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Abstract: Per- and polyfluoroalkyl substances can be referred to as the most critical group of contami-
nants of emerging concern. They can accumulate in high concentration in the kidney and are known
to potentially affect its function. Nonetheless, there is a lack of knowledge about their morphopatho-
logical effect on the glomerular filtration barrier. Since previous research suggests perfluorooctanoic
acid (PFOA) induces glomerular protein leakage, the glomerular filtration barrier of 30 carp from the
same parental stock (10 unexposed; 10 exposed to 200 ng L1 of PFOA; and 10 exposed to 2 mg L1
of PFOA for 56 days) was screened for possible PFEOA-induced ultrastructural lesions in order to
shed light on the related pathophysiology. PFOA exposure affected the glomerular filtration barrier
in carp experimentally exposed to 2 mg L~!, showing ultrastructural alterations compatible with
glomerulonephrosis: podocyte effacement, reduction of filtration slits and filtration slit diaphragms,
basement membrane disarrangement, and occurrence of proteinaceous material in the urinary space.
The results of the present research confirm the glomerular origin of the PFOA-induced protein leakage
and can contribute to the mechanistic comprehension of PFOA’s impact on renal function and to the
assessment of the exposure effect of environmental pollutants on animals and humans, according to
the One Health approach.

Keywords: kidney; toxicologic pathology; environmental pathology; fish model; glomerular protein
leakage; per- and polyfluoroalkyl substances

1. Introduction

Despite the structural diversity of excretory organs among metazoan taxa, two mor-
phofunctional excretory compartments can be identified: the primary urine-producing
apparatus and the modulating tubule [1]. Notably, podocyte-based metanephridial systems
are the primary urine-producing apparatus of eucoelomates, including vertebrates, where
podocyte basic architecture is phylogenetically conserved [1]. Exclusive to vertebrates
are the more developed primary processes in the podocyte, the presence of glomerular
capillary loops, lined by fenestrated endothelial cells and the occurrence of mesangial
cells, specialized pericytes [1,2]. Accordingly, the glomerular filtration barrier is mainly
constituted by the vascular (fenestrated endothelial cells and mesangial cells) and epithe-
lial (podocytes) compartments and the interposed basement membrane [1]. Such basic
architecture is completed by the presence of glycocalyx on fenestrated endothelial cells,
but also between podocytes and basement membrane, and of a slit diaphragm between
contiguous pedicels, mainly formed by the transmembrane protein nephrin [3-7]. Since the
morphofunctional integrity of the glomerular filtration barrier is of paramount importance
to grant proper renal excretory functionality and all the integrated /related functions, it has
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been extensively studied for possible morphofunctional alteration, with particular regard
to proteinuria (urine protein leakage) [4,8-11].

Among other water pollutants, contaminants of emerging concern (CECs) are partic-
ularly relevant because they may cause ecological, wildlife, and human health impacts
because they are not fully regulated and/or not routinely monitored in the environment [12].
Per- and polyfluoroalkyl substances (PFAS) can be referred to as the most critical group of
CECs [13]; they can accumulate at high concentration in the kidney, playing a primary role
in their excretion, and are known to potentially affect renal function [14-24]. Nonetheless,
there is a generalized lack of knowledge about the morphopathological and ultrastructural
effects of these pollutants on the glomerular filtration barrier [14-24]. PFAS represent a
heterogeneous class of synthetic fluorinated chemicals, containing at least one fully flu-
orinated methyl or methylene carbon atom [25]. PFAS have been widely used in many
industrial processes and products (e.g., fire-suppressing foams, food packaging, textile
treatments) [26-28]. They are released into the environment during industrial production,
commercial use, final usage, and disposal, and being extremely stable and mobile in both
abiotic and biotic matrices, they are considered ubiquitous contaminants, belonging to
the group of persistent organic pollutants (POPs) [29,30]. Perfluorooctanoic acid (PFOA),
one of the best-known PFAS, shows amphiphilicity, having a hydrophobic 7-carbon chain
in which hydrogen atoms are substituted by fluorine atoms and a hydrophilic carboxylic
group [31]. PFAS are of high concern for aquatic ecosystems due to their strong water
solubility, persistence, and long half-life in organisms [32,33]. Recently, the European
Commission amended Annex I to Regulation (EU) No. 2019/1021 on persistent organic
pollutants (POPs Regulation) to ban PFOA, its salts, and PFOA-related compounds [34].
More recently, the U.S. Environmental Protection Agency has issued interim updated
drinking water health advisories for PFOA and perfluorooctane sulfonic acid (PFOS) [35].
In particular, the interim updated health advisories for PFOA are 0.004 ppt, which is
1073 of the detection limit of the currently approved analytical method for PFOA, pos-
ing significant challenges in developing ultrasensitive analytical methods [36,37]. These
stresses underscore the worldwide concern about the effects of PFAS in general and PFOA
in particular.

Fish are certainly the best candidates for aquatic ecosystem monitoring purposes,
completing all their life cycle in water and being the most representative vertebrates [38].
With regard to PFAS, most fish studies have been performed on cyprinids, especially
Danio rerio (Hamilton, 1822) [39]. In spite of the unquestionable success and usefulness
of D. rerio in biomedical research, common carp (Cyprinus carpio Linnaeus, 1758) should
be regarded as an animal model both for field and experimental studies on PFAS due to
its widespread and abundant presence in freshwater ecosystems worldwide, the fact that
it is easy to rear and maintain in captivity, the fact that it is a food source, and the fact
that it has been considered an “ecological engineer” [22,40—42]. It is worth mentioning
that animals may be used according to the One Health approach, both as experimental
models in biomedical research and as indicator species for assessing the exposure effect of
environmental pollutants on humans and animals [43,44]. Common carp has already been
indicated as a sentinel fish for PFOA-induced damages and as a related fish model [45].

The effect of PFOA on the nephron modulator tubular compartment has previously
been tested in the same fish as the present study [22]. Ultrastructural evidence of glomerular
protein leakage was deduced from the increased glomerular protein ultrafiltrate pinocy-
tosis by epithelial cells in the first proximal tubular segment. Apart from glomerular
capillary bed dilation and reduction of the normal glomerular folding pattern, no appre-
ciable pathological changes were noted at light microscopy, despite the observation of
epoxy resin-embedded semithin sections [22]. Though these alterations were particularly
evident in specimens from fish exposed to the highest tested concentration (2 mg L~1), they
were also present, as incipient features, in fish exposed to the lowest tested concentration
(200 ng L~1), despite the fact that the analytical PFOA renal concentration was below the
limit of detection (LOD) [22]. The apparent discrepancy between morphopathological but
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also gene expression results and the related analytical PFOA tissue concentration under the
LOD in carp exposed to 200 ng L~! PFOA has also been observed and discussed for the
liver, the renal hemopoietic tissue, the gonads, and the renal thyroid follicles from the same
carp as the present research, stressing the possible limitation/bias in the adoption of PFOA
analytical detection in tissues as a biomarker of exposure [22,45-47].

Though light microscopy should be regarded as the first line of investigation in pathol-
ogy, the adoption of transmission electron microscopy should be considered mandatory
in renal pathology, with particular regard to the study of the glomerular filtration bar-
rier [11,48-50]. Therefore, the carp from the previous research [22], experimentally exposed
to two PFOA concentrations (200 ng L~! and 2 mg L~!) for 56 days, were specifically
screened for ultrastructural lesions at the glomerular filtration barrier level in comparison
to the unexposed ones, in order to shed light on the possible PFOA-induced glomerular
protein leakage pathophysiology.

