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ABSTRACT

BACKGROUND: Paraoxon is an organophosphate compound, chronic poisoning by which has various manifestations. Individuals
exposed to organophosphates often develop glomerular and/or tubular sclerosis. Ultrastructural changes in the glomerular
filtration barrier (GFB) of the kidneys in experimentally induced acute paraoxon poisoning have not been described in available
scientific publications, underscoring the relevance of this study.

AIM: This study aimed to identify ultrastructural changes in the glomerular filtration barrier of the kidneys in rats following
acute paraoxon poisoning in sublethal doses.

METHODS: Kidney fragments were obtained from male outbred albino rats (Rattus norvegicus) 1, 3, and 7 days after paraoxon
poisoning. Three modes of paraoxon exposure were used. Immunochistochemical, electron microscopy, and morphometric
analyses were performed on the kidney tissue, followed by statistical analysis of the results.

RESULTS: Ultrastructural changes in the GFB were observed in all modes of paraoxon exposure. Endothelial cells of glomerular
capillaries showed an increased diameter of fenestrations, accompanied by a decrease in their density. Podocytes exhibited
changes in the size of the foot processes and a reduction in the number of third-order extensions that normally adhere to
the glomerular basement membrane. All three experimental groups showed an increase in the thickness of the glomerular
basement membrane on day 7 after poisoning. The most pronounced morphological changes in GBF structures following
paraoxon exposure were observed in the endothelial cells of the glomerular capillaries.

CONCLUSION: Acute paraoxon poisoning leads to ultrastructural changes in the GFB in rat kidneys. The data obtained contribute
to understanding the mechanisms of glomerulosclerosis development following chronic exposure to this toxin.
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YnbTpacTpyKTypHble U3MEHEHUS
rnoMepynspHoro ¢GunbTpaLMOHHOro 6apbepa nouek
Y KpbiC NpX OCTPOM OTPaBJIEHUU NapPAOKCOHOM
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'BoeHHo-MeunumHcKan akafiemna uM. C.M. Kuposa, Cankt-Metep6ypr, Poccus;
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AHHOTALMA

06ocHoBaHue. [apaokcoH — ¢ochopopraHMYecKoe COeAMHEHME, XPOHMYECKOE OTpaBfieHME KOTOPbIM UMEET pasnnyHble
NposiBNEeHNs. Y NL, KOHTaKTUpYIOLWMX ¢ GochOpopraHNyecKUMIU COEAUHEHUSIMK, HEPEAKO BbISBNSIOTCS TNIOMEepYnspHbIA
UM TyBYNApHbIA CKNEpO3, a TaKKe uX coyeTaHue. OnucaHue YNbTPacTpyKTYPHBIX U3MEHEHWI TNOMepynspHoro GunbTpa-
umoHHoro bapbepa (TMB) noyeK npW 3KCNepUMEeHTaNbHOM MOJENMPOBAHUN OCTPOr0 OTPABEHWUS MapaOKCOHOM Ha [aHHbIN
MOMEHT B JOCTYMHOMN JIUTEpaType OTCYTCTBYET, YTO NOAYEPKMBAET aKTyaNbHOCTb AaHHOr0 UCCe0BaHMS.

Lienb — BbISBUTb YNLTPACTPYKTYPHbIE U3MEHEHUS TNIOMEPYNIPHOro GUNLTPALMOHHOMO Bapbepa NoYeK Y KpbIC NpU OCTPOM
0TpaBfieHun cybneTanbHbIMKU 4,03aMK NapaoKCOoHa.

MeTogapl. DparMeHTHI NOYeK NoNyyYeHbl OT caMLoB benbix becnopoaHbIx Kpbic Rattus norvegicus cnycta 1, 3 u 7 cyTok nocne
OTpaBJieHUs NapaoKcoHoM. B pabote ucnonb3oBanu Tpy pexuma BO3LENCTBUA MapaoKcoHa. [poBefeHbl UMMYHOMUCTOXM-
MWUYECKOE, 3NEKTPOHHO-MUKPOCKOMMYECKOE M MOP(HOMETPUYECKOE UCCIIe0BaHUS NMOYEK, @ TaKKe CTAaTUCTUYECKUIA aHanu3
pe3ynbTaToB.

