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Introduction

Despite a few decades of intensive researches, the coherent view on the effector mechanisms
causing development of diabetic angiopathy remains in demand. At the level of the whole
organism, stable or intermittent hyperglycemia along with the altered levels of insulin, glyco-
sylated proteins and lipoproteins, accompanied by modulation of intracellular metabolic
pathways are considered as the main causative factors of diabetic micro- and macroangiopathy.
At the tissue level, the general manifestation of vascular damage in diabetes appears as the
basal membrane thickening. Here, based on the available literature and own experimental data,
the changes in local microenvironment are considered as an important intermediate step in the
realization of the effects of “diabetic milieu” factors on vessel wall cells. Special attention is
paid to the carbohydrate determinants and deposition of von Willebrand factor in subendothe-
lial matrix produced by endothelial cells in vitro.
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The development of micro- and macroangi-
opathy at diabetes is the most common and
formidable complication that accompanies this
disease [1, 2]. Despite several decades of re-
search work, the mechanisms underlying the
development of vascular pathology at diabetes
remain incomprehensible, and even the ques-
tion about the common basis of the damage of
large and small vessels is disputable [3]. The

declared primary role of hyperglycemia in the
impairment of endothelial function is based on
the indisputable fact that diabetes mellitus
(both types I and II) is always manifested by
the fluctuations of glucose level, and that its
stable compensation is the way to improve the
patient’s state. This mainly concerns microan-
giopathy, which is related to the violation of
capillary function, but in the case of macroan-
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giopathy, which is represented by dysfunction
of large vessels, such relationship does not
seem so well-grounded. It should be empha-
sized that macroangiopathy continues to de-
velop even at relatively stable maintenance of
normoglycemia [4]. It brings us back to the
issue about the causes of observed vascular
pathology, which is so closely related to the
course of diabetes. Even if to assume the do-
minant role of hyper/hypoglycemia in this
process, we have to consider also other pro-
bable etiological factors, the role of which may
be hidden or underestimated.

Diabetic angiopathy affects almost all parts
of the vascular system: from large arteries to
capillaries [5]. A hallmark of these disorders
is the thickening of the basal membrane that
separates the endothelium from the underlying
cells. Apparently, without understanding the
mechanisms of this phenomenon, associated
with extracellular matrix remodeling, it will
be difficult to advance in elucidation of the
onset and course of the diabetic angiopathy.
The situation is further complicated by the fact
that not only endothelial cells, but also adja-
cent pericytes/smooth muscle cells are in-
volved in production of basal membrane (the
latter two cell types represent small and large
vessels, respectively) [6]. It could be pointed
out that the alteration of physicochemical and
biological properties of the vascular basement
membranes, caused by diabetes, still has not
been sufficiently studied to date. However, it
seems unlikely that observed changes in the
level of glucose, intermittent concentration of
insulin, or plasma lipoprotein spectrum, as
well as the appearance of glycosylated plasma
proteins, directly lead to modification of sub-
endothelial matrix. The main argument here
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again is provided by the fact that even with
sustained stable normoglycemia maintained by
adequate fractional insulin administration, the
development of vascular pathology remains
possible. An additional argument is as follows:
ex vivo incubation of cultured human endothe-
lial cells under the conditions of “severe” hy-
perglycemia (28 mM glucose), with/without
the addition of “exogenous” insulin, did not
cause significant changes in morphology or
behavior of individual endothelial cells, as well
as of the cell clusters [7]. On the other hand,
it could not be ruled out that the processes
leading to the development of vascular pathol-
ogy, take place before the complete manifesta-
tion of diabetes [8]. If to extrapolate this to
experimental diabetology, the timing of ex-
periments becomes a critical parameter.
Therefore, it is reasonable to add into consi-
deration the factors, which could continuously
alter the local microenvironment of vascular
cells and change the intercellular interactions
in some parts of vascular system. This change
can be realized through the activation of intra-
cellular signaling pathways [9] and finally
leads to essential alteration of the basal mem-
brane remodeling.

