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Jurnaldagi nashrlar O‘zbekistonda va xorijda ilmiy darajalar uchun dissertatsiyalar himoya
gilinganda chop etilgan ishlar deb hisoblanad..

llgari hech qayerda chop etilmagan va boshqa nashrlarda chop etish uchun taqdim
etilmagan magqolalar nashrga qabul qilinadi. Tahririyatga kelgan magqolalar ko'rib chigiladi.
Nashr mualliflari magqolalarda keltirilgan ma'lumotlarning to'g'riligi uchun javobgardirlar.
Materiallardan foydalanganda jurnalga va maqola mualliflariga havola bo’lishi shart.

Materiallar mualliflik nashrida chop etiladi.

Ilybaukauuu 8 XdCypHasie y4umbl8aromcss KAk onybaukoB8aHHble pabomsl npu 3aujume
duccepmayutl Ha COUCKAHUE y4YeHblX cmeneHeu Y36eKkucmaHa u 3apyoeixcbsi.

K nybaukayuu npuHumarmmcsi cmambu, paHee Huzde He onybAuUKOBAHHblIE U He npeod-
cmase/eHHble K nevamu 6 dpyz2ux uidaHusix. Cmambu, nocmynusguiue 8 pedakuur, peyeH3upy-
romcesl. 3a docmosepHOCMb C8eJeHUll, U3A0MCEHHbIX 8 CmambsX, 0MmeemcmeeHHOCMb Hecym
asemopbsl nybaukayuul. IIpu ucnoab3o8aHuu mMamepudaos CCblAKa HA HCYpHAA U asmopos
cmameu 06513amenbHa.

Mamepuasabl nyb6auKyromcsi 6 asmopckou pedaxkyuu.
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YIK: 616.61-002.2:616-018

THE ROLE OF PODOCYTIC DYSFUNCTION IN THE PROGRESSION OF CHRONIC
GLOMERULONEPHRITIS

Jumanazarov S.B., Jabborov 0.0., Qodirova Sh.A., Rahmatov A.M.
Tashkent Medical Academy. Tashkent, Uzbekistan

Abstract: The review considers the mechanisms of podocyte damage underlying the develop-
ment of proteinuria and progression of glomerulosclerosis in chronic glomerulonephritis and pre-
sents the results experimental and clinical studies on these issues. It is described that under the action
of various immune and non-immune factors, podocytes form a stereotypic response to damage con-
sisting in rearrangement of actin cytoskeleton, flattening of stem processes, detachment of podocytes
from the glomerular basal membrane and the appearance of specific podocytic proteins and/or whole
cells in the urine (podocyturia). Massive podocyturia in limited Proliferative ability of podocytes
contributes to the reduction of their total mass in the glomerulus (podocytopenia) and the develop-
ment of glomerulosclerosis. The authors describe the spectrum of markers of podocytic damage,
highlight the methods of their invasive and noninvasive assessment, analyze the relationship of their
level with the severity of proteinuria and renal dysfunction, consider Prospects of the study of podo-
cytic proteins in urine to assess the severity of glomerular damage, the risk of glomerulosclerosis.

Key words: podocyturia, nephrinuria, podocytic dysfunction, podocytopenia, chronic glomer-
ulonephritis.
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Chronic glomerulonephritis (CGN) 1s a
disease in which inflammation develops in the
tubules and progresses as a result of limited ca-
pacity of glomerular structures for regenera-
tion. The central link in the development of
proteinuria (PU), the severity of which is still
considered as a clinical equivalent of the activ-
ity/progression of CGN, 1s damage to the po-
docyte, a key component of the filtration bar-
rier [1, 2]. Performing an important role in
maintaining the structure and function of the
renal glomerulus in normal, podocytes are of
paramount importance in its damage and the
progression of renal disease. In 2002, M.R.
Pollak united group of congenital diseases oc-
curring with primary damage to podocytes and
nephrotic syndrome (NS), the term "true podo-
cytopathies” [3]. The "true podocytopathies”
include disease of minimal changes, focal seg-
mental glomerulosclerosis and membranous
nephropathy. It is now shown that changes in
podocyte structure and function are detected in
various morphological forms of glomerulone-
phritis (GN), proceeding with large PU [4].
The stereotypic response of podocyte to vari-
ety of damaging factors (immune, hemody-
namic, metabolic) decreases in the expression
of structural proteins of slit diaphragm, which
leads to changes in cytoskeleton, podocyte
shape, impaired adhesion to glomerular basal
membrane (GBM) with podocyte sloughing
into the urinary space, resulting in disruption
of glomerular filter barrier function and devel-
opment of PU [5, 6].