Pesynbratbl. YnbTpacTpyKTypHble u3MeHenuss b noyek HabnofaloTcs BO BCEX pexMMax BO3LENCTBUA MapaoKCOHa.
B aHpoTenmanbHbIx KneTKax KilybouKoBbIX KanuispoB NoYeYHbIX Tefew, yBennunBaeTca guaMeTp deHecTp npu ogHoBpe-
MEHHOM yMeHbLLEHUM YacToTbl UX pacronoxenus. B nogouutax obHapyeHo U3MeHeHMe pa3MepoB MOLOLIBEHHOW YacTyh
LMTOMOAMIA U COKpALLEHUe KonmyecTBa oTpocTKoB Il nopsaKa, npUMbIKalWmMX K rnoMepynspHon 6asanbHon MeMbpaHe.
Y MBOTHBIX BCEX TPEX OMbITHBLIX FPYNN YBENMUMBAETCA TOJILLMHA INOMepyNApHoi 6a3anbHoi MeMbpaHbl Ha 7 CyTKu noche
ocTporo oTpaBneHus. Hanbonee BoipaxeHHble Mopdonoruyeckue uameHenns cTpyktyp FOb nocne Bo3nencTBUA NapaoK-
COHa Habnopanu B 3HAOTENNANBHBIX KNETKax KnybouKoBbIX Kanuansapos.

3akntoueHue. OcTpoe oTpaBfeHWe NAapaOKCOHOM BbI3bIBAET YbTPACTPYKTYpHble U3MeHeHus OB noyek y Kpbic. MonyyeHHble
AaHHble CNocoBCTBYIOT MOHMMAHMI0 MEXAHU3MOB Pa3BUTUSA TTIOMEPYJIOCKIIEPO3a MPY XPOHMYECKOM BO3AEHACTBUM TOKCUKAHTA.

KnioyeBble cnoBa: TPaHCMUCCMOHHAA 3NEKTPOHHAS MMKPOCKOMWSA; MApaoKCOH; HEdPOTOKCMYHOCTb; FAIOMEpPYNAPHBbIN
GUNLTPaLMOHHBIN bapbep noyek; MophoMeTpUs.
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BACKGROUND

A number of studies have addressed the nephrotoxicity of
organophosphorus compounds (OPs), including investigations
of chronic kidney disease of unknown etiology in humans and
data obtained from experimental animals [1-3]. However, the
results of these studies provide only indirect evidence of the
role of OPs in the development of renal condition. Histological
analyses of renal tissue under acute and chronic exposure
to OPs have revealed tubular epithelial injury, interstitial
fibrosis, and pronounced glomerulosclerosis associated with
mild to moderate damage of tubular epithelial cells (TECs)
in the proximal and distal tubules of the nephron [4-6].
OPs are widely used worldwide, including in agricultural
applications, primarily as insecticides and acaricides.
Noncompliance with safety procedures when handling this
class of compounds allows OPs to penetrate the human body
through the skin and mucous membranes [7]. Parathion is
classified by the World Health Organization as an extremely
hazardous organic pollutant of the highest toxicity class [8].
Exposure to parathion results in irreversible inhibition of
acetylcholinesterase in the synaptic cleft. The subsequent
excessive stimulation of muscarinic and nicotinic cholinergic
receptors is the primary mechanism of toxicity for most OPs.
Parathion metabolites, one of which is paraoxon [8], are
excreted from the body via the kidneys.

The structure responsible for plasma filtration is the
glomerular filtration barrier (GFB). It consists of fenestrated
endothelial cells, podocytes, and the glomerular basement
membrane (GBM) [9, 10]. Podocytes are epithelial cells
with branched foot processes of various orders [9, 10].
The components of the GFB are functionally interconnected
through cross-talk between the VEGFA-eNOS and NO-ET-1
signaling pathways, which ensure coordinated function of
all GFB elements [11, 12]. A tubuloglomerular feedback
mechanism has also been described in the nephron,
linking distal TEC and the macula densa [13]. For effective
filtration and maintenance of selective GFB permeability,
the fenestrations of endothelial cells are covered with
a glycocalyx, and the tertiary foot processes of podocytes
are interconnected by slit diaphragms, whose main structural
protein is nephrin. The selective permeability of the GBM
depends on the molecular size of the filtered particles
[14, 15]. Ultrastructural analysis of the GBM in mice following
administration of gold-labeled albumin demonstrated that
nanoparticles of different molecular weights show variable
abilities to traverse the dense lamina of the GBM. Only
particles with molecular weight smaller than 66 kDa pass
through the GBM and accumulate adjacent to the podocyte
foot processes [16].