If to assume that the development of dia-
betic angiopathy could be closely connected
with modification of microenvironment of
vascular cells, the role of the factors of “dia-
betic milieu”, which affect all tissues and or-
gans, should be considered through the prism
of local regulatory mechanisms existing at the
tissue levels. In this context, the subendothe-
lial matrix represents the most probable play-
ground where these local regulatory mecha-
nisms are realized. The common feature of
vascular (and non-vascular) basement mem-
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brane thickening at diabetes is an increased
deposition of collagen IV, laminin and fibro-
nectin. This is accompanied by a decreased
level of heparan sulfate proteoglycan and a
change in the cell-matrix interaction mediated
by integrins [10, 11]. It was revealed earlier
that the extracellular matrix serves as a selec-
tive barrier via binding and releasing biologi-
cally active molecules, thereby modulating the
intracellular processes [12]. The degradation
of extracellular matrix by matrix metallopro-
teinases could also be involved in the reorga-
nization of vascular cell local environment.
High glucose can upregulate the activity of
matrix metalloproteinases and cause an imba-
lance between these proteinases and their tis-
sue inhibitors [13]. Special attention should be
given to carbohydrate determinants of basal
membrane, which is rich in oligosaccharides
attached to laminin and nidogen [6]. Also, it
should be taken into account the assumed role
of matrix glycosaminoglycans as “information
network” mediating the effects of growth fac-
tors [14].

Modeling of diabetic angiopathy

in vitro

When analyzing the available data on angi-
opathy from the point of view of the experi-
ment’s design, it is necessary to keep in mind
that in some cases the absence of evident ef-
fects of hyperglycemia or insulin on vascular
cells under experimental conditions may be
due to inadequate period of exposure to the
factors under study. Given that the effects of
activators or inhibitors of the mTOR/S6K sig-
naling pathway responsible for the insulin
signal transduction through the phosphoryla-
tion of IRS-1 are frequently estimated in less

than 1 h after incubation [15]. At the same
time, to reach the effects of the “diabetic mi-
lieu” related to in vivo conditions, much longer
experiments could be imagined — when the
cells are cultured for several months, or even
years. However, such experiments are difficult
and in very deed — impossible. Therefore, we
need to operate on the data obtained in short-
term experiments, when the cells are incu-
bated only for a few (2—-10) days. Besides, to
characterize the state of cells we have to imply
both the indices of cell viability and the eva-
luation of the functional activity of a studied
type of cells.

Also, it can be added here that the cultiva-
tion of normal, untransformed endothelial cells
has its own peculiarities, the main of which
are the need to maintain direct intercellular
contacts and a pronounced dependence of cell
proliferation/migration on the presence of
regulatory factors that have an external, non-
endothelial origin. Failure to comply with such
conditions leads to the lack of culture growth
and to the activation of the processes associ-
ated with programmed cell death — apoptosis.
Noteworthy, the endothelial cell cultures are
unstable — their properties changed after
2-3 passages and the signs of degradation will
appear. On the one hand, it makes the culture
of endothelial cells quite difficult in metho-
dological relation, but on the other hand it
allows us to say that these cells during the
early period of maintaining in vitro retain es-
sential features inherent of the endothelium of
large and small vessels in vivo [16].

The object widely used in studying vascular
endothelium in vitro is the culture of endothe-
lial cells obtained from large vessels of human
or animal origin. Namely, human umbilical
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vein endothelial cells (HUVEC) were used
most frequently [17, 18]. The cultured endo-
thelial cells from capillaries were used as well
[19, 20], but their routine application is com-
plicated by low output of cells after isolation
from tissue and the necessity of additional
purification of these endothelial cells from the
adjacent cells with much higher proliferative
index.