Basic functions of podocytes

The glomerular filtration barrier is of
paramount 1importance 1n limiting glomerular
permeability, primarily to albumin and other
blood plasma proteins. It consists of the basal
capillary membrane, a monolayer of endothe-
lial cells lining the glomerular filter from the
inside, and a layer of podocytes that line the
glomerular filter from the outside, from the uri-
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nary space side [7]. Podocytes and podocyte-
associated molecules are currently attributed
the most importance in the mechanisms of glo-
merular filter permeability disruption and the
development of PU [8]. In addition to the for-
mation of filtration barrier, podocytes perform
a number of other important functions: they
participate in maintaining the structure of ca-
pillary loops, counteract intracapillary hydro-
static pressure; provide endocytosis of filter
proteins and immunoglobulins; participate in
processes of type IV collagen synthesis and
GBM repair; take part in immune response by
expressing Toll-R4, B7.1 (CD80); ensure the
normal function of other glomerular cells
(mesangial, endothelial) through the produc-
tion of several growth factors, in particular,
vascular endothelial growth factor (VEGF) [2,
7,9-11].

Podocyte response to damage

Damaging podocytes which according to
the location of these cells outside the capillary
wall leads to GBM disruption, underlies the
development of PU and NS [12]. Structural
signs of podocyte damage are loss of small
processes (stalk prolapse), microvillous trans-
formation of apical surface, hypertrophy, epi-
thelial-mesenchymal transdifferentiation and
cell apoptosis. The earliest sign of podocytic
damage, detectable only by electron micros-
copy 1s podocyte pedicle proliferation. This
process occurs due to rearrangement of actin
cytoskeleton, redistribution of actin microfila-
ments, as a result of which podocyte processes
lose their shape. As a result of podocyte
stems/branches proliferating, the slit dia-
phragm is stretched, the interpodocyte space 1s
enlarged, and PU occurs. There is a point of
view that podocyte stalks prolapse is an adap-
tive reaction to limit the glomerular permeabil-
ity to the protein and prevent more serious
damage - the formation of "bare" areas of
GBM [5, 13]. Podocyte peduncles proliferate
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in two stages. At the first stage, the podocyte
processes lose their shape [14]. The loss of slit
diaphragm or its apical displacement occurs.
This stage is potentially reversible, since in cell
culture experiments, after the exposure to a
damaging factor is terminated, the podocyte
shape 1s rapidly restored [15]. At the second
stage, the subpodocyte space disappears and
podocytes closely adjoin the GBM [6]. This
has been shown in experimental animal models
and in HN in humans, including minimal
change disease, membranous nephropathy and
IgA- nephropathy [16]. At this stage, there is a
complete loss of podocyte scaffolds and their
fusion with the cell body, which leads to a
broad disk-like podocyte proliferation which
covering a large area of the bare GBM prevents
the protein penetration through the glomerular
filter. However, the process of uplastation can-
not fully prevent protein penetration through
the glomerular filtration barrier; the structure
and function of the slit diaphragm are altered,
which eventually leads to the appearance of
PU. During the process of prolapse, podocytes
form long apical microvilli, a process denoted
as "microvortex transformation”. Microvilli
have the ability to attach to the glomerular or
parietal basal membrane [17]. Their appear-
ance may indicate an attempt of the damaged
podocyte to find a place of attachment to the
GBM 1n other, less damaged areas. This mech-
anism 1s a way to protect the podocyte from its
death. Podocyte pedicle proliferation and "mi-
crovillous transformation” in most cases pre-
cede partial or complete cell detachment from
the GBM. One of the responses of podocytes
to the action of damaging factors is hypertro-
phy. At the initial stage of damage, podocyte
hypertrophy is of adaptive nature, there is ob-
served activation of metabolic processes, syn-
thesis of intracellular proteins, but without
changes in podocyte function. Due to the in-
creased size, podocytes close the nearby areas
of glomerular barrier damage (compensation
of cell loss) [18, 19]. But after a certain time