Given the extremely small size of all components of the
GFB, ultrastructural examination is essential for detecting
alterations induced by acute or chronic exposure to OPs.
Currently, the most vulnerable nephron component to OP-
induced damage is considered to be the TEC population [4-6].

Vol. 163 (4) 2025

DOl https://doiorg/10.17816/morph 677064

Morphology

The choice of laboratory animal species is critical when
modeling acute OP intoxication. OP exposure has been
studied in rodents, primates, pigs, aquatic organisms,
and representatives of the phylum Platyhelminthes, using
various routes of administration, including intraperitoneal,
intravenous, intramuscular, subcutaneous, dermal, inhalation,
and oral [17-19]. Guinea pigs, nonhuman primates, and
humans show low activity of plasma carboxylesterase,
which metabolizes and inactivates OPs, thereby reducing
the extent of their damaging effects on urinary tract cells
[17]. Rats remain the most commonly used laboratory
animals in toxicological studies involving OPs [17, 20, 21].
However, a key physiological feature of rats is their high
carboxylesterase activity, which can stoichiometrically bind
OPs entering the bloodstream [22]. To address this, several
rat models of OP poisoning described in the scientific
data include a step involving plasma carboxylesterase
activity neutralization [23]. Such models involve the use of
specific inhibitors, such as CBDP (2-(o-cresyl)-4H-1,3,2-
benzodioxaphosphorin-2-oxide), or repeated administration
of the tested OP to achieve neutralization of carboxylesterase
activity, thereby partially aligning the obtained data with the
effects of poisoning in humans.

Considering that the choice of an appropriate
experimental model for studying acute and chronic OP
toxicity requires careful attention to species-specific
features of laboratory animals, and taking into account the
importance of understanding ultrastructural changes in the
GFB under acute toxic exposure, the present study is of
particular relevance.

The work aimed to identify ultrastructural changes in the
glomerular filtration barrier of the kidneys in rats following
acute paraoxon poisoning in sublethal doses.

METHODS
Study Design

The study was based on biological material (rat kidney
tissues) obtained from a prospective, controlled, randomized
toxicological experiment.

Study Setting

Histological and ultrastructural examinations of rat
kidneys were performed at the .M. Sechenov Institute of
Evolutionary Physiology and Biochemistry of the Russian
Academy of Sciences and the S.M. Kirov Military Medical
Academy.

Eligibility Criteria

The study included kidney samples from all surviving male
rats weighing 250-370 g after acute exposure to a sublethal
dose of paraoxon. The animals were housed in standard T2-
type plastic cages at a temperature of +20-22 °C. They were
provided with standard pellet feed Chara ( Laboratorkorm,
Russia) and had free access to drinking water.
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Study Duration

Renal cortical tissue samples were obtained from
animals following decapitation using a laboratory rodent
guillotine (Open Science Research and Production Company,
Russia) at 1, 3, and 7 days after paraoxon administration. The
study was conducted from 2019 to 2023. Biological material
from animals of the three poisoning models was collected
sequentially, whereas the morphological examination was
performed simultaneously.

Intervention

Kidney tissue samples were obtained from rats of control
group and from three experimental groups of animals
exposed to paraoxon toxicity: group M1 (poisoning model 1),
single administration of paraoxon (n = 15); group M2
(poisoning model 2), double administration of paraoxon with
a 1-hour interval (n = 15); group M3 (poisoning model 3),
sequential administration of the carboxylesterase inhibitor
CBDP and paraoxon with a 1-hour interval (n = 15). Animals
of the control group received 1 mL of 0.9% NaCl. Paraoxon
doses corresponded to the LD, values. All substances—
paraoxon (Paraoxon-ethyl, D9286, Sigma-Aldrich, USA),
CBDP (2-(o-cresyl)-4H-1,3,2-benzodioxaphosphorin-2-oxide,
Research Institute of Hygiene, Occupational Pathology, and
Human Ecology, Russia), and 0.9% NaCl—were administered
subcutaneously. The groups of animals and administered
doses are summarized in Table 1 and have been described
previously [23]. Tissue samples were collected at 1, 3, and
7 days after paraoxon exposure. Immunohistochemical
examination, transmission electron microscopy, and
morphometric analysis were performed.