Effect of “diabetic milieu” factors
on subendothelial deposition of von
Willebrand factor and carbohydrate
determinants in vitro

It is known that endothelial cells are characte-
rized by constitutive secretion of prothrombo-
genic von Willebrand factor (vVWF) [21].
Vascular endothelium is the key producer of
vWF, some amount of vWF is also present in
platelets. The vWF produced is secreted into
the blood, where it stabilizes factor VIII of the
clotting system, or it is deposited in the sub-
endothelial basement membrane, forming here
the complexes with type IV collagen and fi-
bronectin [22]. The deposited vWF, as a com-
ponent of the extracellular matrix, mediates
the platelet adhesion and thrombus formation.
Because of that, the production and deposition
of vVWF could be considered as one of the
significant indicators of the functional activity
of the vascular endothelium. In this regard, it
should be noted that diabetes, in general, is
characterized by an increase in the coagulation
properties of the blood, that is defined as a
“hypercoagulable state” and one of the marker
of endothelial dysfunction is an elevation (on
average, twice) of the vVWF in blood plasma
of diabetic patients [ 23]. The vWf level in-
creased with the severity of nephropathy and
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could be considered as a risk factor for mac-
rovascular complications at diabetes [24].
Thus, to test a possible effect of the “diabetic
milieu” factors (high glucose, insulin and gly-
cosylated proteins) on production of vWF, the
abovementioned model of HUVEC mono-
layer culture can be used.

Previously, it was shown that elevation of
glucose level increases the secretion of vVWF
by cultured endothelial cells into the incuba-
tion medium [25, 26]. At the same time, simi-
larly to in vivo conditions, these cells produce
vWEF into the underlying extracellular matrix
(which is close to the basal membrane by
composition) in significantly higher amount
than it is secreted into the medium.
Interestingly, using specific antibodies it is
possible to visualize the distribution of vWF
in produced subendothelial matrix. And, in
accordance with the hypothesis formulated
above, it seems reasonable to study the influ-
ence of “diabetic milieu” on the deposition of
vWF, and to evaluate the effects of local fac-
tors secreted by adjacent vessel wall cells —
smooth muscle cells, pericytes, and fibro-
blasts — using appropriate cultures of human
(preferably) or animal cells. Such a mutual
intercellular influence between neighboring
cells was shown when studying atherosclero-
sis [27].

In previous research [7], it was studied the
effect of increased glucose concentration in
the culture medium and addition of insulin on
the deposition of produced vWF into suben-
dothelial matrix. In order to quantify the de-
position of vVWF, the following approach had
been used: after incubation, the cultured endo-
thelial cells were detached from the growth
surface; the subendothelial matrix, remaining
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on this surface, was used as a solid phase in
ELISA with corresponding primary (anti-vWF)
and secondary (enzyme-conjugated) antibo-
dies [28].

So, when determining the deposition of
vWF in produced subendothelial matrix, it was
found that neither an increase in glucose con-
centration nor the addition of insulin affected
the index under study. Likewise, there was no
effect of the medium conditioned by skin fi-
broblasts on the quantity of vVWF in the matrix.
On the other hand, addition of the medium
conditioned by smooth muscle cells to the
endothelial cells led (in the presence of insulin)
to a decrease in the accumulation of vVWF. It is
known that smooth muscle cells are able to
produce vascular endothelial growth factor
(VEGF), that affects the state of the endothe-
lium and the properties of its extracellular
matrix [29]. It is possible that the observed
effect of smooth muscle cells on the deposition
of vWF is associated with such a regulatory
mechanism. This interaction between endothe-
lial and smooth muscle cells is of special im-
portance in the context of atherosclerosis,
which is the main hallmark of macroangiopa-
thy at diabetes [27, 30].