hypertrophy becomes maladaptive, in hyper-
trophied cells there is a decrease in podocyte
protein synthesis, cytoskeleton reorganization
occurs, which promotes their detachment from
GBM and development of podocyturia [18,
20]. Further effects on hypertrophied podo-
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cytes activate apoptosis processes 1n them. Po-
docytes detached from the GBM due to the dis-
ruption of cell-matrix interactions necessary to
maintain their viability die, although it has
been shown that some sloughed podocytes are
still "viable" and can form contacts with other
cells in culture [21]. Apoptosis in podocytes is
activated by angiotensin II, transforming
growth factor B1, active oxygen radicals, de-
tachment from GBM, mechanical stretch, re-
duction of inhibitors of activated cyclic kinases
p27 and p21, etc. Antiapoptotic effects are pos-
sessed by podocytic proteins (particularly
nephrin), the intracellular inhibitor of apopto-
sis Bcl-2, preserved cell-cell contacts, and
VEGE. VEGEF i1s required for normal phos-
phorylation of the cleft diaphragm protein
nephrin. Thus, impaired phosphorylation of
nephrin in VEGF deficiency weakens nephrin
binding to podocyte, leads to detachment of the
extracellular part of nephrin molecule from po-
docyte membrane and increases its excretion
with urine. Endothelial and podocyte damage
with decreased expression of slit diaphragm
proteins and occurrence of PU in VEGF defi-
ciency was first shown in women with
preeclampsia [22]. In an experiment, it was
shown that the creation of VEGF deficiency in
anti-GBM nephritis leads to a more severe
course with impaired slit diaphragm proteins,
loss of podocyte stems and PU [23]. Podocyte
loss 1s promoted by the activation of epithelial-
mesenchymal  transdifferentiation (EMT)
mechanisms. In experiments on animal models
and 1n epithelial cell culture, 1t was shown that
under the influence of the main EMT inducer -
transforming growth factor 1 - podocytes lose
the ability to express specific podocytic pro-
teins (nephrin, podocin, P-cadherin, ZO-1,
etc.), change their epithelial phenotype and
start expressing mesenchymal cell markers
[24]. As a result of these processes, podocytes
lose their normal cytoskeleton structure, cell
polarity, intercellular contacts, and become
motile, which leads to their increased slough-
ing from the GBM and development of podo-
cyturia. Mechanical causes of podocyte de-
tachment from GBM, such as intracolumnar
hypertension, hyperfiltration, are also possible,
leading to capillary loops stretching and in-
creased rate of ultrafiltrate movement [25]. M.
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Hara et al. [26-28], using antibodies to podo-
cytic proteins podocalyxin, podocin, nephrin,
synaptopodin, identified podocytes and their
fragments in the urine of patients with various
glomerular diseases. The severity of podocyte
excretion with urine increased in parallel with
the degree of PU and reflected the activity of
GN, while in healthy individuals and patients
with CGN remission podocytes in the urine
were determined in small amounts. Damage
podocytes and the appearance of podocyturia
are observed in many glomerulopathies (in-
cluding focal segmental glomerulosclerosis,
membranous nephropathy, mesangiocapillary
HN, lupus nephritis, IgA nephropathy), corre-
lating with disease activity. It is believed that
podocyte damage in a number of forms of
CGH that are not true podocytopathies may be
the result of the activated renin-angiotensin-al-
dosterone system and a response to increased
intraglomerular pressure. The role of mechan-
ical effects on podocytes in alterations of glo-
merular architectonics in primary mesangial
cell damage is also discussed. Thus, in Thy-1
nephritis, a change in the shape of capillary
loops due to mesangial cell damage (mesan-
giolysis) results in protrusion of capillary loops
into the urinary space. Podocytes in this case
are subjected to shear stress, they are stretched,
their communication with GBM 1s weakened,
apoptosis processes are activated, thus, they
become more susceptible to sloughing. The
role of complement activation and membrane
attack complex C5v-9 is not excluded in podo-
cyte damage. As a result of massive podocyte
damage, PU develops, which is the clinical
equivalent of CGN activity. However, recent
studies have shown that PU does not always
fully reflect the activity of glomerular damage,
while podocyturia 1s probably a more accurate
