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Abstract

Perfluorooctanoic acid (PFOA), a persistent per- and polyfluoroalkyl substance (PFAS),
remains a global toxicological concern due to its ubiquity, bioaccumulation potential, and
toxicity even at low concentrations. This study aimed to elucidate the ultrastructural
effects of PFOA on the gills of Cyprinus carpio, a species of high ecological and trophic
relevance. Gill samples from fish experimentally exposed to two PFOA concentrations
(200 ng L−1 and 2 mg L−1), one of which was environmentally relevant, were examined
by transmission electron microscopy. The results revealed cytotoxic changes primarily
affecting mitochondria-rich (chloride) cells and, to a lesser extent, epithelial and mucous
cells. The main alterations included mitochondrial degeneration, Golgi and endoplasmic
reticulum stress, and autophagic activation, indicating a coordinated impairment of the
endomembrane system. These findings suggest that PFOA induces a bioenergetic and
proteo-synthetic imbalance compromising cellular homeostasis. Both direct cytotoxic
and indirect endocrine-mediated mechanisms may contribute to the observed lesions.
The pronounced sensitivity of mitochondria-rich cells supports their use as generalist
biomarkers of PFOA exposure and effect. Within a One Health framework, these cells may
also serve as translational models for elucidating conserved subcellular mechanisms of
PFAS-induced cytotoxicity across vertebrates, with implications for environmental and
human health risk assessment.

Keywords: per- and polyfluoroalkyl substances; PFAS; One Health; toxicological pathology;
ultrastructural pathology; fish model; translational research

1. Introduction
Per- and polyfluoroalkyl substances (PFAS), commonly known as “forever chemicals”,

comprise a broad group of synthetic organo-fluorine compounds characterised by carbon–
fluorine bonds that confer exceptional chemical and thermal stability [1–3]. Since their
introduction in the 1940s, PFAS have been widely utilised in industrial applications and
consumer goods, both as polymers and as performance-enhancing additives [1–3].

Initially considered chemically inert and environmentally safe, they were largely over-
looked with regard to persistence and toxicity [4]. It is now well established, however, that
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PFAS are ubiquitous global contaminants, resistant to degradation and capable of accu-
mulation in both environmental matrices and biological systems, including humans [4,5].
Despite growing concern, regulatory frameworks currently cover only a small fraction of
the thousands of PFAS in use [6], and critical knowledge gaps remain regarding their health
effects and mechanisms of action at environmentally realistic concentrations [4].

Perfluorooctanoic acid (PFOA), one of the most extensively studied PFAS, remains
a significant global concern despite the phase-out of production in many industrialised
nations, due to its extreme environmental persistence, bioconcentration and bioaccumu-
lation potential, and widespread distribution in aquatic ecosystems [2–5,7]. The Veneto
Region in northern Italy represents one of the largest recorded cases of groundwater PFOA
contamination worldwide, affecting several hundred thousand inhabitants and prompting
extensive monitoring and health initiatives [8]. These pollution hotspots underscore the
enduring public health and environmental relevance of PFOA, particularly in freshwater
systems where aquatic organisms and human food chains remain exposed [9,10].

PFOA has been shown to interact with biological systems at multiple levels of organi-
sation, from molecular and cellular to organ and organismal scales, across a broad range
of taxa [9–14]. Its capacity to bio-magnify, bioconcentrate and bioaccumulate [15–17] and
interfere with essential cellular functions [18–20] underscores the need to evaluate its toxic-
ity through a holistic One Health framework, integrating evidence from environmental,
animal, and human health domains.

Of particular concern is the observation that PFOA may induce cellular dysfunction at
concentrations below the current analytical limits of detection [21–24], raising fundamental
questions about what constitutes a “safe” exposure threshold. This uncertainty is reflected
in the precautionary stance adopted by several regulatory authorities. For instance, the
United States Environmental Protection Agency (EPA) has established advisory limits
for PFOA in water that lie well below conventional quantification levels, acknowledg-
ing both the analytical challenges and the potential for biological effects at ultra-trace
concentrations [25,26].

