak of the

human aorta. Electron microscopic immunocytochemistry; Immunogold

technique. Scale bar = 200 nm.

Fig. 5 The ratios of the contents of

mRNAs encoding for the components of
endosome/lysosome compartment in pairs

of atherosclerotically injured/intact human

aorta. Black bars: initial lesion/intact tissue

ratios; hatched bars: fatty streak/intact tis-
sue ratios. Symbol # shows significant

difference from 1.0.
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distribution of CD68 antigen in lysosomes along the ‘normal
intima-initial lesion-fatty streak’ sequence. Specifically, the study
found that, while the distribution of CD68 antigen is quite regular
throughout the lysosomal ‘bodies’ of intimacytes that reside in the
normal arterial wall, CD68 antigen becomes distributed in irregular
patterns in lysosomes in intimacytes in developing atherosclerotic
lesions. In parallel with the altered patterns of CD68 distribution,
the notable changes in the structural appearance of lysosomes in
the ‘normal intima-initial lesion-fatty streak’ sequence were
observed as well. These changes included the alteration in electron
density of the ‘matrix’ of lysosomal ‘bodies’ as well as the accumu-
lation of non-catabolized lipid inclusions within the lysosomes. The
use of cryo-preserved tissue specimens allowed us to identify the
presence of lamellar bodies within lysosomes in cells residing in
fatty streaks.

These lysosomal lamellar bodies which can be also described as
‘myelin-like figures’ were found to consist of membrane-bounded
cytoplasmic ‘vesicles’ containing a series of concentric, membrane-
like swirls. Frequently, the membranes that surrounded the lamellar
bodies were found to be discontinuous or disrupted. Similar lamellar
bodies have been observed by others in lysosomes in a number of
conditions related to pathological lysosomal stress [41]. In Tay-Sachs
disease, a hereditary disorder of glycolipid metabolism with massive
cerebral accumulation of GM2 gangliosides, which results from the
absence of lysosomal enzyme 3-D-N-acetylhexosaminidase, the
abundance of lamellar bodies has been reported [42]. Also, in an
experimental study, the induction of intracellular ganglioside storage
by ‘feeding’ either gangliosides or sulfatides to cultured spinal cord or
dorsal root ganglia was found to give rise to lamellar body formation
[43]. Lamellar bodies were also observed in I-cell disease which
involves deficiencies in several lysosomal enzymes because of an
impaired phosphorylation of the enzymes that leads to a failure to
re-accumulate the excreted enzymes [44]. The functional significance
of the formation of lamellar bodies in lysosomes in various patholo-
gies is not yet understood, but there is a view that the formation of
lamellar bodies might reflect not gene defects but rather reflects the
existence of ‘the common crossroad of a variety of altered metabolic
pathways and therefore do not, by themselves, point to a specific
defect’ [41]. In any case, the fact that lysosomal lamellar bodies are
absent in the normal intima of the aortic wall, but appear in cells in
fatty streaks might indicate that their formation is relevant to the path-
ogenetic mechanisms which become involved in the development of
atherosclerosis.