It is conceivable that diabetes induces not
only quantitative, but also qualitative changes
in subendothelial matrix. These changes may
be directly related to abnormal angiogenesis at
diabetes [31]. An important role of carbohy-
drate determinants and carbohydrate-recogni-
tion system in angiogenesis leads to an issue
about their involvement in diabetic angiopathy
[32, 33]. Vascular endothelium is protected at
the lumen side by the layer of glycocalyx [34].
Especially it concerns hyaluronic acid as the
component of this layer. At diabetes the protec-

tive properties of endothelial glycocalyx could
be deteriorated [35]. One of the interesting and
insufficiently studied questions is the influence
of the “diabetic milieu” on the presence of
carbohydrate determinants in produced suben-
dothelial matrix. The advanced glycation end
products are able to induce cross-link formation
in structural components of basement mem-
brane changing its stiffness [36]. The labeled
plant lectins are applied to reveal the distribu-
tion of carbohydrate determinants in the matrix
produced by cells in vitro [37]. Namely, the
biotinylated lectins were used as probes in this
research. After that, the presence of some sac-
charides in subendothelial matrix had been
studied at elevated glucose level and addition
of insulin to the incubation medium [7]. The
binding of peanut lectin (specific to galactose
residues) to the extracellular material produced
by cultured endothelial cells was insignificant,
and this is quite different from the extracellular
matrix of cultured human skin fibroblasts [37].
At the same time, the incubation with wheat
germ agglutinin (WGA) and concanavalin A
(ConA) made it possible to detect clearly in
extracellular matrix N-acetylglucosamine and
mannose residues, respectively. Interestingly,
an elevated glucose level in the medium did
not affect the binding of both lectins, whereas
the addition of insulin significantly decreased
(to 71 % of control) the binding of concana-
valin A to subendothelial matrix.

As the continuation of this work there was
the study of influence of non-enzymatically
glycosylated albumin, wheat germ agglutinin,
and concanavalin A on the deposition of vWF
in subendothelial matrix produced in vitro [38].
The scheme of the experiment in this study
was based on the concept that subendothelial
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deposition of vVWF on collagen can depend on
the factors that change the properties of matrix
components and the activity of the correspond-
ing proteases. As it was mentioned above,
according to our data, insulin, but not high
glucose, changes the number of concanavalin
A binding sites in subendothelial matrix. The
presence of glycosylated albumin in the me-
dium for 1 week did not affect the content of
vWF in the produced subendothelial matrix.
On the contrary, both lectins changed, though
in different ways, the deposition of vWF. In
the case of WGA, an observed decrease in the
vWF content correlates with the overall dete-
rioration of the HUVEC viability. Stimulating
effect of ConA on the deposition of vVWF is of
particular interest, taking into account that the
high mannose groups play an important role
in angiogenesis, and that expression of he-
patic mannan-binding lectin is increased at
diabetes [39]. Noteworthy, in both mentioned
studies on the vWF deposition in subendothe-
lial matrix, HUVECs were cultured in the
absence of additional growth factors that can
bind to matrix components and play a role in
the activation of endothelial cells. Under these
conditions, neither high glucose nor glycosyl-
ated serum albumin had a pronounced effect
on the deposition of vWF in the subendothe-
lial matrix.

Effects on high glucose, insulin and
local microenvironment on the apop-
tosis of vessel wall cells

To make a correct comparison of the effects of
the factors under study, it was necessary to
estimate the viability of endothelial cells in the
presence of “diabetic milieu” as well as under
an influence of the local endothelium environ-
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ment [7]. Determination of the number of apop-
totic cells showed that at normal glucose con-
centration in the medium (5.5 mM), the apop-
tosis index for cultured HUVECs was 3—6 %.
Incubation for 6 days under the conditions of
significantly elevated glucose level (28 mM),
or addition of insulin (8 mkg/ml), did not affect
the number of apoptotic cells. There were no
significant changes in the morphology of en-
dothelial cell monolayer. Also, the addition of
the medium conditioned by fibroblasts did not
change the number of apoptotic cells. Thus,
under these conditions, the studied factors of
the extracellular environment do not affect the
viability of cultured endothelial cells.