Given the central role of water as the primary vector for the environmental dissemina-
tion of PFOA across ecosystems, aquatic organisms, and particularly fish, represent key
sentinels for assessing its biological effects [27,28]. As the most widespread group of aquatic
vertebrates, fish integrate PFOA exposure through both direct contact with contaminated
water and dietary uptake, thereby reflecting its distribution and bioaccumulation within
aquatic food webs [27,28]. Consequently, they constitute ideal experimental and monitoring
models within both the One Health and translational toxicology frameworks [21,29–32].

While zebrafish (Danio rerio) are widely used in toxicology, their restricted wild dis-
tribution limits global representativeness [33,34]. In contrast, common carp (Cyprinus
carpio), cosmopolitan, ecologically important, and consumed by humans, provide greater
environmental and trophic relevance. Their longevity and capacity for bioconcentration
and bioaccumulation make them suitable models for assessing persistent contaminants
such as PFOA [22,35–37].

Morphology has traditionally represented a fundamental approach in the assessment
of toxicant-induced effects, PFOA included [22,37,38]. A lesion reflects altered cellular
function [22,37,38], and ultrastructural analysis provides the highest resolution for detect-
ing subcellular alterations and visualising fine structural changes underlying functional
impairment, thereby linking structure to function in cell pathology [22,37,39,40].

Relatively few studies have investigated structurally or ultra-structurally the PFOA im-
pact on fish [41–46], while most previous research has focused on biomolecular, biochemical,
omics, or genetic approaches [47–51], leaving morphological analyses relatively under-
explored despite their fundamental importance in elucidating pathogenesis [22,37,39,40].
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In previous investigations conducted on the same experimental cohort of common carp
examined in the present study, PFOA exposure elicited distinct lesions in several organs,
including the liver [40]; the kidney, encompassing nephronal, haematopoietic, and thyroid-
associated compartments [21–23,37,52]; and the gonads [53]. The liver and kidney play
central roles in PFOA biotransformation and elimination, respectively, reflecting their
metabolic and excretory significance in PFAS toxicokinetics [36,54].

In freshwater fish, which do not actively drink water [36], the gills represent the
primary route of PFOA absorption from the aquatic environment, whereas the kidney
serves as the major excretory organ [36,54]. Despite this crucial physiological role, the
effects of PFOA on the gill structure, and particularly on its ultrastructure, remain poorly
characterised, with only limited and often descriptive data currently available [45,46,55].
Given their high metabolic activity and direct interface with the external environment,
gills are recognised as one of the most sensitive organs to toxicants and environmental
stressors [56–64].

The gill interlamellar region constitutes a morphologically dynamic compartment
composed of relatively undifferentiated cells as well as fully differentiated, highly spe-
cialised cell types, including mucous cells and mitochondria-rich (chloride) cells [65–68].
This compartment plays a key role in gill remodelling through the coordinated regulation
of cell proliferation and apoptosis [65–68]. Among these, mitochondria-rich cells stand
out as particularly distinctive and functionally significant, owing to their involvement
in ion transport, osmoregulation and acid-base regulation [69–72]. Their morphological
plasticity and sensitivity to toxicants and variations in environmental parameters make
them promising candidates for use as cellular biomarkers of environmental stress and
contaminant exposure [58–60,73].

Given the physiological importance of gills as both an entry and regulatory site for
xenobiotics, and their established sensitivity to chemical and environmental stressors, an
in-depth ultrastructural assessment offers a valuable means of elucidating the cellular and
subcellular mechanisms underlying PFOA toxicity. In this context, the present study was
designed to characterise the ultrastructural alterations induced by sub-chronic exposure to
PFOA in the gills of common carp (C. carpio), with particular emphasis on mitochondria-
rich cells and other specialised branchial cell types. By analysing tissues obtained from a
previously established experimental cohort, this work aims to provide new insights into the
cellular targets and mechanistic pathways of PFOA-induced cytotoxicity. Accordingly, this
work should be regarded as an exploratory, qualitative analysis of PFOA-elicited ultrastruc-
tural alterations in carp gills, justified by the paucity of pertinent branchial ultrastructural
data, leveraging archival material from a previously established cohort to avoid sacrificing
additional fish and to interpret gill findings alongside concurrent lesions characterized by
the present research group in other organs and cell types from the same individuals, thereby
strengthening evidence for common PFOA-associated pathophysiology. Furthermore, by
integrating these findings within a One Health and translational toxicopathological per-
spective, the study seeks to evaluate the potential of mitochondria-rich cells as biomarkers
of exposure and effect, as well as model systems for understanding conserved mechanisms
of organelle stress across vertebrates.