Perfluorooctanoic acid exposure was shown to affect the glomerular filtration barrier
in all three of its main components (fenestrated endothelium, basement membrane, and
podocyte) in carp experimentally exposed to 2 mg L1, showing ultrastructural signs com-
patible with the diagnosis of glomerulonephrosis. Accordingly, this is the first experimental
study documenting PFOA-induced lesions at the glomerular filtration barrier and can
contribute to the mechanistic comprehension of PFOA’s impact on renal function, with
particular regard to glomerular protein leakage, and the assessment of the exposure effect
of environmental pollutants to animals and humans, according to the One Health approach.

2. Materials and Methods

The renal samples examined during the present study were obtained from a previous
one [51], where 31 two-year-old common carp (total length: 19.32 & 2.49 cm, body mass:
104.84 + 27.80 g [mean =+ standard deviation]) from the same parental stock were exper-
imentally exposed to two PFOA (PFOA standard, chemical purity 96%, Sigma-Aldrich
catalogue number 171468, Merck KGaA, Darmstadt, Germany) concentrations (200 ng L~
[n = 10] and 2 mg L' [n = 11]) for 56 days, coherently with a sub-chronic exposure, in
a flow-through open system (500 mL of water min~!) and tissues examined for possible
induced alteration in comparison to unexposed, control fish (n = 10). In particular, the
dose of 200 ng L~! was adopted as an environmentally relevant concentration based on
PFOA reports in surface water [52], whereas the dose of 2 mg L~! was chosen to induce a
certain histological response, as previously reported in other cyprinid fish [53]. Fish were
euthanized by spinal cord severing after an anesthesia overdose with tricaine methane-
sulfonate (MS-222). Tissue PFOA concentrations were found to be below the limit of
detection (LOD = 0.4 ng g~ !), using high performance liquid chromatography with electro-
spray ionization tandem mass spectrometry, in fish exposed to the lowest concentration
(200 ng L~ 1), while PFOA concentrations in fish from the highest tested concentration
(2 mg L~1) were 64.87 & 24.25 in blood and 1.08 =+ 0.54 in kidney (ng g~! wet weight,
mean + standard deviation) [51]. The reader is referred to Giari et al. (2016) [51] for further
details about the experimental design, fish biometry, and analytical quantification of PFOA
concentrations in tissues/organs, and to Manera et al. (2021, 2022) [22,45,54] for electron
microscopy technique.

In brief, referring only to the topic of the present study, 30 representative kidney
samples from 30 carp (10 unexposed, 10 exposed to 200 ng L~! of PFOA, and 10 exposed
to 2 mg L~! of PFOA) were collected and processed for electron microscopy as follows:
Samples were fixed in 2.5% glutaraldehyde buffered with sodium cacodylate (pH 7.3)
at 4 °C for 3 h, post-fixed in 1% osmium tetroxide for 2 h, dehydrated in a graded se-
ries of acetone, and embedded in epoxy resin (Durcupan™ ACM, Fluka, Sigma-Aldrich,
St. Louis, MO, USA). Ultrathin sections (90 nm) were contrasted with uranyl acetate and
lead citrate and examined under a Zeiss EM 910 transmission electron microscope (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany) operating at 120 kV.
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3. Results

Unexposed fish showed the typical renal corpuscle structure found in vertebrates,
where podocytes, fenestrated endothelial cells, and the interposed basement membrane con-
stitute the glomerular filtration barrier. Podocytes showed a large cell body with elongated
branching cell processes (primary and secondary processes) ending in fine interdigitated
finger-like tertiary foot processes, also known as pedicels (average width = 228 nm), contact-
ing the basement membrane (average thickness = 146 nm) (Figure 1A). Contiguous pedicels
displayed interposed gaps where the basement membrane was not covered by the afore-
mentioned podocyte processes, thus forming the filtration slits (average width = 82 nm).
In correspondence with each filtration slit, a filtration slit diaphragm was appreciable as
a fine, electron-dense line bridging contiguous pedicels (Figure 1B). Glomerular endothe-
lial cells appeared as elongated, flattened cells, displaying the characteristic transcellular
perforations known as fenestrae (average width = 136 nm) (Figure 1A,B).

Figure 1. Cont.
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Figure 1. Transmission electron micrographs of the glomerular filtration barrier in unexposed carp
(A,B), carp exposed to PFOA 200 ng L~1(C), and carp exposed to 2 mg L~ (D-F). (A) The normal
architecture of the glomerular filtration barrier is shown. The large bodies of podocytes (P) are
appreciable, along with the typical interdigitated finger-like tertiary foot processes (pedicels) (thin
arrows), contacting the underlying basement membrane, interposed between the foot processes and
the fenestrated endothelium (large arrows) of glomerular capillaries (GC). (BC) Bowman'’s capsular
epithelium. (E) Erythrocyte. (*) Urinary space. Scale bar = 1 um. (B) The slit diaphragm is appreciable
as a fine electron-dense line bridging contiguous pedicels (thin arrows) in correspondence of each
filtration slit. The typical fenestrae (large arrows) of the fenestrated endothelium of glomerular
capillaries (GC) are visible. (*) Urinary space. Scale bar = 0.5 um. (C) The glomerular filtration barrier
of a carp exposed to the lowest tested concentration (200 ng L~!) shows a substantially maintained
architecture (cf. (A)), with particular regard to the relative number of filtration slits and the integrity of
slit diaphragms (thin arrows) and fenestrae (large arrows) of the fenestrated endothelium of glomeru-
lar capillaries (GC). (BC) Bowman'’s capsular epithelium. (*) Urinary space. Scale bar = 0.25 pm.
(D) The glomerular filtration barrier shows podocyte effacement, with a drastic reduction in the
number of filtration slits, the fusion of pedicels, and the occurrence of a large, continuous cytoplas-
mic sheet (thin arrows). Focal vacuolations are visible in the podocyte (P) cell body and processes
(arrowheads). Furthermore, foamy proteinaceous material (") is observable in the urinary space (*).
(E) Erythrocyte. (GC) glomerular capillary. (Large arrows) fenestrated endothelium. Scale bar = 1 pm.
(E) Evidence of foot process fusion (thin arrows) is appreciable with the disappearance of filtration
slits in the glomerular filtration barrier. A single focal vacuolation (arrowhead) is observable in
an epithelial cell of Bowman’s capsule (BC). (*) Urinary space. (E) Erythrocyte. (GC) glomerular
capillary. (Large arrows) fenestrated endothelium. Scale bar = 1 um. (F) At higher magnification,
pedicles (thin arrows) appear distorted, enlarged, and filtration slits drastically reduced, compared to
unexposed carp (cf. (B)) and carp exposed to the lowest tested concentration (cf. (C)). There is no
evidence of slit diaphragms in the occasionally present filtration slits. Evidence of close contact is
appreciable between the cell membranes of two contiguous pedicels (arrowheads). Disarrangement
and enlargement of the basement membrane (#) are also present compared to the carp of the other
two experimental groups (cf. (B,C)). Furthermore, irregular villous-like cytoplasmic projections
are visible (dotted arrows). (Large arrows) fenestrae of fenestrated endothelium. (*) Urinary space.
(GC) glomerular capillary. Scale bar = 0.4 um.