marker of this process. Thus, in two experi-
mental models of glomerular damage, both pri-
mary (PAN nephrosis) and secondary HN
(anti-Thyl.1 nephritis), the simultaneous ap-
pearance of podocyturia and PU was found in
the early stage. However, in the later stage of
experimental nephritis, the disappearance of
podocyturia (active damage) was noted, while
PU continued to persist. The authors believe
that podocyturia 1s a more specific indicator of
active glomerular damage than PU and allows
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the distinction between chronic glomerular
barrier defect and active renal glomerular dam-
age to be identified. It should be noted that in
the anti-Thy1.1 nephritis model, primary dam-
age affects the glomerular mesangial cells, but
secondary damage occurs to podocytes with
the development of PU. One of the stereotypic
responses of podocytes to damage (exposure to
hemodynamic or proinflammatory factors) is
considered to be the appearance of different
structural and functional proteins of podocytes
and gap junction proteins (nephrin, podocin,
etc.) in the urine. On the one hand, nephrin
forms connections with actin fibers of the po-
docyte cytoskeleton, and on the other hand,
nephrin molecules, interacting with each other,
form an interpodocyte slit diaphragm. In the
experiment, it was convincingly shown that the
increased level of nephrin in the wurine
(nephrinuria) in NS is a consequence of dam-
age to podocytes and the closely associated gap
diaphragm, and the significance of nephrinuria
as an important condition for the development
of PU was demonstrated for the first time. In a
study by R. Luimula et al. in a model of PAN
nephrosis in rats showed increased nephrin ex-
cretion with urine at the peak of PU. In an ex-
perimental model of membranous nephropathy
(Heimann's nephritis) the introduction of com-
plement components (C5v-9) into the podocyte
membrane resulted in F-actin damage and
nephrin molecule detachment from the podo-
cyte with subsequent excretion with the urine.
In clinical studies, increased urinary excretion
of nephrin has been found in active CGN pa-
tients [4, 8], and decreased nephrin expression
in the kidney tissue of patients with PU
nephropathies, regardless of their morphologi-
cal form. Electron immunomicroscopy of renal
tissue in patients even before the development
of PU revealed areas of slit diaphragm destruc-
tion corresponding to areas of reduced nephrin
expression. When the process is far advanced
in the case of high PU development, the num-
ber of these areas increases significantly, and
they are characterized by an irregular distribu-
tion and alternate with completely preserved
areas of the slit diaphragm. Our earlier studies
have shown that in CGN patients clinically
presenting predominantly with PU and ne-
phrotic syndrome, regardless of the morpho-
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logical variant of nephritis, podocytes damage
1s revealed, accompanied by podocyturia and
urinary excretion of the cleft diaphragm struc-
tural protein, nephrin. The severity of these
changes depended on the level of PU, the se-
verity of NS, and the presence of renal dys-
function. In patients with massive PU and NS,
there was a decrease in the number of podo-
cytes 1n renal glomeruli - podocytopenia, cor-
relating with the value of podocyturia and the
severity of renal dysfunction. In a study by
Proletov et al., a decrease in PU level and
nephrinuria in dynamics was observed after
successful treatment of patients with cyclo-
sporine. The influence of podocytic dysfunc-
tion on the course of CGN was clearly seen
when analyzing the effect of immunosuppres-
sive therapy: in patients with high initial level
of nephrinuria and podocyturia, the response to
therapy was significantly worse.
Participation of podocytes in the
mechanisms of nephrosclerosis formation
Experimental and clinical evidence has
accumulated that the number of podocytes in
the glomerulus is an important determinant of
the development of glomerulosclerosis; pro-
gressive forms of CGN are shown to be accom-
panied by podocytopenia. Under conditions of
normal kidney tissue development, a large
number of nephrons are laid down, which ex-
ceeds the number sufficient for kidney func-
tion. This contributes to the adaptation of the
kidney to the increasing demands in the grow-
ing body and in adults. After 60 years of age,
the number of nephrons decreases by 50%, in