In this study, apart from the analysis of CD68 antigen, we
examined also other key markers of endosome/lysosome compart-
ments, including EEA1, Rab5a, Lamp1, Lamp2, protein p62 and
antigen CD63. Interestingly, this study showed no significant
changes in the analysed mRNAs encoding for the components of
endosome/lysosome compartment in the initial lesions (Type I
lesion) of the aorta, compared with those in the normal intima, but
in fatty streaks (Type II lesion), the contents of EEA1 and Rab5a
mRNAs were found to be diminished while the contents of p62
and CD68 mRNAs were increased, compared with the intact tissue.
There were prominent changes in coupling between the contents of
the analysed mRNAs encoding for molecules that govern theTa
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functioning of endosomes and lysosomes in both Type I and Type
II lesions. Although the total amounts of correlations were compa-
rable in the normal and atherosclerotically injured tissues (7, 9 and
6 in ‘intact’ tissue, initial lesion and fatty streak respectively), the
distribution of correlations between mRNAs was found to vary in
the different types of lesions. When the correlations in the three
analysed tissue types (the normal aortic areas, Type I lesion and
Type II lesion) were superposed, a number of these correlations
appeared to be conservative, i.e. were common for at least two tis-
sues. The distribution of these conservative ties was not uniform
in the three analysed tissue types; in the initial lesion (Type I
lesion) and fatty streak (Type II lesion), the proportion of such cor-
relations was significantly lower (56% and 50% respectively) than
in the intact tissue (86%). The most conservative ties were found
in EEA1-Rab5a and Lamp2-CD68 pairs. Although the interpretation
of this kind of data can always be open to criticism, one can sug-
gest that the coordinated expression of EEA1 and Rab5a at the
level of transcription provides a mechanistic base for their func-
tioning in tight cooperation. CD68 is known to be an integral com-
ponent of the intracellular transport that involves lysosomes which
are largely built up of Lamp1 and Lamp2 [30–35]. This is in agree-
ment with the results of our study that demonstrated a high con-
servatism of correlations between CD68 and Lamp2 mRNAs. The
conservation of correlations between Lamp2 and CD68 mRNAs,
found for the first time in the present work, might reflect the adap-
tation of the lysosomal compartment to the entrance of lipids via
scavenger receptors. High conservatism of correlations between
mRNA contents in EEA1-Rab5a and Lamp2-CD68 pairs can indicate
the existence of common regulatory elements in the respective
genes, with the elements being functional and dominant in both
intact intima and early lesions of types I and II. This prediction can
be helpful for future structure functional analysis of regulatory gene
regions. In this aspect, less conservative ties should be also taken
into account.

It is essential to note here that in this study, we measured the
mRNAs in a mixture of different cell types and phenotypically
different cells. The identified correlations likely reflect the coordina-
tion of transcriptional activity of the corresponding pairs of genes
in the predominant cell population(s) intima; in the normal intima
the vast majority of cells are well known to be smooth muscle cells
while in fatty streaks, apart from smooth muscle cells, macrophag-
es constitute a notable portion of the total number of intimal cells
[1–3, 45]. The high correlation conservatism of Lamp2-CD68 pair
in the ‘normal intima-initial lesion-fatty streak’ sequence might
reflect the consistency of these genes in different cell populations
(CD68 is expressed predominantly in macrophages [34, 35], but
macrophages in the intact aortic tissue are quite rare cells [2, 3,
45]).

In the 1980s of the last century, a group of mathematicians [46,
47] put forward a concept of ‘correlation adaptometry’, according to
which adverse conditions (diseases, climatic factors, etc., at various
levels of their natural organization, from a molecular level up to the
biocenosis level) induce an increase in the degree of entanglement
between different parameters of biological systems. According to
this concept, the entanglement between different parameters is

expressed by the number and strength of correlations between
parameters [46]. The application of this concept to the results
obtained in this study might lead to a suggestion that the initial
lesion (Type I lesion) is not a stage of the pathological process, but
it is rather a stage of the ‘adaptation’ (absence of significant rise in
the total number of correlations between the mRNA, compared with
the norm along with decrease in the proportion of conservative cor-
relations). In this stage, the vast majority of intimal cells become
involved in contact with the ‘dangerous signals’, such as LDL
excess and modified LDL that appear to be present in the intimal
extracellular space in early atherogenesis [15]. Thus, according to
the above concept, the initial lesion might also be described as a
pre-disease stage rather than a disease stage. One can consider that
the pre-disease stage can be regarded also as the stage of ‘unsta-
ble’ adaptation [48]. According to the concept of ‘correlation adap-
tometry’ [46, 47], one would expect that the pathologic processes
that lead to the formation of fatty streak would be reflected in an
increase in the degree of the conjugacy of the expressions of the
analysed genes. However, this was not observed in the present
study, suggesting the occurrence of the dysregulation in the expres-
sion of the lysosome-relating genes. One can speculate that this
dysregulation may contribute to the inability of lysosomes to cope
with a high intake of lipids in developing fatty streaks. The clinical
relevance of the above speculations is that the pre-disease stage
might be spontaneously reversible, provided that the harmful factors
are removed [48, 49] while the removal of the disease-initiating fac-
tors at the stage of disease (such as fatty streak, in this particular
case) might not be accompanied by the disappearance of the lesion
without therapeutic intervention [2, 3].