In this connection, the most interesting and
convincing was the effect of the matrix, pro-
duced by endothelial cells under conditions of
elevated glucose content, on the viability and
apoptosis of pericytes [40, 41]. The intensity
of DNA fragmentation (as the index of apop-
tosis in pericytes) increased more than 10-times
for human pericytes cultured on the matrix
produced by HUVECs at high glucose — in
comparison to the pericytes seeded onto the
matrix produced at normal glucose [41]. It
could be mentioned, that pericyte adhesion to
high glucose-conditioned matrix decreased,
but this effect was much less pronounced
(about 19 % to control matrix, produced at
normal level of glucose). Moreover, this effect
on the level of apoptosis did not depend on the
conditions, under which the pericytes were
incubated — with increased or normal glucose.
Only the conditions of matrix production were
of principal importance. As the authors point
out, the observed effect can be associated with
glycation of matrix components, produced at
elevated glucose level in the medium. It fol-
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lows that the interaction of the endothelium
and adjacent cells could also be characterized
by the inverse vector — from the endothelium
to the pericytes (and, probably, the smooth
muscle cells).

Conclusion

The development of diabetic angiopathy is still
an issue under study for clinicians as well as
for researchers exploring underlying mecha-
nisms of this disease. Now it becomes clear
that diabetes is the pathology of multifactorial
nature and the effects of “diabetic milieu” fac-
tors have to be considered in conjunction with
the processes, which determine the viability of
target cell population at the tissue level. For
vascular endothelium such processes are con-
nected not only with functional integrity of
vessel wall cells, but are associated with pro-
duction and proper organization of extracel-
lular matrix, namely, basal membrane. The
understanding of deteriorated properties of
subendothelial matrix is critical for elucidation
of the cause of developing diabetic angiopathy.
In this relation, the appropriate models of the
basal membrane formation and vascular re-
modeling in vitro, which provide the tools to
study vascular damage at diabetes at the cel-
lular level, are useful and promising. Such
models could be combined with in vivo ap-
proaches and applied in future for evaluation
of the effects of new therapeutic agents strived
toward alleviating of macro- and microvessel
pathology at diabetes.
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Cy6enaoTesialbHuii MATPUKC SIK Micue ail
dakTopiB «1iabeTHYHOrO cepeoBUILA»
NPU PO3BUTKY AHTioNAaTii

K. O. Hixepanze, A. 1. XopyxeHKO

HesBaxkaroun Ha KUIbKA JECATHIITL IHTEHCUBHUX HOCIII-
JOKEHb, OPMYBaHHSI [TOCIIIOBHOTO YSIBICHHS PO edek-
TOpPHI MEXaHi3MH, 110 BUKJIMKAIOTh PO3BUTOK T1a0ETHIHIX
aHTioNaTii, 3aJIMIIAEThC HaraJbHUM 3aBaaHHsM. Ha
PIBHI BCHOTO OpraHismy, OCHOBHUMH IPUYUHAMH Jia0e-
THUYHHUX MIKPO- Ta MaKpOAHTI10MaTiii BBAKAIOTHCS TIOCTIiH-
Ha a0o TepioanvHa TINepITiKeMis, a TAKOXK 3MiHH PiBHSI
IHCYJTIHY, DTIKO3WJILOBAaHUX OUIKIB 1 JIIONPOTETHIB, 1110
CYIIPOBO/IKYETHCSI MOAYJISIIEI0 BHY TPIITHBOKJII THHHUX
MeTalomigHIX nUEiXiB. Ha TkKaHMHHOMY PiBHI 3arajIbHAM
IIPOSIBOM CYAMHHOI MaroJIorii MpH IyKpoBOMYy JialerTi €
TIOTOBIICHHS BaCKY/SIPHUX Oa3ayibHUX MeMOpaH. Y 1miH
po0oTi, Ha OCHOBI JIITEPaTypHUX Ta BIACHUX €KCIIEPUMEH-
TaJBHUX JIAHUX, SIK BXKJIMBUHM POMIDXKHUI eTarl y peati-
3aIii BIUIUBY (DAKTOPIB «IIa0CTUYHOTO CEPEIOBHUIIIAY
PO3DISIHYTO 3MiHY JIOKaJFHOTO MIKPOOTOYEHHS KITITHH
cTiHKU cynuH. OcoONMBY yBary HpHIJICHO BYIJIEBOJIHUM