The glomerular filtration barrier was affected by PFOA exposure, but only at the
highest tested concentration (2 mg L), whereas the ultrastructural architecture was main-
tained in fish exposed to the lowest tested dose (200 ng L~!) (Figure 1C). At the highest
dose, podocyte effacement occurred with retraction, widening, disarrangement, and fusion
of the normally interlocked finger-like pedicles, which were substituted by a continuous
cytoplasmic sheet (average width = 1713 nm) and/or pleomorphic, deformed pedicles
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(average width = 286 nm) (Figure 1D). As a consequence, there was a drastic reduction
in the number of filtration slits and filtration slit diaphragms and a general disarrange-
ment and relative enlargement of the basement membrane (average thickness = 237 nm)
(Figure 1EF). Underlying fenestrated endothelial cells showed slightly enlarged fenestrae
(average width = 180 nm) and irregular villous-like cytoplasmic projections (Figure 1F).
Moreover, focal cytoplasmic vacuolations were observed in podocyte processes, and foamy,
proteinaceous material was detected in the urinary space (Figure 1D).

4. Discussion

The architecture of the glomerular filtration barrier of unexposed carp agrees with
previous studies in eucoelomates and vertebrates, in general, and in common carp, in
particular [1,55,56].

Perfluorooctanoic acid exposure was shown to affect the glomerular filtration bar-
rier in all three of its main components (fenestrated endothelium, basement membrane,
and podocyte) in carp experimentally exposed to 2 mg L~!, promoting the outflow of
proteinaceous material in the urinary space, hence confirming the glomerular origin of
the protein leakage reported in a previous study on the same fish [22]. The pathophys-
iology of proteinuria (urine protein leakage) continues to intrigue researchers, focusing
on the glomerular filtration barrier and/or proximal tubule integrity. With regard to the
glomerular filtration barrier, all the constitutive components may be altered to a various
degree and through possible reciprocal association due to the cross-talk between the main
cellular components: fenestrated endothelial cells and podocytes [5,7,57-60]. As the first
component of the glomerular filtration barrier, the glycocalyx is known to function as a
negatively charged ion sieve, making it particularly efficient to prevent/reduce albumin
leakage through the glomerular filtration barrier. As a consequence, its alteration is consid-
ered to be an incipient cause of proteinuria [4,5,57,61]. Unfortunately, glycocalyx requires
dedicated processing/staining techniques to ensure its best evaluation under transmis-
sion electron microscopy [62,63], and because specimens were processed routinely for the
present study, it was not possible to rule out possible alterations of glycocalyx related to
PFOA exposure and its possible contribution to proteinuria. More recently, transcytosis
by both the fenestrated endothelial cells and the podocytes has been proposed to be in-
volved in the pathogenesis of albuminuria (urine albumin leakage), also without glycocalyx
alteration, overtaking the conventional theory of “impairment of the size- and/or charge-
selective filtration barrier” [60,64,65]. As a consequence, the possible role of glycocalyx
and transcytosis should be addressed in further studies, with particular regard to the
lowest, environmentally relevant PFOA concentration (200 ng L~!), where no ultrastruc-
tural evidence of alteration of the glomerular filtration barrier was noted. Referring to the
highest tested PFOA concentration (2 mg L~'), the reported architecture disarrangement
agrees with the known morphopathological evidences of glomerulonephrosis (i.e., the
morphofunctional alteration of the glomerular filtration barrier), with particular regard
to podocyte effacement [9,11,48,58,66,67]. Though PFOA and other PFAS can accumulate
at high concentrations in the kidney and potentially affect renal function, no previous
research has specifically addressed the effect of these pollutants on the glomerular filtration
barrier [14-24], making it difficult to interpret and compare the observed alterations and
speculate about the possible underlying pathophysiology. Interestingly, none of the lesions
seen in other anatomical districts (namely mitochondrial cristolysis, vesiculation, swelling,
and ballooning, autophagosomes occurrence, rough endoplasmic reticulum degranulation,
disarrangement and enlargement in hepatocytes [54]; increased number and volume of
cytoplasm vesiculations in cells of the first proximal tubular segment, mitochondrial focal
vesiculation in cells of the distal tubular segment and of the collecting ducts in kidney [22];
rough endoplasmic reticulum enlargement and fragmentation, cytoplasm vacuolation,
enhanced phagolysosomes formation in thyroid follicles [45]) were appreciated at the
level of glomerular filtration barrier, suggesting a somewhat different pathogenesis com-
pared to the previous tissues. Given the ultrastructural alterations documented during
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the present study, the plasma membrane, cytoskeleton, and adhesion molecules should
be considered as possible targets of PFOA-induced damages. Indeed, PFOA and other
PFAS have been shown to alter plasma membrane potential and to acidify cytosol in a
human colon carcinoma HCT116 cell model due to their amphipatic structure, suggest-
ing these alterations may precede reactive oxygen species production and mitochondrial
transmembrane potential impairment [68]. Moreover, membrane potential dysregulation
and alteration of the organization of membrane microdomains have been reported in boar
spermatozoa experimentally exposed to PFOA and perfluorooctane sulfonate (PFOS) [69].
Recently, exposure of human HepaRG hepatoma cells to PFOA and PFOS has resulted in
altered bile canalicular structure and bile flow impairment, caused by actin cytoskeleton
disarrangement and to structural redistribution of the tight-junctional protein ZO-1 [70].
More information on the effects of PFOA and PFOS on F-actin, actin binding proteins, and
adhesion molecules is available in Wang et al. [71]. Actin filament remodeling and an in-
crease in endothelial permeability have been reported in human microvascular endothelial
cells exposed to PFOS as a consequence of reactive oxygen species production [72]. The
integrity of the plasma membrane, cytoskeleton, and adhesion molecules is of paramount
importance in the maintenance of a proper and functional structure of the glomerular filtra-
tion barrier [5,10,11,61,73,74]. As a consequence, further studies should specifically address
the topic with particular regard to the effect of PFOA and other PFAS on the fenestrated
endothelium and on podocytes, both affected during the present study.

In the carp of the present study, the highest PFOA concentration was found in
blood [51], the same as in other studies on fish and other vertebrates, though differences
may arise according to the route of contamination, dosage/concentration, duration of
exposure, and other biological parameters [18,20,23]. Worth noting is that PFAS bind to
albumin and other blood proteins [23,75,76], so following the albumin route across the
glomerular filtration barrier may contribute to shedding light on the underlying pathogen-
esis. Irrespective of how albumin can transit across the endothelial (e.g., transcytosis) and
basement membrane barriers, it can be internalized by podocytes, partially bypassing the
filtration slit diaphragm through transcytosis [77], allowing PFOA to enter the cells that are
critical for maintenance of the morphofunctional integrity of the glomerular filtration bar-
rier. Moreover, in humans, PFOA is known to be filtered freely in the glomerulus, actively
excreted in the proximal tubule, and then readsorbed by organic anion transport (OAT)
peptides [78,79]. Interestingly, in the mouse, kidney OAT-like peptides have been described
in blood vessels, parietal epithelial cells, podocytes, distal convoluted tubules, connecting
tubules, and collecting tubules [80]. The role of small molecule membrane transporters
found in the mammalian podocyte in glomerular pathogenesis and as a possible therapeutic
target has been discussed by Zennaro et al. (2014) [81]. OAT peptides are phylogenetically
conserved and present in zebrafish, where marked variation according to tissue and sex
has been reported [82,83]. As previously stressed by Manera et al. (2022), and differently
from humans, where nephron segments are known to be differentially affected by toxicants,
according to the implied transporter and its possible sex- and genetic-based modifications,
there is a generalized lack of knowledge about nephron topographic toxicologic pathology
for fish [22].