In general, the findings of this study do not contradict the
hypothesis of de Duve that postulates that lysosomes in develop-
ing atherosclerotic lesions acquire ‘functional deficiency’ or are
‘initially’ characterized by ‘inferiority’ of lysosomes in sites of
developing lesions [11–14]. Although one can argue that the
molecular content of the extracellular microenvironment (in partic-
ular, the formation of modified lipoproteins) in developing athero-
sclerotic lesions changes from that of the normal intima and that
‘intact’ lysosomes simply cannot catabolize modified lipoproteins
and other modified molecules, it is worth noting here that some
modified lipoproteins circulate in the blood and likely penetrate
other tissues which contain macrophages, but foam cell formation
is largely restricted to the arterial wall [1, 15, 17, 18]. Obviously,
the mechanisms which are responsible for the occurrence of the
peculiarities of lysosomes in early atherogenesis require further
investigation.

Structural abnormalities in both lysosomes and lysosome-related
organelles have been observed in a number of human genetic dis-
eases such as the Chediak-Higashi and Hermansky-Pudlak syn-
dromes [17, 19, 21, 50, 51]. In contrast to classic lysosomal storage
diseases, in which mutations in specific genes occur (for example, in
the LYST gene in Ch�ediak–Higashi syndrome), there is no evidence
that in atherosclerosis a specific gene could have a defect. This study
indicates that the expression of a group of genes is altered and this
might explain the observed structural alterations of lysosomes.
Importantly, the structural alterations of lysosomes revealed in this
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study are similar with those described in classic lysosomal storage
diseases, including the accumulation of unmetabolized lipids [17, 19,
21, 50, 51]. In classic lysosomal storage diseases, the functional defi-
ciency of structurally altered lysosomes is demonstrated [17, 21, 50].
As in early atherosclerosis, the structural alterations of lysosomes
were found to resemble those of classic lysosome-relating gene
disorders, it is reasonable to suggest that the alterations of lyso-
somes, identified in this study, might have an important impact on
the functioning of intimal cells and thus on the development of
atherosclerosis.

Acknowledgements

This work was supported by the Russian Foundation for Basic Research (pro-

ject No. 09-04-00329-a), by the Russian Ministry of Education and Science
and by St Vincent’s Clinic Foundation, Sydney, Australia.

Conflict of interest

The authors declare no conflict of interest.

References

1. Ross R. Atherosclerosis-an inflammatory
disease. N Engl J Med. 1999; 340: 115–26.

2. Stary HC, Chandler AB, Glagov S, et al. A
definition of initial, fatty streak, and interme-

diate lesions of atherosclerosis. A report
from the Committee on Vascular Lesions of

the Council on Arteriosclerosis, American

Heart Association. Circulation. 1994; 89:
2462–78.

3. Stary HC, Chandler AB, Glagov S, et al. A
definition of initial, fatty streak, and interme-

diate lesions of atherosclerosis. A report
from the Committee on Vascular Lesions of

the Council on Arteriosclerosis, American

Heart Association. Arterioscler Thromb.

1994; 14: 840–56.
4. Ross R. Mechanisms of atherosclerosis - a

review. Adv Nephrol Necker Hosp. 1990; 19:

79–86.
5. Schwartz SM, Majesky MW, Murry CE. The

intima: development and monoclonal

responses to injury. Atherosclerosis. 1995;

118(Suppl.): S125–40.
6. Williams KJ, Tabas I. The response-to-

retention hypothesis of atherogenesis rein-

forced. Curr Opin Lipidol. 1998; 9: 471–4.
7. Noll G. Pathogenesis of atherosclerosis: a

possible relation to infection. Atherosclero-

sis. 1998; 140(Suppl. 1): S3–9.
8. Bobryshev YV. Dendritic cells in atheroscle-

rosis: current status of the problem and clini-
cal relevance. Eur Heart J. 2005; 26: 1700–4.

9. Grundtman C, Wick G. The autoimmune

concept of atherosclerosis. Curr Opin Lip-
idol. 2011; 22: 327–34.