For immunohistochemical analysis, kidney cortex
fragments were fixed in 10% neutral buffered formalin (pH
7.2-1.4), dehydrated, embedded in paraffin, and sectioned
at a thickness of 5 pm. Antigen retrieval was performed by
heat-induced epitope unmasking in citrate buffer (pH 6.0).
Primary antibodies against nephrin (rabbit polyclonal, 1:100
dilution; PRS2265-100UG, Sigma-Aldrich, USA) and collagen
type IV (rabbit polyclonal, 1:100 dilution; SAB4500382,
Sigma-Aldrich, USA) were applied. Deparaffinized sections
were incubated with primary antibodies overnight at
+4 °C in a humid chamber. Antigen visualization was
performed using the Reveal Biotin-Free Polivalent DAB
Detection System (Spring Bioscience Co., USA) according
to the manufacturer's instructions. Secondary antibodies
conjugated with horseradish peroxidase were included in
the detection kit.

Table 1. Modeling of acute paraoxon poisoning in sublethal doses in rats
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For ultrastructural analysis, kidney cortex fragments
were fixed in 2.5% glutaraldehyde in phosphate-buffered
saline (pH 7.2-7.4), post-fixed in 2% osmium tetroxide
(0sQ4) in the same buffer (pH 7.2-7.4), and embedded
in Araldite resin (EMS, USA). Sections 80 nm thick were
contrasted with lead citrate and 1% aqueous uranyl acetate
(Serva, Germany). Electron micrographs were obtained using
a Merlin transmission electron microscope (Zeiss, Germany)
at magnifications of x1,000, x5,000, and x8,000.

Main Study Outcome

To identify ultrastructural changes in the GFB of rat
kidneys following exposure to a sublethal dose of paraoxon,
compared with the control group.

Group Analysis

No special criteria were applied for group allocation.
Morphological analysis was performed on cortical kidney
fragments obtained from animals in the three paraoxon
poisoning models (M1, M2, and M3) described previously [23].

Paraoxon was administered subcutaneously at a dose
corresponding to LDg,. Control animals received subcutaneous
injections of 1 mL of 0.9% NaCl. The specific carboxylesterase
inhibitor CBDP was also administered subcutaneously.

Outcomes Registration

Results of the immunohistochemical analysis were
evaluated visually using a three-point semiquantitative
scale and expressed as percentages. Morphometric
assessment of GFB structures was performed according
to the method described by Bgatova and Taskaeva [24] on
electron micrographs of four renal corpuscles per animal.
The following parameters were measured: the diameter and
number of endothelial fenestrations in glomerular capillaries
over a 2 um segment; the thickness of the GBM; the number
and width of podocyte third-order processes along a 2 um
GBM segment; and the height of TEC in proximal and distal
tubules of the nephron.

Statistical Analysis

The sample size was not pre-calculated. The study
included cortical kidney tissue fragments from all rats that
survived exposure to sublethal doses of paraoxon across the
three poisoning models.

Quantitative data were analyzed using GraphPad Prism 5.0
(GraphPad Software Inc., USA). The Kolmogorov—Smirnov
test was used to verify the normal distribution of quantitative

Exposure Control Model 1 Model 2 Model 3
Carboxylesterase inhibition - - Paraoxon, 110 pg/kg CBDP, 3.3 mg/kg
Administered compound 0.9% NaCl Paraoxon, 250 pg/kg Paraoxon, 150 pg/kg Paraoxon, 150 pg/kg

Note: CBDP, specific carboxylesterase inhibitor, 2-(o-cresyl)-4H-1,3,2-benzodioxaphosphorin-2-oxide.
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variables. One-way ANOVA with Bonferroni correction was
applied. Differences were considered significant at p < 0.05.
Results are presented as M + SD, where M denotes the
arithmetic mean and SD the standard deviation.