As a possible alternative /complementary pathogenesis, the effect on the glomerular
filtration barrier of PFOA-induced hypertension should be considered, at the light of the
histological signs of glomerular hyperperfusion observed in a previous study on the same
carp [22]. In such a case, podocyte damage would be secondary to glomerular capillary
dilation, as proposed by Kriz et al. (2022) in two hypertensive rat models of focal and
segmental glomerulosclerosis [84]. Nevertheless, the association of PFAS with hypertension
is still a matter of debate, with some studies claiming it and others rejecting it [85-87].

It is worth mentioning that pathology, as a discipline, relies on lesions to formulate a di-
agnosis, a lesion being the morphological evidence (at any integration level) of a disrupted
function [88], providing precious information to elucidate the underlying pathogenesis.
Furthermore, current nephropathological diagnostic guidelines, with particular regard
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to the glomerular filtration barrier, rely on qualitative detection and evaluation of cod-
ified ultrastructural alterations [11,48-50]. Nevertheless, and in spite of the paramount
importance of electron microscopy to assess toxicity [89], further targeted studies are
needed to elucidate at best the likely pathogenesis of PFOA at the glomerular filtration
membrane level.

5. Conclusions

Perfluorooctanoic acid exposure was shown to affect the glomerular filtration barrier
in carp experimentally exposed for 56 days at 2 mg L.~!. Fenestrated endothelium, base-
ment membrane, and podocytes showed ultrastructural lesions compatible with glomeru-
lonephrosis, confirming the glomerular origin of the PFOA-induced protein leakage. The
underlying pathogenesis needs to be elucidated with further targeted studies address-
ing PFOA’s effect on the plasma membrane, cytoskeleton, and adhesion molecules at the
glomerular filtration barrier level, along with toxicological studies specifically addressing
the possible implications in terms of toxicodynamics and toxicokinetics. The results of the
present research can contribute to the mechanistic comprehension of PFOA’s impact on
renal function, with particular regard to glomerular protein leakage, and can be used to
assess the exposure effect of environmental pollutants on animals and humans, according
to the One Health approach.

Author Contributions: Conceptualization, M.M. and L.G.; Methodology, M.M. and L.G.; Validation,
M.M.; Formal Analysis, M.M., EC. and L.G.; Investigation, M.M., F.C. and L.G.; Resources, M.M.,
F.C. and L.G.; Data Curation, M.M.; Writing—Original Draft Preparation, M.M.; Writing—Review
and Editing, M.M., EC. and L.G.; Visualization, M.M.; Supervision, M.M., EC. and L.G.; Project
Administration, M.M. and L.G.; Funding Acquisition, M.M. and L.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was partially supported by grants from the University of Ferrara to L.G.
(FIR 2021).

Institutional Review Board Statement: No fish were specifically sacrificed for the present research,
because fish samples were obtained from a previously conducted experiment [51], during which fish
were handled according to the Italian regulation on animal research in force at the time in order to
minimize pain, stress, and discomfort.

Informed Consent Statement: Not applicable.

Data Availability Statement: Since the study relies on qualitative detection and evaluation of
codified ultrastructural alterations, the relevant qualitative data (figures) are reported within the
present article.

Acknowledgments: We are grateful to Paola Boldrini, Cristiana Guerranti, and Fabio Vincenzi for
technical help.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ichimura, K,; Sakai, T. Acquisition and Evolution of the Renal Glomerulus in Vertebrates. Juntendo Med. ]. 2018, 64, 37-45.
[CrossRef]

2. Schlondorff, D.; Banas, B. The Mesangial Cell Revisited: No Cell Is an Island. ]. Am. Soc. Nephrol. 2009, 20, 1179-1187. [CrossRef]
[PubMed]

3.  Ruotsalainen, V.; Ljungberg, P.; Wartiovaara, J.; Lenkkeri, U.; Kestila, M.; Jalanko, H.; Holmberg, C.; Tryggvason, K. Nephrin Is
Specifically Located at the Slit Diaphragm of Glomerular Podocytes. Proc. Natl. Acad. Sci. USA 1999, 96, 7962-7967. [CrossRef]

4. Daehn, LS,; Duffield, ].S. The Glomerular Filtration Barrier: A Structural Target for Novel Kidney Therapies. Nat. Rev. Drug.
Discov. 2021, 20, 770-788. [CrossRef]

5. Ebefors, K,; Lassén, E.; Anandakrishnan, N.; Azeloglu, E.U.; Daehn, 1.S. Modeling the Glomerular Filtration Barrier and
Intercellular Crosstalk. Front. Physiol. 2021, 12, 772. [CrossRef] [PubMed]

6. Venkatachalam, M.A.; Rennke, H.G. The Structural and Molecular Basis of Glomerular Filtration. Circ. Res. 1978, 43, 337-347.

[CrossRef]


http://doi.org/10.14789/jmj.2018.64.JMJ17-R13
http://doi.org/10.1681/ASN.2008050549
http://www.ncbi.nlm.nih.gov/pubmed/19470685
http://doi.org/10.1073/pnas.96.14.7962
http://doi.org/10.1038/s41573-021-00242-0
http://doi.org/10.3389/fphys.2021.689083
http://www.ncbi.nlm.nih.gov/pubmed/34149462
http://doi.org/10.1161/01.RES.43.3.337

Int. |. Environ. Res. Public Health 2023, 20, 5253 90f 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Schlondorff, D.; Wyatt, C.M.; Campbell, K.N. Revisiting the Determinants of the Glomerular Filtration Barrier: What Goes Round
Must Come Round. Kidney Int. 2017, 92, 533-536. [CrossRef]

Gagliardini, E.; Conti, S.; Benigni, A.; Remuzzi, G.; Remuzzi, A. Imaging of the Porous Ultrastructure of the Glomerular Epithelial
Filtration Slit. . Am. Soc. Nephrol. 2010, 21, 2081-2089. [CrossRef]

Patrakka, J.; Lahdenkari, A.T.; Koskimies, O.; Holmberg, C.; Wartiovaara, J.; Jalanko, H. The Number of Podocyte Slit Diaphragms
Is Decreased in Minimal Change Nephrotic Syndrome. Pediatr. Res. 2002, 52, 349-355. [CrossRef]

Tian, X.; Kim, J.J.; Monkley, S.M.; Gotoh, N.; Nandez, R.; Soda, K.; Inoue, K.; Balkin, D.M.; Hassan, H.; Son, S.H,; et al.
Podocyte-Associated Talinl Is Critical for Glomerular Filtration Barrier Maintenance. J. Clin. Investig. 2014, 124, 1098-1113.
[CrossRef]

Shankland, S.J. The Podocyte’s Response to Injury: Role in Proteinuria and Glomerulosclerosis. Kidney Int. 2006, 69, 2131-2147.
[CrossRef] [PubMed]

OW/ORD Emerging Contaminants Workgroup. White Paper Aquatic Life Criteria for Contaminants of Emerging Concern:
Part I General Challenges and Recommendations. 2008. Available online: https://www.epa.gov/sites/default/files/2015-0
8/documents/white_paper_aquatic_life_criteria_for_contaminants_of emerging concern_part_i_general challenges_and_
recommendations_1.pdf (accessed on 16 March 2023).