2. Materials and Methods
The gill tissue ultrathin sections examined in the present study originated from archival

material (resin-embedded specimens retained as uncut epoxy resin blocks) obtained during
a previously conducted experimental trial [53]. For comprehensive details concerning the
experimental design, husbandry conditions, and exposure protocol, readers are directed
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to that reference [53]. Notably, no additional fish were sacrificed for the purposes of this
investigation, in full compliance with ethical and animal welfare principles.

In summary, the material analysed consisted of gill ultrathin sections from fifteen
two-year-old common carp from the same parental stock (C. carpio; mean total length:
19.3 ± 2.5 cm; mean body mass: 104.8 ± 27.8 g). These samples were drawn from three
experimental groups described in the original study [53]. Given the exploratory qual-
itative ultrastructural endpoints and the hierarchical replication across arches, regions,
grids, and sections, a per-group sample size of five individuals per experimental group
is consistent with recommended practices for unbiased gill morphology and with prior
ultrastructural toxicology studies demonstrating detectable and consistent cellular alter-
ations at similar sampling number [74,75]. Five specimens belonged to the unexposed
control group (mean total length 18.6 ± 1.7 cm; mean body mass 100.5 ± 28.9 g), five to
a group exposed to 200 ng L−1 PFOA (mean total length 21.0 ± 3.4 cm; mean body mass
123.3 ± 25.3 g), and the remaining five to a group exposed to 2 mg L−1 PFOA (mean total
length 18.4 ± 1.1 cm; mean body mass 92.0 ± 21.2 g). The exposure lasted for 56 days
under sub-chronic conditions in a continuous flow-through system [53]. The PFOA con-
centrations selected were based on their ecological and experimental relevance [53]. The
lower concentration (200 ng L−1) reflects levels reported in surface waters [76], thereby
representing environmentally realistic exposure conditions, while the higher concentration
(2 mg L−1) was chosen in accordance with previous toxicological studies demonstrating its
ability to elicit histopathological changes in cyprinid fish [77]. Gill tissues obtained from
the previously conducted experimental exposure [53] were used for ultrastructural exami-
nation. In particular, for each fish, two gill arches (the first and the third) were sampled,
with two regions per arch (the apical and the middle portion), yielding four samples per
fish to ensure anatomical representation.

Samples collected during the previous trial [53] had been processed immediately after
euthanasia for transmission electron microscopy following standard procedures. Briefly, the
gill fragments were initially fixed in 2.5% glutaraldehyde buffered with sodium cacodylate
(pH 7.3) at 4 ◦C for approximately 3 h, post-fixed in 1% osmium tetroxide for 2 h, dehydrated
through a graded acetone series, and subsequently embedded in epoxy resin (Durcupan™
ACM; Fluka, Sigma-Aldrich, St. Louis, MO, USA). All specimens were processed in a single
batch using freshly prepared reagents, with standardized fixation/post-fixation times and
temperatures applied identically to all experimental groups to minimize potential artefacts;
resin-embedded uncut blocks were then sectioned only for the present analysis with a
Reichert Om U2 ultramicrotome (Reichert-Jung Co., Heidelburg, Germany). Ultrathin
sections (approximately 90 nm) were stained with uranyl acetate and lead citrate and
examined using a Talos L120C transmission electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA) operated at 120 kV. For each sample, three grids were prepared and
examined, and for each grid, approximately ten to twenty ultrathin sections were evaluated.
The grids captured different, non-overlapping fields from the same sample; representative
micrographs were selected from multiple fields of view across grids and sections to avoid
selection bias and to reflect recurring features.