which case the initial oligonephronia is one of
the leading causes of renal failure formation in
kidney disease. But even with a normal num-
ber of nephrons at birth, the loss of podocytes
in primary and secondary glomerulopathies 1s
important in the development of renal failure.
The total number of podocytes in the glomeru-
lus is determined by the balance of their prolif-
eration and loss processes. Mature podocytes
are highly differentiated cells, practically not
dividing, with low proliferative potential. At
present, thanks to the achievements of experi-
mental nephrology and modern cell technolo-
gies, it has been convincingly shown that po-
docyte loss can be partially compensated by
podocyte progenitor stem cells that are local-
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1zed at the urinary pole of the glomerulus in the
area of the connection of the glomerular and
tubular epithelium and along the bowmen cap-
sule. Progenitor cells can migrate to the de-
nuded areas of the GBM. which has been
shown 1n some experimental models of CGN.
It has also been found that the parietal epithe-
lial cells of the Bowman capsule express the
stem cell markers CD24 and CDI133. As they
approach the vascular pole of the glomerulus,
they gradually lose these markers, acquire po-
docytic markers, and differentiate into mature
podocytes. Presumably, another source of po-
docyte renewal 1n the glomerulus may be bone
marrow stem cells. However, there are no
works confirming this assumption under clini-
cal conditions in humans. There 1s also no data
on the fact that in the human glomerulus there
are conditions for programmed migration of
progenitor cells in "denuded" areas of the
GBM in the normal or in the loss of podocytes.
Finally, the constant movement of ultrafiltrate
in the bowmen's space also prevents the attach-
ment and division of these cells. Thus, podo-
cytes as highly differentiated cells are incapa-
ble of proliferation and replacement, so the
progressive loss of these cells in the glomeru-
lus of the kidney leads to the denudation of the
SBM and triggers the processes of glomerulo-
sclerosis [1]. An important mechanism of po-
docyte loss 1s the activation of apoptosis pro-
cess that promotes podocyte detachment from
the GBM and excretion into the urinary space.
The processes of maladaptive podocyte hyper-
trophy and EMT, which reduce cell adhesive
properties and promote podocyte sloughing,
are also discussed. Thus, 1n cell culture it has
been shown that podocyte response to mechan-
ical stretch 1s hypertrophy, in particular, due to
activation of cell cycle inhibitors. In this case,
nucleus division is quite often observed, while
complete cell division does not occur, which 1s
proved by the appearance of binuclear and
multinucleated podocytes. Parallel to podocyte
hypertrophy, there is a decrease in adhesive
properties of the cells, their separation from
GBM and sloughing into the urine. Podocyte
loss 1s promoted by the activation of epithelial-
mesenchymal transdifferentiation mecha-
nisms. During EMT, podocyte dedifferentia-
tion and acquisition of mesenchymal cell
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markers, including expression of matrix metal-
loproteinases (MMPs), MMP-2 and MMP-9
localize in EMT areas, inducing the appear-
ance of myofibroblasts. Increased MMP ex-
pression stimulates GBM destruction as well
as migration of cells transformed into myofi-
broblasts. Similar to fibroblasts, transdifferen-
tiated podocytes acquireability to produce ma-
trix proteins (fibronectin, collagen, etc.), thus
accelerating the formation of glomerulosclero-
sis. Reducing the number of podocytes leads to
"denudation" of some areas of GBM, loss of
shape of capillary loops with the formation of
local bulges of basal membrane. When these
"bulges" come in contact with glomerular pa-
rietal cells, synechiae between capillary loops
and glomerulus bowmen capsule are formed,
which is the trigger mechanism for the begin-
ning of glomerular sclerosing [65]. It has been
shown that loss of podocytes in glomerulus up
to 20% 1s accompanied by mesangial expan-
sion, 20-40% - by formation of synechiae with
capsule, at loss of 40-60% podocytes glomeru-
losclerosis develops, marked depletion of po-
docytes >60% leads to global glomerulosclero-
sis. Critical reduction in the number of podo-
cytes in the glomeruli is a major factor in the
progression of glomerulosclerosis and de-
creased glomerular filtration rate.