Podder, A.; Sadmani, A.A.; Reinhart, D.; Chang, N.B.; Goel, R. Per and Poly-Fluoroalkyl Substances (PFAS) as a Contaminant of
Emerging Concern in Surface Water: A Transboundary Review of Their Occurrences and Toxicity Effects. J. Hazard. Mater. 2021,
419, 126361. [CrossRef] [PubMed]

Kataria, A.; Trasande, L.; Trachtman, H. The Effects of Environmental Chemicals on Renal Function. Nat. Rev. Nephrol. 2015,
11, 610-625. [CrossRef]

Lim, S.; Kang, H.; Kwon, B; Lee, ].P; Lee, J.; Choi, K. Zebrafish (Danio Rerio) as a Model Organism for Screening Nephrotoxic
Chemicals and Related Mechanisms. Ecotoxicol. Environ. Saf. 2022, 242, 113842. [CrossRef] [PubMed]

Fenton, S.E.; Ducatman, A.; Boobis, A.; DeWitt, ].C.; Lau, C.; Ng, C.; Smith, J.S.; Roberts, S.M. Per- and Polyfluoroalkyl Substance
Toxicity and Human Health Review: Current State of Knowledge and Strategies for Informing Future Research. Environ. Toxicol.
Chem. 2021, 40, 606-630. [CrossRef]

Moon, J. Perfluoroalkyl Substances (PFASs) Exposure and Kidney Damage: Causal Interpretation Using the US 2003-2018
National Health and Nutrition Examination Survey (NHANES) Datasets. Environ. Pollut. 2021, 288, 117707. [CrossRef]
Consoer, D.M.; Hoffman, A.D.; Fitzsimmons, P.N.; Kosian, P.A.; Nichols, J.W. Toxicokinetics of Perfluorooctanoate (PFOA) in
Rainbow Trout (Oncorhynchus Mykiss). Aquat. Toxicol. 2014, 156, 65-73. [CrossRef]

Falk, S.; Failing, K.; Georgii, S.; Brunn, H.; Stahl, T. Tissue Specific Uptake and Elimination of Perfluoroalkyl Acids (PFAAs) in
Adult Rainbow Trout (Oncorhynchus Mykiss) after Dietary Exposure. Chemosphere 2015, 129, 150-156. [CrossRef]

Kudo, N.; Kawashima, Y. Toxicity and Toxicokinetics of Perfluorooctanoic Acid in Humans and Animals. J. Toxicol. Sci. 2003,
28, 49-57. [CrossRef]

Satbhai, K.; Vogs, C.; Crago, ]. Comparative Toxicokinetics and Toxicity of PFOA and Its Replacement GenX in the Early Stages of
Zebrafish. Chemosphere 2022, 308, 136131. [CrossRef]

Manera, M.; Castaldelli, G.; Guerranti, C.; Giari, L. Effect of Waterborne Exposure to Perfluorooctanoic Acid on Nephron and
Renal Hemopoietic Tissue of Common Carp Cyprinus carpio. Ecotoxicol. Environ. Saf. 2022, 234, 113407. [CrossRef] [PubMed]
Buser, M,; Jones, D.; Pohl, H.R.; Ruiz, P; Scinicariello, F.; Chou, S.; Abadin, H.; Ingerman, L.; Ingerman, L.; Barber, L.; et al.
Toxicological Profile for Perfluoroalkyls; U.S. Department of Health and Human Services-Agency for Toxic Substances and Disease
Registry: Atlanta, GA, USA, 2021.

Zhang, X.; Flaws, ]J.A.; Spinella, M.].; Irudayaraj, J. The Relationship between Typical Environmental Endocrine Disruptors and
Kidney Disease. Toxics 2022, 11, 32. [CrossRef]

OECD. Reconciling Terminology of the Universe of Per- and Polyfluoroalkyl Substances: Recommendations and Practical
Guidance. In OECD Series on Risk Management-No.61; Organisation for Economic Co-operation and Development (OECD): Paris,
France, 2021; pp. 1-45.

Barzen-Hanson, K.A.; Roberts, S.C.; Choyke, S.J.; Oetjen, K.; McAlees, A.; Riddell, N.; McCrindle, R.; Ferguson, P.L.; Higgins, C.P;
Field, ].A. Discovery of 40 Classes of Per- and Polyfluoroalkyl Substances in Historical Aqueous Film-Forming Foams (AFFFs)
and AFFF-Impacted Groundwater. Environ. Sci. Technol. 2017, 51, 2047-2057. [CrossRef]

Schaider, L.A.; Balan, S.A.; Blum, A.; Andrews, D.Q.; Strynar, M.].; Dickinson, M.E.; Lunderberg, D.M.; Lang, ].R.; Peaslee, G.F.
Fluorinated Compounds in U.S. Fast Food Packaging. Environ. Sci. Technol. Lett. 2017, 4, 105-111. [CrossRef] [PubMed]

Xia, C.; Diamond, M.L,; Peaslee, G.F; Peng, H.; Blum, A.; Wang, Z.; Shalin, A.; Whitehead, H.D.; Green, M.; Schwartz-Narbonne, H.; et al.
Per- and Polyfluoroalkyl Substances in North American School Uniforms. Environ. Sci. Technol. 2022, 56, 13845-13857. [CrossRef]
[PubMed]

Gliige, J.; Scheringer, M.; Cousins, L.T.; Dewitt, ].C.; Goldenman, G.; Herzke, D.; Lohmann, R.; Ng, C.A.; Trier, X.; Wang, Z. An
Overview of the Uses of Per- And Polyfluoroalkyl Substances (PFAS). Environ. Sci. Process. Impacts 2020, 22, 2345-2373. [CrossRef]
[PubMed]

Evich, M.G; Davis, M.].B.; McCord, ].P; Acrey, B.; Awkerman, J.A.; Knappe, D.R.U.; Lindstrom, A.B.; Speth, T.F.; Tebes-Stevens, C.;
Strynar, M.J.; et al. Per- and Polyfluoroalkyl Substances in the Environment. Science 2022, 375, eabg9065. [CrossRef] [PubMed]


http://doi.org/10.1016/j.kint.2017.06.003
http://doi.org/10.1681/ASN.2010020199
http://doi.org/10.1203/00006450-200209000-00007
http://doi.org/10.1172/JCI69778
http://doi.org/10.1038/sj.ki.5000410
http://www.ncbi.nlm.nih.gov/pubmed/16688120
https://www.epa.gov/sites/default/files/2015-08/documents/white_paper_aquatic_life_criteria_for_contaminants_of_emerging_concern_part_i_general_challenges_and_recommendations_1.pdf
https://www.epa.gov/sites/default/files/2015-08/documents/white_paper_aquatic_life_criteria_for_contaminants_of_emerging_concern_part_i_general_challenges_and_recommendations_1.pdf
https://www.epa.gov/sites/default/files/2015-08/documents/white_paper_aquatic_life_criteria_for_contaminants_of_emerging_concern_part_i_general_challenges_and_recommendations_1.pdf
http://doi.org/10.1016/j.jhazmat.2021.126361
http://www.ncbi.nlm.nih.gov/pubmed/34157464
http://doi.org/10.1038/nrneph.2015.94
http://doi.org/10.1016/j.ecoenv.2022.113842
http://www.ncbi.nlm.nih.gov/pubmed/35810668
http://doi.org/10.1002/etc.4890
http://doi.org/10.1016/j.envpol.2021.117707
http://doi.org/10.1016/j.aquatox.2014.07.022
http://doi.org/10.1016/j.chemosphere.2014.06.061
http://doi.org/10.2131/jts.28.49
http://doi.org/10.1016/j.chemosphere.2022.136131
http://doi.org/10.1016/j.ecoenv.2022.113407
http://www.ncbi.nlm.nih.gov/pubmed/35278987
http://doi.org/10.3390/toxics11010032
http://doi.org/10.1021/acs.est.6b05843
http://doi.org/10.1021/acs.estlett.6b00435
http://www.ncbi.nlm.nih.gov/pubmed/30148183
http://doi.org/10.1021/acs.est.2c02111
http://www.ncbi.nlm.nih.gov/pubmed/36129192
http://doi.org/10.1039/D0EM00291G
http://www.ncbi.nlm.nih.gov/pubmed/33125022
http://doi.org/10.1126/science.abg9065
http://www.ncbi.nlm.nih.gov/pubmed/35113710