3. Results
At the base of the secondary lamellae and within the interlamellar space of unex-

posed fish, three primary cell types were identified: epithelial cells, mucous cells, and
mitochondria-rich cells (Figure 1A). Among these, mitochondria-rich cells were the most
prominent specialised cells observed in this region of the branchial epithelium. These
cells appeared as large, ovoid structures, characterised by an abundance of substantial
mitochondria within their cytoplasm (Figure 1A–D).
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Figure 1. Transmission electron micrographs illustrating the base of the secondary lamellae and
the interlamellar space from the gills of unexposed common carp (Cyprinus carpio). (A) The general
tissue architecture at the base of a secondary lamella and within the interlamellar space is shown,
highlighting the primary cell types: epithelial cells (e) with distinctive short, squat cytoplasmic
projections, mucous cells (asterisk), and large, ovoid mitochondria-rich cells (m) with pale cytoplasm.
Scale bar = 2.5 µm. (B) A putative β/dark mitochondria-rich cell is depicted, characterised by large
mitochondria (white thin arrows) with well-defined cristae and matrix granules, a relatively less
prominent tubular system compared to α/light mitochondria-rich cells (see panels (C,D)), an apical pit
(black arrow), and tight junctions (thick white arrows) with adjacent epithelial cells. Scale bar = 1 µm.
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(C) Cytoplasmic detail of a putative α/light mitochondria-rich cell is presented, showing a prominent
anastomosing network of tubular structures (tubular system, black arrow heads), a well-developed
Golgi apparatus (thick black arrows) with associated vesicles, and abundant voluminous mitochon-
dria (thin white arrows) with evident cristae and matrix granules. Scale bar = 500 nm. (D) The
cytoplasmic organisation of an epithelial cell is shown, featuring an extensive Golgi apparatus (thick
black arrows) with associated vesicles, rough endoplasmic reticulum (white arrow heads), and rela-
tively smaller and less abundant mitochondria (white arrows) compared to the underlying α/light
mitochondria-rich cell (m). The short, squat cytoplasmic projections (thin black arrows) are also
visible. Scale bar = 1 µm. (E) An immature mucous cell is depicted, characterised by abundant
rough endoplasmic reticulum (white arrow heads), a well-developed Golgi apparatus with associated
vesicles, and developing mucous granules (black arrows). A mature mucous cell (asterisk) lining
the epithelial surface is also visible. Scale bar = 1 µm. (F) Golgi-derived vesicles (thin white arrows)
approaching the epithelial surface are shown, with the fusion of one vesicle (thick white arrow) with
the plasma membrane illustrated, suggesting direct continuity between the vesicle contents and the
fuzzy coat (black curved arrow) on the outer cell surface. Scale bar = 100 nm.

Notably, mitochondria-rich cells exhibited a characteristic membranous system com-
prising the following components: a tubular system (an anastomosing network of tubules)
in continuity with the basolateral membrane through membrane infoldings, which en-
meshed the mitochondria; endoplasmic reticulum, often interdigitated with the tubular
system; a vesiculotubular system, predominantly located in the apical region of the cell
and associated with the trans face of the Golgi apparatus (Figure 1C,D).

Referring to the classifications proposed by Pisam [71], most mitochondria-rich cells
appeared as α/light cells, characterized by a prominent tubular system indicative of
enhanced ion-transport capacity (Figure 1A,C,D). Conversely, darker mitochondria-rich
cells, displaying a less extensive tubular system, were occasionally observed and classified
as β/dark cells (Figure 1B).

Mucous cells represented another group of specialised cells, displaying their typical
ultrastructural features, primarily characterised by the accumulation of mucous granules
within their cytoplasm (Figure 1A). Immature mucous cells (Figure 1E) were notable for
their abundant rough endoplasmic reticulum, a well-developed Golgi apparatus with
associated vesicles, and evidence of developing mucous granules.

Epithelial cells formed the structural scaffold of the branchial epithelium, accommodat-
ing the specialised cells mentioned above. These cells were highly pleomorphic, adjusting
their morphology to neighbouring cells (Figure 1A,B,D,E). At the ultrastructural level,
epithelial cells exhibited large mitochondria, an extensive rough endoplasmic reticulum,
and a prominent Golgi complex with numerous associated vesicles (Figure 1D). Frequent
fusion of these vesicles with the plasma membrane was observed, suggesting a direct
continuity between vesicle contents and the outer cell’s fuzzy coat (Figure 1F).