10. Bobryshev YV, Orekhov AN. Cellular mecha-

nisms of atherosclerosis: architectonics of

vascular lesions and role of dendritic cells.
Saarbr€ucken: Lap Lambert Academic Pub-

lishing GmbH & Co. KG, 2012.

11. De Duve C. The significance of lysosomes in

pathology and medicine. Proc Inst Med Chic.
1966; 26: 73–6.

12. De Duve C. The role of lysosomes in cellular

pathology. Triangle. 1970; 9: 200–8.

13. de Duve C. The participation of lysosomes
in the transformation of smooth muscle

cells to foamy cells in the aorta of choles-

terol fed rabbits. Acta Cardiol. 1974; 20:

9–25.
14. Haley NJ, Fowler S, de Duve C. Lysosomal

acid cholesteryl esterase activity in normal

and lipid-laden aortic cells. J Lipid Res.
1980; 21: 961–9.

15. Kruth HS. Macrophage foam cells and ath-

erosclerosis. Front Biosci. 2001; 6: D429–55.
16. Jerome WG. Lysosomes, cholesterol and ath-

erosclerosis. Clin Lipidol. 2010; 5: 853–65.
17. Jerome WG, Yancey PG. The role of micros-

copy in understanding atherosclerotic lyso-

somal lipid metabolism. Microsc Microanal.
2003; 9: 54–67.

18. Bobryshev YV. Monocyte recruitment and

foam cell formation in atherosclerosis.
Micron. 2006; 37: 208–22.

19. Schultz ML, Tecedor L, Chang M, et al.
Clarifying lysosomal storage diseases.

Trends Neurosci. 2011; 34: 401–10.
20. Jerome WG. Advanced atherosclerotic foam

cell formation has features of an acquired

lysosomal storage disorder. Rejuvenation

Res. 2006; 9: 245–55.
21. Hasilik A, Wrocklage C, Schr€oder B. Intra-

cellular trafficking of lysosomal proteins and

lysosomes. Int J Clin Pharmacol Ther. 2009;

47: S18–33.
22. Stewart SE, D’Angelo ME, Bird PI. Intercel-

lular communication via the endo-lysosomal

system: translocation of granzymes through
membrane barriers. Biochim Biophys Acta.

2012; 1824: 59–67.
23. Bobryshev YV, Moisenovich MM, Pustoval-

ova OL, et al. Widespread distribution of
HLA-DR-expressing cells in macroscopically

undiseased intima of the human aorta: a

possible role in surveillance and mainte-

nance of vascular homeostasis. Immunobi-
ology. 2012; 217: 558–68.

24. Bobryshev YV, Lord RS. Langhans cells of

human arterial intima: uniform by stellate

appearance but different by nature. Tissue
Cell. 1996; 28: 177–94.

25. Slot JW, Posthuma G, Chang LY, et al.
Quantitative aspects of immunogold labeling

in embedded and in nonembedded sections.
Am J Anat. 1989; 185: 271–81.

26. Liou W, Geuze HJ, Slot JW. Improving

structural integrity of cryosections for im-
munogold labeling. Histochem Cell Biol.

1996; 106: 41–58.
27. Bobryshev YV. Transdifferentiation of

smooth muscle cells into chondrocytes in
atherosclerotic arteries in situ: implications

for diffuse intimal calcification. J Pathol.

2005; 205: 641–50.
28. Kawasaki M, Nakayama K, Wakatsuki S.

Membrane recruitment of effector proteins

by Arf and Rab GTPases. Curr Opin Struct

Biol. 2005; 15: 681–9.
29. Yoshida S, Hoppe AD, Araki N, et al. Sequen-

tial signaling in plasma-membrane domains

during macropinosome formation in macro-

phages. J Cell Sci. 2009; 122: 3250–61.
30. Huynh KK, Eskelinen EL, Scott CC, et al.

LAMP proteins are required for fusion of

lysosomes with phagosomes. EMBO J.

2007; 26: 313–24.
31. Pols MS, Klumperman J. Trafficking and

function of the tetraspanin CD63. Exp Cell

Res. 2009; 315: 1584–92.
32. Saito N, Pulford KA, Breton-Gorius J, et al.