Int. |. Environ. Res. Public Health 2023, 20, 5253 10 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

Mokra, K. Endocrine Disruptor Potential of Short-and Long-Chain Perfluoroalkyl Substances (Pfass)—A Synthesis of Current
Knowledge with Proposal of Molecular Mechanism. Int. ]. Mol. Sci. 2021, 22, 2148. [CrossRef] [PubMed]

Schrenk, D.; Bignami, M.; Bodin, L.; Chipman, ].K.; del Mazo, J.; Grasl-Kraupp, B.; Hogstrand, C.; Hoogenboom, L.; Leblanc, J.C.;
Nebbia, C.S,; et al. Risk to Human Health Related to the Presence of Perfluoroalkyl Substances in Food. EFSA ]. 2020, 18, e06223.
[CrossRef]

Abunada, Z.; Alazaiza, M.Y.D.; Bashir, M.].K. An Overview of Per-and Polyfluoroalkyl Substances (Pfas) in the Environment:
Source, Fate, Risk and Regulations. Water 2020, 12, 3590. [CrossRef]

The European Commission. COMMISSION DELEGATED REGULATION (EU) 2021/115 of 27 November 2020 Amending Annex
I to Regulation (EU) 2019/1021 of the European Parliament and of the Council as Regards Perfluorooctanoic Acid (PFOA), Its
Salts and PFOA-Related Compounds. Off. J. Eur. Union 2021, 64, L36/7.

U.S. Environmental Protection Agency, Office of Water, Office of Science and Technology, Health and Ecological Criteria Division.
Interim Drinking Water Health Advisory: Perfluorooctanoic Acid (PFOA) CASRN 335-67-1; U.S. Environmental Protection Agency:
Washington, DC, USA, 2022.

Teymoorian, T.; Munoz, G.; Vo Duy, S; Liu, ]J.; Sauvé, S. Tracking PFAS in Drinking Water: A Review of Analytical Methods and
Worldwide Occurrence Trends in Tap Water and Bottled Water. ACS EST Water 2023, 3, 246-261. [CrossRef]

Rehman, A.U.; Crimi, M.; Andreescu, S. Current and Emerging Analytical Techniques for the Determination of PFAS in
Environmental Samples. Trends Environ. Anal. Chem. 2023, 37, e00198. [CrossRef]

Manera, M.I. Biomarcatori Nel Monitoraggio Ambientale-Pesci Ossei Ed Ecosistemi Acquatici; Aracne: Rome, Italy, 2013;
ISBN 978-88-548-6221-0.

Ankley, G.T.; Cureton, P.; Hoke, R.A.; Houde, M.; Kumar, A.; Kurias, J.; Lanno, R.; McCarthy, C.; Newsted, J.; Salice, C.J.; et al.
Assessing the Ecological Risks of Per- and Polyfluoroalkyl Substances: Current State-of-the Science and a Proposed Path Forward.
Environ. Toxicol. Chem. 2021, 40, 564-605. [CrossRef] [PubMed]

Rahman, M.M. Role of Common Carp (Cyprinus carpio) in Aquaculture Production Systems. Front. Life Sci. 2015, 8, 399-410.
[CrossRef]

Kim, W.-K;; Lee, S.-K,; Jung, J. Integrated Assessment of Biomarker Responses in Common Carp (Cyprinus carpio) Exposed to
Perfluorinated Organic Compounds. J. Hazard. Mater. 2010, 180, 395-400. [CrossRef]

Ye, X.; Schoenfuss, H.L.; Jahns, N.D.; Delinsky, A.D.; Strynar, M.].; Varns, J.; Nakayama, S.F.; Helfant, L.; Lindstrom, A.B.
Perfluorinated Compounds in Common Carp (Cyprinus carpio) Fillets from the Upper Mississippi River. Environ. Int. 2008,
34,932-938. [CrossRef]

Lebov, J.; Grieger, K.; Womack, D.; Zaccaro, D.; Whitehead, N.; Kowalcyk, B.; MacDonald, P.D.M. A Framework for One Health
Research. One Health 2017, 3, 44-50. [CrossRef]

Friese, C.; Nuyts, N. Posthumanist Critique and Human Health: How Nonhumans (Could) Figure in Public Health Research.
Crit. Public Health 2017, 27, 303-313. [CrossRef]

Manera, M.; Castaldelli, G.; Giari, L. Perfluorooctanoic Acid Affects Thyroid Follicles in Common Carp (Cyprinus carpio). Int. .
Environ. Res. Public Health 2022, 19, 9049. [CrossRef]

Manera, M.; Giari, L.; Vincenzi, E; Guerranti, C.; Depasquale, ]J.A.; Castaldelli, G. Texture Analysis in Liver of Common Carp
(Cyprinus carpio) Sub-Chronically Exposed to Perfluorooctanoic Acid. Ecol. Indic. 2017, 81, 54-64. [CrossRef]

Rotondo, J.C.; Giari, L.; Guerranti, C.; Tognon, M.; Castaldelli, G.; Fano, E.A.; Martini, F. Environmental Doses of Perfluorooctanoic
Acid Change the Expression of Genes in Target Tissues of Common Carp. Environ. Toxicol. Chem. 2018, 37, 942-948. [CrossRef]
[PubMed]

Tsuji, K.; Suleiman, H.; Miner, ].H.; Daley, ].M.; Capen, D.E.; Paunescu, T.G.; Lu, H.A J. Ultrastructural Characterization of the
Glomerulopathy in Alport Mice by Helium Ion Scanning Microscopy (HIM). Sci. Rep. 2017, 7, 1-13. [CrossRef] [PubMed]
Shore, I.; Moss, J. Electron Microscopy in Diagnostic Renal Pathology. Curr. Diagnostic Pathol. 2002, 8, 207-215. [CrossRef]
D’Agati, V.D.; Mengel, M. The Rise of Renal Pathology in Nephrology: Structure Illuminates Function. Am. J. Kidney Dis. 2013,
61,1016-1025. [CrossRef]

Giari, L.; Vincenzi, F; Badini, S.; Guerranti, C.; Dezfuli, B.S.; Fano, E.A.; Castaldelli, G. Common Carp Cyprinus carpio Responses
to Sub-Chronic Exposure to Perfluorooctanoic Acid. Environ. Sci. Pollut. Res. 2016, 23, 15321-15330. [CrossRef]

Loos, R.; Locoro, G.; Huber, T.; Wollgast, J.; Christoph, E.H.; de Jager, A.; Manfred Gawlik, B.; Hanke, G.; Umlauf, G.; Zaldivar, ].M.
Analysis of Perfluorooctanoate (PFOA) and Other Perfluorinated Compounds (PFCs) in the River Po Watershed in N-Italy.
Chemosphere 2008, 71, 306-313. [CrossRef]