PFOA exposure affected the ultrastructural integrity of the cells. At 200 ng L−1 PFOA,
mitochondria-rich cells exhibited scattered ballooning of mitochondria, accompanied by
reduced and smaller matrix granules, less distinct cristae, and a diminished Golgi complex
with fewer associated vesicles (Figure 2A). Interestingly, when putative α/light and β/dark
cells were observed side by side—a spatial arrangement that enhanced confidence in this
direct comparison—the β/dark cells exhibited more pronounced mitochondrial alterations
than the α/light cells (Figure 2B). A relative reduction in the size and prominence of the
Golgi complex and associated vesicles was also observed in epithelial cells, along with
mitochondria displaying reduced and smaller matrix granules and less distinct cristae. Fur-
thermore, the rough endoplasmic reticulum appeared compromised, showing reductions
in both its extent and the number of associated ribosomes (Figure 2C). In some instances,
evidence of autophagocytosis was also identified (Figure 2D).
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Figure 2. Transmission electron micrographs illustrating the base of the secondary lamellae and the
interlamellar space from the gills of common carp (Cyprinus carpio) exposed to 200 ng L−1 PFOA.
(A) Mitochondria in a putative α/light mitochondria-rich cell exhibit total or partial ballooning (white
arrows), accompanied by cristolysis, matrix dissolution, and the accumulation of electron-dense,
membranaceous inclusions. Intact mitochondria (thick black arrows) appear darker, with less distinct
cristae and smaller, less numerous matrix granules compared to those documented in unexposed
fish. The Golgi apparatus (thin black arrows) is less prominent, with fewer associated vesicles than
expected in unexposed fish. The tubular system is also visible (black arrow heads). Scale bar = 1 µm.
(B) A putative β/dark mitochondria-rich cell (above) and a putative α/light mitochondria-rich cell
(below) are shown. In the putative α/light mitochondria-rich cell, mitochondria (thick black arrows)
appear dark, with poorly defined cristae and fewer, smaller matrix granules. In contrast, in the
putative β/dark mitochondria-rich cell mitochondria (white arrows) are more altered, displaying
total or partial ballooning, cristolysis, matrix dissolution, and accumulation of membranaceous
inclusions. The tubular system (black arrow heads) and rough endoplasmic reticulum cisternae
(white arrow heads) are shown. Scale bar = 500 nm. (C) Cytoplasmic details of an epithelial cell reveal
a reduction in the size and prominence of the Golgi complex (thin black arrows), with the associated
vesicles being more severely affected. Mitochondria (thick black arrows) display diminished matrix
granules, less distinct cristae, accompanied by a reduction in the extent of the rough endoplasmic
reticulum and the number of associated ribosomes. Scale bar = 500 nm. (D) An epithelial cell
containing numerous autophagosomes (white arrows) is observed. Scale bar = 1 µm.

At the highest tested concentration of PFOA (2 mg L−1), the previously reported
ultrastructural alterations were exacerbated, particularly in mitochondria-rich cells. These
alterations included mitochondrial ballooning, enlargement of the cisternae of the rough en-
doplasmic reticulum, and the apparent disappearance of the Golgi complex and associated
vesicles (Figure 3A,B). Evidence of necrosis was also observed in individual mitochondria-
rich cells and epithelial cells (Figure 3C,D). Mucous cells appeared less affected by PFOA
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exposure compared to other cell types. However, at the highest tested concentration, mi-
tochondrial alterations were consistently evident in all exposed individuals, including
matrix dissolution, darkening, and reduced visibility of cristae. These were accompanied
by somewhat enlarged rough endoplasmic reticulum cisternae and reduced or absent Golgi
complex and associated vesicles (Figure 3E). Additionally, recruitment of granulocytes and
macrophages was observed (Figure 3F).

 