RESULTS
Study Objects

The survival rate of animals in all three paraoxon poisoning
models was 50%, corresponding to the administered toxicant
dose equal to LDs;.

Primary Results

In all experimental groups, one day after paraoxon
administration, rats exhibited TEC alterations in the proximal
tubules of the nephron, including microvilli damage, TEC
desquamation, and the presence of cellular debris within
the tubular lumen. By day 7 after intoxication, these
changes were no longer observed. Renal corpuscles showed
glomerular capillary loops with well-developed profiles
and open capillary lumina, with no detectable debris within
Bowman's capsule. At the ultrastructural level, changes in
the components of the GFB were detected in rats across all
experimental groups. Morphometric characteristics of GFB
elements are summarized in Table 2.

The number of endothelial fenestrations decreased
compared to controls in group M3 one day after intoxication
and in groups M2 and M3 seven days after intoxication. At the
same time, the diameter of fenestrations increased in group
M1 at days 1 and 7 after paraoxon exposure and in group M2
on day 7 after acute poisoning. In group M3, this parameter
did not differ significantly from control values (Table 2).

Vol. 163 (4) 2025
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An increase in GBM thickness was noted in model M3 on
day 1 after exposure; however, no difference from the control
group was observed by day 7. In contrast, in models M1 and
M2, GBM thickening was evident only on day 7 after paraoxon
administration (Table 2).

The mean number of podocyte processes per 2 pm
membrane segment increased only in model M2 one day
after intoxication; in other experimental groups, no significant
differences from controls were detected. The width of
podocyte foot process bases was significantly greater in
models M2 and M3 at day 7 after poisoning (Table 2). No
changes were found in model M1 at these time points.

The height of TECs in both proximal and distal tubules
of nephron differed from control values at both 1 and 7
days after paraoxon exposure. In the proximal tubules, TEC
height increased in group M3 at both time points. In the
distal tubules, TEC height decreased in group M1 on day
1 and increased in group M2 on day 7 compared with the
control group (Table 2). In addition, hypertrophy of TECs
in the distal tubules was observed in models M2 and M3,
whereas in model M1, transient flattening of the cells was
noted (Table 2).

The principal alterations in the structure of the GBM
following paraoxon poisoning were similar among all
experimental groups. In groups M1, M2, and M3, the
basement membrane exhibited irregular thickness with
rarefied areas adjacent to endothelial cells, as well as
regions of GBM duplication. However, no disruption of GBM
integrity or presence of osmiophilic electron-dense deposits
was observed (see Fig. 1). The slit diaphragms connecting
the tertiary podocyte processes remained intact in both the
control and all experimental groups (Fig. 1).

Table 2. Morphometric parameters of glomerular filtration barrier elements in the control and experimental groups

Parameter | Day | Control Model 1 | Model 2 | Model 3
1 10.00+1.90 9.66+1.70 9.78+1.50 6.55£1.10%*
Number of endothelial fenestrae per 2 pm segment, n
7 10.00+1.90 9.00+2.20 7.45+1.60%** 7.71£2.10%
1 0.08+0.02 0.12+0.03*** 0.08+0.02 0.100.02
Diameter of fenestrae, um
7 0.08+0.02 0.10£0.02* 0.10£0.03* 0.09+0.02
1 0.18+0.02 0.18+0.02 0.17+0.06 0.20+£0.05**
Thickness of the glomerular basement membrane, um
7 0.18+0.02 0.21£0.05*** 0.22+0.09*** 0.18+0.05
1 5.93+1.80 7.20£1.90 7.40£1.30% 6.70+1.80
Number of podocyte foot processes per 2 pm segment, n
6.07+1.80 6.29+1.50 6.04+1.50 6.71£1.50
1 0.20£0.09 0.221£0.13 0.20£0.09 0.25£0.15
Width of the basal portion of podocyte foot processes, pm
0.19:0.07 0.170£0.07 0.270.15%** 0.27+0.18**
1 11.52+2.90 12.70+4.30 12.07+2.80 13.44+3.80*
Height of tubular epithelial cells in proximal tubules, um
7 11.52+2.90 10.613.10 11.71+2.80 13.56+2.80*
_ o o 1 8.72+2.40 6.02£2.10%* 8.59+2.30 9.59£2.20
Height of tubular epithelial cells in distal tubules, um
7 8.72+2.40 7.23+3.30 10.43+2.90* 8.57+2.60