Wei, Y.; Dai, J.; Liu, M.; Wang, J.; Xu, M.; Zha, ].; Wang, Z. Estrogen-like Properties of Perfluorooctanoic Acid as Revealed by
Expressing Hepatic Estrogen-Responsive Genes in Rare Minnows (Gobiocypris rarus). Environ. Toxicol. Chem. 2007, 26, 24402447 .
[CrossRef]

Manera, M.; Castaldelli, G.; Fano, E.A.; Giari, L. Perfluorooctanoic Acid-Induced Cellular and Subcellular Alterations in Fish
Hepatocytes. Environ. Toxicol. Pharmacol. 2021, 81, 103548. [CrossRef]

Ichimura, K.; Kurihara, H.; Sakai, T. Actin Filament Organization of Foot Processes in Vertebrate Glomerular Podocytes. Cell
Tissue Res. 2007, 329, 541-557. [CrossRef]

Jimbo, G.; Kobayashi, K. Fine Structure of Teleost Kidney as Revealed by Electron Microscopy. Bull. Yamaguchi Med. Sch. 1963,
10, 131-145.


http://doi.org/10.3390/ijms22042148
http://www.ncbi.nlm.nih.gov/pubmed/33670069
http://doi.org/10.2903/J.EFSA.2020.6223
http://doi.org/10.3390/w12123590
http://doi.org/10.1021/acsestwater.2c00387
http://doi.org/10.1016/j.teac.2023.e00198
http://doi.org/10.1002/etc.4869
http://www.ncbi.nlm.nih.gov/pubmed/32897586
http://doi.org/10.1080/21553769.2015.1045629
http://doi.org/10.1016/j.jhazmat.2010.04.044
http://doi.org/10.1016/j.envint.2008.02.003
http://doi.org/10.1016/j.onehlt.2017.03.004
http://doi.org/10.1080/09581596.2017.1294246
http://doi.org/10.3390/ijerph19159049
http://doi.org/10.1016/j.ecolind.2017.05.001
http://doi.org/10.1002/etc.4029
http://www.ncbi.nlm.nih.gov/pubmed/29105837
http://doi.org/10.1038/s41598-017-12064-5
http://www.ncbi.nlm.nih.gov/pubmed/28916834
http://doi.org/10.1054/cdip.2002.0123
http://doi.org/10.1053/j.ajkd.2012.12.019
http://doi.org/10.1007/s11356-016-6706-1
http://doi.org/10.1016/j.chemosphere.2007.09.022
http://doi.org/10.1897/07-008R1.1
http://doi.org/10.1016/j.etap.2020.103548
http://doi.org/10.1007/s00441-007-0440-4

Int. |. Environ. Res. Public Health 2023, 20, 5253 11 of 12

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Menon, M.C.; Chuang, PY.; He, C.J. The Glomerular Filtration Barrier: Components and Crosstalk. Int. J. Nephrol. 2012, 2012, 1-9.
[CrossRef]

Kalluri, R. Proteinuria with and without Renal Glomerular Podocyte Effacement. . Am. Soc. Nephrol. 2006, 17, 2383-2389.
[CrossRef] [PubMed]

D’Amico, G.; Bazzi, C. Pathophysiology of Proteinuria. Kidney Int. 2003, 63, 809-825. [CrossRef]

He, EE; Gong, Y.; Li, Z.Q.; Wu, L,; Jiang, H.J.; Su, H.; Zhang, C.; Wang, YM. A New Pathogenesis of Albuminuria: Role of
Transcytosis. Cell. Physiol. Biochem. 2018, 47, 1274-1286. [CrossRef] [PubMed]

Satchell, S.C.; Braet, F. Glomerular Endothelial Cell Fenestrations: An Integral Component of the Glomerular Filtration Barrier.
Am. ]. Physiol.-Ren. Physiol. 2009, 296, 947-956. [CrossRef] [PubMed]

De Mesy Bentley, K.L. An 11-Mm-Thick Glycocaly?: It’s All in the Technique! Arterioscler. Thromb. Vasc. Biol. 2011, 31, 1712-1713.
[CrossRef]

Ebong, E.E.; MacAluso, EP.; Spray, D.C.; Tarbell, ] M. Imaging the Endothelial Glycocalyx in Vitro by Rapid Freezing/Freeze
Substitution Transmission Electron Microscopy. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 1908-1915. [CrossRef]

Moriyama, T.; Sasaki, K.; Karasawa, K.; Uchida, K.; Nitta, K. Intracellular Transcytosis of Albumin in Glomerular Endothelial
Cells after Endocytosis through Caveolae. J. Cell. Physiol. 2017, 232, 3565-3573. [CrossRef]

Russo, L.M.; Bakris, G.L.; Comper, W.D. Renal Handling of Albumin: A Critical Review of Basic Concepts and Perspective. Am. .
Kidney Dis. 2002, 39, 899-919. [CrossRef]

Shirato, I. Podocyte Process Effacement in vivo. Microsc. Res. Tech. 2002, 57, 241-246. [CrossRef] [PubMed]

Van Den Berg, ].G.; Van Den Bergh Weerman, M.A.; Assmann, K.J.M.; Weening, ].J.; Florquin, S. Podocyte Foot Process Effacement
Is Not Correlated with the Level of Proteinuria in Human Glomerulopathies. Kidney Int. 2004, 66, 1901-1906. [CrossRef] [PubMed]
Kleszezyniski, K.; Sktadanowski, A.C. Mechanism of Cytotoxic Action of Perfluorinated Acids. I. Alteration in Plasma Membrane
Potential and Intracellular PH Level. Toxicol. Appl. Pharmacol. 2009, 234, 300-305. [CrossRef] [PubMed]

Ortiz-Sanchez, PB.; Roa-Espitia, A.L.; Fierro, R.; Lopez-Torres, A.S.; Jiménez-Morales, I.; Oseguera-Lopez, I.; Herndndez-Gonzélez, E.O.;
Gonzalez-Marquez, H. Perfluorooctane Sulfonate and Perfluorooctanoic Acid Induce Plasma Membrane Dysfunction in Boar
Spermatozoa during in Vitro Capacitation. Reprod. Toxicol. 2022, 110, 85-96. [CrossRef] [PubMed]

Behr, A.C.; Kwiatkowski, A.; Stdhlman, M.; Schmidt, EE; Luckert, C.; Braeuning, A.; Buhrke, T. Impairment of Bile Acid
Metabolism by Perfluorooctanoic Acid (PFOA) and Perfluorooctanesulfonic Acid (PFOS) in Human HepaRG Hepatoma Cells.
Arch. Toxicol. 2020, 94, 1673-1686. [CrossRef]

Wang, L.; Yan, M.; Wu, S.; Wu, X,; Bu, T.; Wong, C.K.C.; Ge, R.; Sun, E; Cheng, C.Y. Actin Binding Proteins, Actin Cytoskeleton
and Spermatogenesis—Lesson from Toxicant Models. Reprod. Toxicol. 2020, 96, 76-89. [CrossRef]

Qian, Y,; Ducatman, A.; Ward, R.; Leonard, S.; Bukowski, V.; Guo, N.L.; Shi, X.; Vallyathan, V.; Castranova, V. Perfluorooctane
Sulfonate (PFOS) Induces Reactive Oxygen Species (ROS) Production in Human Microvascular Endothelial Cells: Role in
Endothelial Permeability. J. Toxicol. Environ. Health Part A 2010, 73, 819-836. [CrossRef]