Figure 3. Transmission electron micrographs illustrating the base of the secondary lamellae and the
interlamellar space from the gills of common carp (Cyprinus carpio) exposed to 2 mg L−1 PFOA. (A) A
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putative α/light mitochondria-rich cell shows mitochondrial ballooning (white arrows) and enlarge-
ment of the cisternae of the rough endoplasmic reticulum (thin black arrows), with accumulation of
flocculent material inside. In general, mitochondria (thick black arrows) appear dark, with poorly
defined cristae and fewer, smaller matrix granules. Scale bar = 500 nm. (B) A putative α/light
mitochondria-rich cell (above) displays dark mitochondria with poorly defined cristae, fewer and
smaller matrix granules, and incipient matrix dissolution or ballooning (black arrows). Conversely,
mitochondria of a putative β/dark mitochondria-rich cell (below) show more pronounced alterations,
including total or partial ballooning (white arrows). Scale bar = 500 nm. (C) A necrotic putative
α/light mitochondria-rich cell is shown, characterised by a karyolitic nucleus (n) and an enlarged
endoplasmic reticulum (arrows). Scale bar = 2 µm. (D) A necrotic epithelial cell shows total disar-
rangement of the cytoplasmic architecture. Scale bar = 1 µm. (E) In a mucous cell, mitochondria
(white arrows) are difficult to discern, appearing very dark and lacking evident cristae. Enlargement
and degranulation of the cisternae of the rough endoplasmic reticulum are also evident (black arrows).
Notably, no Golgi apparatus or associated vesicles are discernible. Scale bar = 1 µm. (F) A phagocyte
with a large phagosome (white arrows) is observed beneath the epithelial lining at the base of a
secondary lamella. Scale bar = 1 µm.

The described ultrastructural alterations were reproducible across exposed fish and
not observed in unexposed control fish. Given the strictly standardized, batch-processed
preparation, these findings are unlikely to reflect fixation or processing artefacts and are
instead consistent with PFOA-associated cytotoxic changes.

4. Discussion
The architecture of the gill interlamellar space documented in the present study

aligns with previous descriptions in the literature, supporting its characterisation as a
plastic and dynamic anatomical site. This space accommodates relatively undifferentiated
cells alongside fully differentiated, highly specialised cells, such as mucous cells and
mitochondria-rich cells, and plays a role in gill remodelling through the balance between
cell proliferation and cell death [65–68]. In particular, within the multilayered interlamellar
filamental epithelium, pavement and, in some instances, columnar epithelial cells can
be observed lining the surface and exhibiting characteristic micro-ridges that somewhat
resemble fingerprints [78,79]. A prominent Golgi apparatus, an extensive endoplasmic
reticulum, and vesicles opening at the external surface have previously been described
in these cells, suggesting a secretory function [68,78,80]. These pavement cells typically
display low mitochondrial densities and, in some species, possess apical secretory granules,
characteristics consistent with their established morphology in classical ultrastructural
surveys [68]. This contrasts with the squamous epithelial cells lining the lamellar edges, in
which these secretory features have not been reported [68,78,80].

Mitochondria-rich cells (also referred to as chloride cells) represent the most distinctive
cellular type within the gill epithelium and are also found in other water-lining epithelia,
particularly during the larval stage [81]. The number and morphology of mitochondria-
rich cells vary among fish species and according to the aquatic environment. Moreover,
distinct subtypes have been described, displaying specific ultrastructural characteristics
and potentially differing functional roles [71,82,83].

The present study demonstrated that PFOA exposure induced alterations in the ul-
trastructural organisation of the three principal branchial cell types examined, with the
severity of these changes increasing according to PFOA dose. The results should be consid-
ered from a One Health perspective, as they have implications not only for fish themselves,
both wild and farmed, but also for their role as a food source in animal and human diets.
Moreover, these findings can be interpreted within the framework of translational research.
Mitochondria-rich cells are not unique to fish, being also present in amphibians, reptiles,
and birds [84,85]; however, they have not been reported in mammals, which appear to lack
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direct structural analogues, although cells with comparable ultrastructural features and/or
functions are certainly present. For instance, structural and cytochemical similarities have
been described between mammalian tuft cells and chloride (mitochondria-rich) cells [86].
Furthermore, from an osmoregulatory perspective, certain epithelia of other vertebrates,
such as the frog skin, the urinary bladder epithelium of toads and turtles, and the epithe-
lium of the cortical collecting duct in mammalian kidneys, share several morphological
and functional characteristics with the gill epithelium of freshwater fish [87].

Given their primary role in osmoregulation, mitochondria-rich cells may thus serve
as a valuable model for investigating and interpreting the effects of toxicants, including
PFOA, on conserved cellular structures and functions. Very interestingly, in the same
carp examined in the present experimental set, focal vesiculation and spotted matrix
rarefaction of mitochondria were observed in the main/clear cells of the nephron collecting
ducts. These mitochondrial alterations were more pronounced in the collecting ducts
compared with other tubular segments. This finding led to speculation regarding the
possible presence and role of organic anion transporters (OATs) in the carp renal collecting
duct [23], analogous to those described in mammals [88], in which per- and polyfluoroalkyl
substances (PFAS) are known to be excreted via OAT-mediated pathways [89].