Note: Data are presented as M + SD, where M is the mean and SD is the standard deviation; * p < 0.05, ** p < 0.01,

control.
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Fig. 1. Ultrastructure of the renal glomerular filtration barrier in three paraoxon poisoning models: g, fenestrations of endothelial cells in the control
group on day 3 of the experiment; b, fenestrations of endothelial cells in a rat after a single paraoxon administration (model 1); ¢, disruption of the
basal labyrinth structure of tubular endothelial cells; d, structure of the glomerular basement membrane in the control group; e, structural changes
in the glomerular basement membrane 7 days after paraoxon exposure (model 2); f, structural changes in the glomerular basement membrane 7
days after paraoxon exposure (model 3). Arrows indicate: black, structural changes in the glomerular basement membrane beneath endothelial
cells; white, representative areas of endothelial fenestrations; unfilled, slit diaphragms. Transmission electron microscopy, scale bars: a, b, 200 nm;

¢, 2 um; d—f, 1 pm.

Additional Study Outcomes

No abnormalities in the localization of nephrin or
type IV collagen were detected following acute paraoxon
intoxication at sublethal doses (see Fig. 2). The intensity of
the immunohistochemical reaction was visually assessed as
strong positive staining in both the control and experimental
groups.

DISCUSSION

Summary of Primary Results

Acute paraoxon poisoning in all three experimental
models induced ultrastructural alterations in the components
of the GFB, including endothelial cells of the glomerular
capillary network, the GBM, and podocytes. The identified
structural alterations were not detected in histological
specimens examined by light microscopy, which highlights
the need to employ ultrastructural methods in studies of
paraoxon-induced nephrotoxicity.

Discussion of Primary Results

This study demonstrated ultrastructural alterations in
the GFB of rat kidneys following acute paraoxon intoxication
under three different exposure regimens. In all experimental
groups, the GFB components exhibited similar structural
changes, which is consistent with scientific data describing
comparable morphologic manifestations in septic, toxic, and
hypoxic renal injury models [25].

DOI: https://doi.org/1017816/morph.677064

Restoration of TEC integrity in proximal tubules was
observed by day 7 after paraoxon exposure, in agreement
with previous reports describing TEC recovery in cases of
unintentional human poisoning [6]. It is well established
that nephron TECs possess the capacity for regeneration,
proliferation, and migration [26, 27].

Immunohistochemical analysis using antibodies against
nephrin and type IV collagen revealed no differences in
staining intensity between renal tissue samples of the control
group and those from the three experimental groups ( three
paraoxon-exposure models). Nephrin was localized within
podocyte cytoplasm, whereas ultrastructural examination
clearly demonstrated slit diaphragms in which nephrin acts as
a linker protein between adjacent podocyte processes. The slit
diaphragm proteins maintain the actin cytoskeleton of podocyte
foot processes in a physiological state, essential for preventing
proteinuria [2]. Podocytes are epithelial cells incapable of
proliferation; however, their actin cytoskeleton retains contractile
properties [2]. Damaged podocytes undergo hypertrophic
changes and cytoskeletal remodeling of foot processes to
compensate for the uncovered areas of the GBM [2].

Disturbances in renal microcirculation caused by acute
OP poisoning imply a hypoxic impact on kidney cells [28].
Cellular injury resulting from ischemia-reperfusion, as well
as abnormal levels of various circulating factors during OP
intoxication, can lead to endothelial dysfunction [12]. The
muscarinic receptor AChMIR (acetylcholine muscarinic
receptor M1) has been reported to mediate structural
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Fig. 2. Capillaries of the glomerular tuft in intracortical nephrons of rats: g, c, control group; b, d, after paraoxon exposure (model 1). Inmunchistochemical
staining with antibodies to: a, b, nephrin, 3 days after paraoxon exposure; c, d, type IV collagen, 7 days after paraoxon exposure; counterstained with
Mayer hematoxylin. Magnification: a, b, x1000; c, d, x400.

alterations observed in the endothelial cells of glomerular
capillaries [29]. In the present study, the most pronounced
alterations were found in the endothelial cell architecture,
including changes in fenestration diameter and number,
detected across all experimental models on day 7 following
paraoxon exposure. Fig. 3 schematically illustrates the GFB
elements undergoing structural modification on day 7 after
toxicant exposure.