Reiser, J.; Altintas, M.M. Podocytes. F1000Research 2016, 5, 114. [CrossRef]

Blaine, J.; Dylewski, ]. Regulation of the Actin Cytoskeleton in Podocytes. Cells 2020, 9, 1700. [CrossRef]

Forsthuber, M.; Kaiser, A.M.; Granitzer, S.; Hassl, I.; Hengstschldger, M.; Stangl, H.; Gundacker, C. Albumin Is the Major Carrier
Protein for PFOS, PFOA, PFHxXS, PFNA and PFDA in Human Plasma. Environ. Int. 2020, 137, 105324. [CrossRef]

Maso, L.; Trande, M.; Liberi, S.; Moro, G.; Daems, E.; Linciano, S.; Sobott, F.; Covaceuszach, S.; Cassetta, A.; Fasolato, S.; et al.
Unveiling the Binding Mode of Perfluorooctanoic Acid to Human Serum Albumin. Protein Sci. 2021, 30, 830-841. [CrossRef]
[PubMed]

Gburek, J.; Konopska, B.; Gotab, K. Renal Handling of Albumin—From Early Findings to Current Concepts. Int. J. Mol. Sci. 2021,
22,5809. [CrossRef] [PubMed]

Loccisano, A.E.; Campbell, J.L.; Andersen, M.E.; Clewell, H.J. Evaluation and Prediction of Pharmacokinetics of PFOA and PFOS
in the Monkey and Human Using a PBPK Model. Regul. Toxicol. Pharmacol. 2011, 59, 157-175. [CrossRef] [PubMed]

Liu, D;; Yan, S.; Wang, P.; Chen, Q.; Liu, Y; Cui, J.; Liang, Y.; Ren, S.; Gao, Y. Perfluorooctanoic Acid (PFOA) Exposure in Relation
to the Kidneys: A Review of Current Available Literature. Front. Physiol. 2023, 14, 1-13. [CrossRef]

Jung, SM.; Woon, K.L.; Kwak, J.O.; Sang, Y.J.; Park, J.; Kim, W.Y.; Kim, J.; Seok, H.C. Identification of a Novel Murine Organic
Anion Transporter like Protein 1 (OATLP1) Expressed in the Kidney. Exp. Mol. Med. 2006, 38, 485-493. [CrossRef] [PubMed]
Zennaro, C.; Artero, M.; Di Maso, V.; Carraro, M. Small Molecule Membrane Transporters in the Mammalian Podocyte:
A Pathogenic and Therapeutic Target. Int. J. Mol. Sci. 2014, 15, 21366-21380. [CrossRef] [PubMed]

Dragojevi¢, J.; Mihaljevi¢, I.; Popovi¢, M.; Smital, T. Zebrafish (Danio Rerio) Oatl and Oat3 Transporters and Their Interaction with
Physiological Compounds. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2019, 236, 110309. [CrossRef]

Hagenbuch, B.; Meier, P.J. Organic Anion Transporting Polypeptides of the OATP/SLC21 Family: Phylogenetic Classification
as OATP/SLCO Superfamily, New Nomenclature and Molecular/Functional Properties. Pflugers Arch.-Eur. ]. Physiol. 2004,
447, 653-665. [CrossRef]

Kriz, W.; Wiech, T.; Grone, H.]. Mesangial Injury and Capillary Ballooning Precede Podocyte Damage in Nephrosclerosis. Am. J.
Pathol. 2022, 192, 1670-1682. [CrossRef]


http://doi.org/10.1155/2012/749010
http://doi.org/10.1681/ASN.2006060628
http://www.ncbi.nlm.nih.gov/pubmed/16914535
http://doi.org/10.1046/j.1523-1755.2003.00840.x
http://doi.org/10.1159/000490223
http://www.ncbi.nlm.nih.gov/pubmed/29913460
http://doi.org/10.1152/ajprenal.90601.2008
http://www.ncbi.nlm.nih.gov/pubmed/19129259
http://doi.org/10.1161/ATVBAHA.111.229849
http://doi.org/10.1161/ATVBAHA.111.225268
http://doi.org/10.1002/jcp.25817
http://doi.org/10.1053/ajkd.2002.32764
http://doi.org/10.1002/jemt.10082
http://www.ncbi.nlm.nih.gov/pubmed/12012392
http://doi.org/10.1111/j.1523-1755.2004.00964.x
http://www.ncbi.nlm.nih.gov/pubmed/15496161
http://doi.org/10.1016/j.taap.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19026671
http://doi.org/10.1016/j.reprotox.2022.03.013
http://www.ncbi.nlm.nih.gov/pubmed/35364258
http://doi.org/10.1007/s00204-020-02732-3
http://doi.org/10.1016/j.reprotox.2020.05.017
http://doi.org/10.1080/15287391003689317
http://doi.org/10.12688/f1000research.7255.1
http://doi.org/10.3390/cells9071700
http://doi.org/10.1016/j.envint.2019.105324
http://doi.org/10.1002/pro.4036
http://www.ncbi.nlm.nih.gov/pubmed/33550662
http://doi.org/10.3390/ijms22115809
http://www.ncbi.nlm.nih.gov/pubmed/34071680
http://doi.org/10.1016/j.yrtph.2010.12.004
http://www.ncbi.nlm.nih.gov/pubmed/21168463
http://doi.org/10.3389/fphys.2023.1103141
http://doi.org/10.1038/emm.2006.57
http://www.ncbi.nlm.nih.gov/pubmed/17079864
http://doi.org/10.3390/ijms151121366
http://www.ncbi.nlm.nih.gov/pubmed/25411800
http://doi.org/10.1016/j.cbpb.2019.110309
http://doi.org/10.1007/s00424-003-1168-y
http://doi.org/10.1016/j.ajpath.2022.08.007

Int. |. Environ. Res. Public Health 2023, 20, 5253 12 of 12

85.

86.

87.

88.

89.

Erinc, A.; Davis, M.B.; Padmanabhan, V.; Langen, E.; Goodrich, ].M. Considering Environmental Exposures to Per- and
Polyfluoroalkyl Substances (PFAS) as Risk Factors for Hypertensive Disorders of Pregnancy. Environ. Res. 2021, 197, 111113.
[CrossRef]

Winquist, A.; Steenland, K. Modeled PFOA Exposure and Coronary Artery Disease, Hypertension, and High Cholesterol in
Community and Worker Cohorts. Environ. Health Perspect. 2015, 122, 1299-1305. [CrossRef] [PubMed]

Rijs, K.J.; Bogers, R.P. PFOA and Possible Health Effects: A Review of Scientific Literature; Rijksinstituut voor Volksgezondheid en
Milieu RIVM: Bilthoven, The Netherlands, 2017.

Wallig, M.A.; Janovitz, E.B. Morphologic Manifestations of Toxic Cell Injury. In Fundamentals of Toxicologic Pathology; Wallig, M.A.,
Haschek, WM., Rousseaux, C.G., Bolon, B., Eds.; Academic Press: London, UK, 2018; pp. 59-81. ISBN 9780128098424.

Grover, A.; Sinha, R.; Jyoti, D.; Faggio, C. Imperative Role of Electron Microscopy in Toxicity Assessment: A Review. Microsc. Res.
Tech. 2021, 85, 1976-1989. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.envres.2021.111113
http://doi.org/10.1289/ehp.1307943
http://www.ncbi.nlm.nih.gov/pubmed/25260175
http://doi.org/10.1002/jemt.24029
http://www.ncbi.nlm.nih.gov/pubmed/34904321

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