JIeTepMiHAHTaM Ta JCTIOHYBaHHIO (akTopy BimteOpanna
y cyOeHI0TeNialbHOMY MaTPHKCi, IPOTYKOBAaHOMY €HJIO-
TeNiaJbHUMHU KITITHHAMU B YMOBAX i1 VItro.

Knaw4yoBi cJoBa: giabeTnyHi aHriomnarii, Tinepriike-
Mis1, OasanibHa MeMOpaHa, (akTop BiuteOpana.

Cy0oH10Te/INAJBHBII MATPUKC KAK MECTO
neiictBus GakTOpPoB «aMabeTHUECKOM cpeabD)
B Pa3BUTUM aHTHONATHIA

K. A. Hixepanze, A. 1. XopyKeHKO

HeCMOTpﬂ Ha HCCKOJIBKO ,HCCHTI/IHeTI/Iﬁ HNHTCHCHUBHbBIX
nccIeIoBaHUH, GOPMUPOBAHKE MOCIIEJOBATEIILHOTO TIPE/I-
craBiieHns 00 3(p(PeKTOPHBIX MEXaHU3MaX, BEI3BIBAIOIINX
pa3BHTHE TMa0ETHUECKUX aHTHOIATHI, OCTaeTCs HACYyILl-
HoH 3amadeil. Ha ypoBHe 1esoro opranmusma B Ka4ecTBe
OCHOBHBIX IIPUYMH JHA0ETHIECKUX MHKPO- U MaKpOaH-
THOTIATHI paccMaTpUBatOTCs CTaOUIIbHAST WU TIEPUOIH-
YyecKasl TUIIEPIVINKEMUS, a TaK)Ke M3MEHEHHE YPOBHEH
WHCYJINHA, TIIMKO3WINPOBAHHBIX OCIIKOB M JIMIOIPOTEH-
HOB, YTO COIIPOBOKIAETCS MORYJIALUEH BHY TPUKIIETOYHBIX
Merabonmueckux myrel. Ha TkaHeBoM ypoBHe, o0mmM
MIPOSIBIICHUEM COCYIMCTON MATOIOTUH IIPU CaXapHOM -
abere sIBISIETCS YTONIIEHUE BAaCKYJSIPHBIX Oa3abHBIX
MeMOpaH. B Hacrosimieit pabore, 0CHOBBIBasiICh Ha UIMEIO-
Ieicst JINTepaType ¥ COOCTBEHHBIX HKCIIEPIMEHTAIBHBIX
JIaHHBIX, B KQ4YECTBE BAYKHOTO MPOMEXKYTOHHOTO Tara
B peanm3anuu 3P QeKToB (HaKTOpoB «IHabeTHIecKon cpe-
JIbD) PACCMOTPEHO U3MEHEHNE B JIOKAIbHOM MHKPOOKpY-
MKEHHH KJIETOK CTeHKH cocyna. Ocoboe BHUMaHHUE yyiese-
HO YIJICBOJHBIM JIETEPMUHAHTAM U ACIOHUPOBAHMIO (ak-
Topa BunneOpanaa B cyOsHIOTEIHATBFHOM MaTpHUKCE,
npoayurpOBaHHOM SHAOTCIINAIBHBIMU KJIICTKaMU B YCJI0-
BUSIX in Vitro.

KiawuyeBbie CJOBA: I1a0eTUUECKUE aHTHOIATHH,
TUIIEpIIMKEeMUs, Oa3zanbHass MeMmOpaHa, ¢daxTop
Burebpanna.
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