The findings indicate that paraoxon exposure induces
interrelated alterations among the GFB components. On day
7, a decrease in the number and an increase in the diameter
of endothelial fenestrae were accompanied by thickening
of the GBM, widening of podocyte foot processes, and an
increase in their number. In model M3, one day after paraoxon
administration, the reduction in fenestrae number and the
increase in their diameter were associated with thickening
of the GBM and widening of the basal portion of podocyte
processes. In model M1, which lacked the carboxylesterase
inhibition step, only an increase in fenestrae diameter was
observed one day after exposure.

DOI: https://doiorg/10.17816/morph 677064

The changes of GBM structural changes differed among
the experimental groups. Sequential GBM thickening was
observed following single (group M1) and double (group
M2) paraoxon administration. In contrast, in the group
receiving CBDP (group M3), the thickening of the basement
membrane noted 1 day after toxicant exposure had resolved
by day 7. It may be assumed that the increased intensity of
transglomerular transport in group M3 leads to transient
protein accumulation within the GBM at day 1. By day 7,
podocytes appear to remove the excess protein from the
membrane, resulting in decreased GBM thickness [16].
In addition to altered selective permeability and protein
accumulation within the GBM, abnormal synthesis of
membrane components may occur as a consequence
of acute toxic stress and metabolic uncoupling between
podocytes and endothelial cells [30]. Along with impaired
fenestral selectivity and macromolecular accumulation
within the GBM, endothelial dysfunction and disturbances
in intercellular signaling between GFB components are
also likely [11, 31]. In models M2 and M3, on day 7 after
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Fig. 3. Schematic representation of the renal glomerular filtration barrier in three experimental paraoxon poisoning models: framed areas indicate
components of the glomerular filtration barrier in which changes were observed 7 days after acute paraoxon exposure. The thicker frame in model M2
highlights the severity of changes involving all components of the glomerular filtration barrier.

paraoxon administration, widening of the basal portions of
podocyte processes was accompanied by GBM thickening.
A possible mechanism underlying these alterations may
involve actin microfilament reorganization within podocytes
to compensate for the uncovered regions of the GBM.
Cross-talk between endothelial cells and podocytes via the
VEGFA-eNOS and NO-ET-1 signaling pathways enables the
glomerular endothelium to initiate podocyte cytoskeletal
remodeling through endothelin-1 (ET-1) release [11, 12].

Structural alterations in TECs of the distal tubules were
detected on day 7 following paraoxon exposure in models
M2 and M3. According to published data, the principal
mechanism underlying distal tubular cell hypertrophy is
an increase in Na* concentration in the tubular fluid [32].
Damage to the brush border of proximal TECs observed on
day 1 after exposure, and the associated impairment of active
ion transport, are likely responsible for the subsequent rise
in Na* concentration in the tubular fluid [27].

Study Limitations

This study focused on the morphological changes in
rat kidney tissues, aiming to identify alterations in the GFB
resulting from paraoxon exposure. All GFB changes described
in this work correspond to the early post-exposure period
(days 1, 3, and 7 after poisoning).
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CONCLUSION

Acute paraoxon poisoning induces ultrastructural alterations
in GFB components in rats, specifically in the endothelial cells
of glomerular capillaries, the GBM, and podocytes. These
changes are not detectable by light microscopy, highlighting
the necessity of ultrastructural examination of the kidneys
when assessing OP-induced nephrotoxicity.

Endothelial cells of the glomerular capillary network
are the most susceptible to acute paraoxon exposure, with
the most pronounced alterations observed in rats following
double administration of the toxicant (group M2). The findings
suggest that this experimental model most accurately
reflects the processes associated with the acute toxic effects
of OPs. The use of this model in rodents may be valuable for
assessing potential health risks in humans exposed to OPs.
The ultrastructural alterations in GFB components observed
in this study indicate that chronic OP poisoning may lead to
decreased renal functional activity due to damage to renal
corpuscles.
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