As a possible research follow-up, it should be investigated whether PFOA reaches
the target cells predominantly through absorption from the surrounding water or through
secretion via the bloodstream. It must be considered that PFOA is absorbed primarily at
the external interface represented by the gills [36], since freshwater fish do not actively
drink water [36] and the kidney represents the main route of excretion [54]. Interestingly,
xenobiotic transporter activity has been described in ionocytes (namely mitochondria-rich
cells) of zebrafish embryos, suggesting a possible protective role of these cells in xenobiotics
excretion and highlighting potential functional similarities with mammalian renal cells [90].
In other words, although the gills constitute the main absorption site and the kidney the
principal excretion route, mitochondria-rich cells may locally accumulate higher PFOA
concentrations as a consequence of a xenobiotic transporter-mediated process, with PFOA
originating from the blood, the tissue compartment known to exhibit the highest PFOA
concentration [36,54], as confirmed in a previous study on the same carp used in the present
experimental set [53]. This process is likely negligible from a toxicokinetic perspective,
in terms of its overall contribution to excretion [36], but may nonetheless be sufficient to
account for the greater ultrastructural alterations observed in mitochondria-rich cells com-
pared with other cell types. The observation that β/dark cells, which have been reported to
possess a distinct association with the gill central venous sinus [71], exhibited more severe
ultrastructural alterations supports the hypothesis of their greater exposure to circulating
PFOA. Notably, the gill central venous sinus is part of the so-called secondary vascular sys-
tem in teleosts, which drains a portion of the blood from the efferent branchial artery [91].
This drained blood returns directly to the heart, partially bypassing the systemic circulation
and establishing a localised recirculation of branchial blood [91]. Such a “branchial–cardiac
circulation” may influence the local distribution and persistence of blood-borne xenobiotics,
such as PFOA, at the gill level. However, this potential higher exposure should be regarded
at the cellular rather than the tissue level, since gills do not exhibit either particularly high
PFOA concentrations at equilibrium or a significant role in PFOA excretion [36]. Rather,
localised accumulation within mitochondria-rich cells, particularly β/dark subtypes, may
result from their close vascular association and possible xenobiotic transporter activity,
leading to greater ultrastructural vulnerability. Interestingly, a comparable vascular mecha-
nism has previously been discussed in relation to the response of another teleost-specific
cell type, the rodlet cell, in fish experimentally exposed to a toxicant [92]. The analogous,
albeit less severe, ultrastructural alterations observed in the other cell types should be
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interpreted within a similar mechanistic framework, namely as a consequence of PFOA
uptake from interstitial fluids and, ultimately, from the bloodstream. This interpretation is
indirectly supported by the observation that, within the present study, only polygonal ep-
ithelial cells, known for their secretory activity [68,78,80] and, consequently, for their greater
metabolic dependence on blood-borne nutrient supply, displayed discernible ultrastruc-
tural alterations. Such dependence implies a more sustained contact with circulating PFOA.
Conversely, the more flattened squamous epithelial cells, despite their closer anatomical
proximity to the external environment and thus to the relatively lower PFOA concentrations
dissolved in water, exhibited minimal or no detectable alterations following exposure. This
differential cellular response supports the view that blood-mediated PFOA delivery, rather
than direct branchial absorption from water, represents the predominant route influencing
the observed ultrastructural changes. It should be emphasised, however, that in a study
on adult euryhaline Oryzias melastigma, Avellán-Llaguno et al. (2020) [93] demonstrated
that elevated salinity upregulated the expression of organic anion transporter 1 (OAT1)
and fatty acid-binding protein (FABP) in gill tissues, thereby facilitating the uptake of
PFOA and other perfluoroalkyl acids. This apparent contradiction with findings from
zebrafish embryos, in which mitochondria-rich cells exhibit xenobiotic transporter activity
primarily associated with excretion [90], likely reflects fundamental differences in species,
developmental stage, and environmental salinity (saltwater versus freshwater). In adult
euryhaline teleosts, gill epithelia function as dynamic osmoregulatory interfaces, where
salinity-dependent modulation of carrier proteins may promote bidirectional, or even net
inward, transport of amphiphilic anions such as PFOA [93]. Conversely, in freshwater or
embryonic models, where osmotic gradients are minimal and renal excretory pathways
are immature, OATs may predominantly act to limit xenobiotic accumulation [90]. Nev-
ertheless, targeted studies on adult common carp should be undertaken to directly test
this hypothesis through OAT1 immunohistochemistry to localize transporter expression
in specific branchial cell types, combined with transporter-inhibition assays and targeted
transcriptomic profiling to clarify the possible role of such carriers in the influx–efflux
balance and to determine whether specific gill cell types preferentially contribute to PFOA
concentration and retention.