Prospects for noninvasive assessment
of podocytic damage

Given the important role of podocyte
damage in the development of PU and progres-
sion of glomerulosclerosis, in recent years
there has been a significant increase in interest
in "urinary” biomarkers, quantitative determi-
nation of which allows non-invasive monitor-
ing of the severity of structural and functional
disorders of podocytes. To determine the se-
verity of glomerular filter damage in patients
with various forms of GN, different methods
are currently used - creation of cell culture to
determine "viable" podocytes and podocytes in
the state of apoptosis in urine, evaluation by
immunoenzymatic method of the level of
structural proteins of podocytes and slit dia-
phragm (nephrin, podocyn, synaptopodin, po-
docalixin and others).), cytofluometry in urine
sediment of antibody-labeled podocytes to po-
docalyxin, as well as urine immunoblotting to
detect mRNA of these proteins. In recent years,
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there 1s evidence that most immunosuppressive
drugs used in the treatment of GN, in addition
to the systemic action, have an effect directly
on the podocyte, this mechanism is the deter-
minant in the reduction of PU and HC termina-
tion [29]. Thus, a promising direction is the de-
velopment of targeted drugs aimed at restoring
the structure and function of the podocyte.

Conclusion

Thus, structural and functional disorders
of podocytes (podocytopathy), previously con-
sidered a specific feature of minimal change
disease, membranous nephropathy and focal
segmental glomerulosclerosis, are found in dif-
ferent variants of CGN occurring with PU and
NS. Despite the fact that the proteinuric forms
of glomerular renal lesions differ in etiology,
pathogenesis and clinical course, they are
united by a common phenotype of podocyte
damage: changes in the structure and apical
displacement of the interpodocyte cleft dia-
phragm, reorganization of the actin cytoskele-
ton of podocytes with the development of a
smoothing effect of the stalk processes, detach-
ment of podocytes from the GBM with their
appearance in the urine (podocyturia) and sub-
sequent decrease 1n their number 1n the
glomerulus (podocytopenia). Changes in po-
docytes associated with immune and hemody-
namic disorders in CGN may precede the de-
velopment of large PU, and their increase 1s
closely associated with morphological and
clinical manifestations of CGN progression.
Currently, available methods for noninvasive
assessment of podocytic damage using urinary
tests have emerged. Determination of podocy-
turia and the level of urinary excretion of po-
docytic proteins (nephrin, podocin, etc.) seem
promising to determine the severity of glomer-
ular damage, assess the risk of glomeruloscle-
rosis and predict the effectiveness of CGN
therapy.
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