Ultrastructural localization of the CD68 mac-

rophage-associated antigen in human blood

neutrophils and monocytes. Am J Pathol.
1991; 139: 1053–9.

33. Komatsu M, Ichimura Y. Physiological

significance of selective degradation of

p62 by autophagy. FEBS Lett. 2010; 584:
1374–8.

34. Gough PJ, Gordon S, Greaves DR. The use

of human CD68 transcriptional regulatory

sequences to direct high-level expression of
class A scavenger receptor in macrophages

in vitro and in vivo. Immunology. 2001; 103:

351–61.

634 ª 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.



35. Kunisch E, Fuhrmann R, Roth A, et al. Mac-
rophage specificity of three anti-CD68

monoclonal antibodies (KP1, EBM11, and

PGM1) widely used for immunohistochemis-

try and flow cytometry. Ann Rheum Dis.
2004; 63: 774–84.

36. Gui T, Shimokado A, Sun Y, et al. Diverse
roles of macrophages in atherosclerosis:
from inflammatory biology to biomarker dis-

covery. Mediators Inflamm. 2012; 2012:

693083.

37. Shchelkunova TA, Morozov IA, Rubtsov PM,
et al. Comparative contents of mRNAs of

sex steroid receptors and enzymes of their

metabolism in arterial walls of men. Bio-

chemistry. 2008; 73: 920–8.
38. Shchelkunova TA, Albert EA, Morozov IA,

et al. Contents of mRNAs encoding endo-

some/lysosome components in normal
human aorta and in stage II of atherogene-

sis: a hidden regulation. Biochemistry. 2011;

76: 1178–84.
39. Ishii T, Wallace AM, Zhang X, et al. Stabil-

ity of housekeeping genes in alveolar macro-

phages from COPD patients. Eur Respir J.
2006; 27: 300–6.

40. Shashkin P, Dragulev B, Ley K. Macrophage

differentiation to foam cells. Curr Pharm

Des. 2005; 11: 3061–72.
41. Gelman BB, Davis MH, Morris RE, et al.

Structural changes in lysosomes from

cultured human fibroblasts in Duchenne’s
muscular dystrophy. J Cell Biol. 1981; 88:

329–37.
42. Samuels S, Korey SR, Gonatas J, et al. Stud-

ies in Tay-Sachs disease. IV. Membranous
cytoplasmic bodies. J Neuropathol Exp Netrol.

1963; 22: 81–97.
43. Stern J. The formation of sulfatide inclu-

sions in organized nervous tissue culture.
Lab Invest. 1973; 28: 87–95.

44. Hanai J, Leroy J, O’Brien JS. Ultrastructure
of cultured fibroblasts in I-cell disease. Am J
Dis Child. 1971; 122: 34–8.

45. Orekhov AN, Andreeva ER, Andrianova
IV, et al. Peculiarities of cell composition

and cell proliferation in different type ath-
erosclerotic lesions in carotid and coro-

nary arteries. Atherosclerosis. 2010; 212:
436–43.

46. Razzhevaĭkin VN. The evolutionary optimality

principle as a tool to model structured biologi-

cal systems. Zh Obshch Biol. 2010; 71: 75–84.
47. Sedov KR, Gorban’ AN, Petushkova EV,

et al. Correlation adaptometry as a method

of screening of the population. Vestn Akad
Med Nauk SSSR. 1988; 10: 69–75.

48. Baevsky PM. Prediction of states on the

verge of the norm and pathology. Moscow:

Medicine, 1979.
49. Majno G, Joris I. Cells, tissues, and dis-

ease: principles of general pathology. 2nd

edn. New York: Oxford University Press,

2004.
50. Dell’Angelica EC, Mullins C, Caplan S,

et al. Lysosome-related organelles. FASEB

J. 2000; 14: 1265–78.
51. Huizing M, Helip-Wooley A, Westbroek W,

et al. Disorders of lysosome-related orga-

nelle biogenesis: clinical and molecular

genetics. Annu Rev Genomics Hum Genet.
2008; 9: 359–86.

ª 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd. 635

J. Cell. Mol. Med. Vol 17, No 5, 2013