As previously noted, mitochondria were the most affected organelles. PFOA exposure
is well documented to impair mitochondrial structure and function [50], and comparable
alterations have been reported in the liver, kidney, and, to a lesser extent, in the thyroid
follicular epithelium of the same carp used in the present experimental set [22,23,40].
Regarding the mechanistic basis of these alterations, it has been proposed that PFOA,
owing to its surfactant properties, disrupts mitochondrial integrity by altering both the
inner and outer membranes. Such disruption compromises the electron transport chain,
leading to the excessive generation of reactive oxygen species (ROS) [50]. Additionally,
modulation of the mitochondrial permeability transition pore has been suggested as a
contributing mechanism [94,95]. Furthermore, given PFOA’s structural similarity to fatty
acids and its ability to modify mitochondrial membrane fluidity, it may interfere with
β-oxidation of fatty acids and/or uncouple oxidative phosphorylation [40]. Collectively,
these mechanisms could converge to explain the profound mitochondrial damage observed
ultra-structurally, which likely represents a central event in PFOA-induced cytotoxicity.

With regard to the Golgi apparatus, its loss has been reported in the liver of mice
orally administered PFOA. In particular, Golgin-97, a membrane protein of the trans-Golgi
network, was inhibited even at the lowest tested PFOA concentration [96]. The involvement
of Golgi stress has also been hypothesised [96], whereby disruption of the mechanisms
maintaining Golgi integrity activates a Golgi-dedicated degradation signalling pathway.
This, in turn, may trigger autophagy as part of an organelle self-regulatory or protective
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response [97]. The present findings, which revealed a reduction in the size and prominence
of the Golgi complex and its associated vesicles in branchial mitochondria-rich, epithelial,
and mucous cells at the highest tested PFOA concentration, may be interpreted within the
same mechanistic framework. In this context, PFOA-induced Golgi stress likely occurs in
these cells, initiating degradative or autophagic responses aimed at restoring organellar
and cellular homeostasis [97].

The ultrastructural evidence of altered rough endoplasmic reticulum (ER) observed in
the present study, characterised by dilation of cisternae and ribosomal detachment, should
also be taken into account, as it further supports the hypothesis of organelle stress. ER stress
has already been proposed as a key mechanism in PFOA-induced hepatotoxicity in carp [98],
as well as in other animal models [99,100]. Given the functional continuity between the
ER and Golgi apparatus, stress originating in one compartment is likely to propagate to
the other, establishing a self-perpetuating cycle of organelle dysfunction. Interestingly, an
endoplasmic reticulum–mitochondria communication pathway has been demonstrated
in vitro in hepatocytes, where PFOA-induced ER stress triggered mitochondrial-mediated
apoptosis [100]. This highlights the complex interplay among organelles in maintaining
cellular homeostasis, whereby stress originating in the ER or Golgi can affect mitochondria,
while conversely, mitochondrial dysfunction may impair ER and Golgi integrity, gener-
ating a coordinated cascade of organelle dysfunction that ultimately compromises cell
viability [97].

Collectively, the concurrent alterations observed in mitochondria, the endoplasmic
reticulum, the Golgi apparatus, and autophagic activity in the present study point to a co-
ordinated impairment of the endomembrane system as a central event in the concentration-
dependent cytotoxic effects of PFOA on branchial cells.

It should be emphasised that the reported ultrastructural alterations may result from
both direct cytotoxic effects, previously discussed, and indirect endocrine-mediated mech-
anisms of PFOA action, which are not mutually exclusive. In the same fish examined
in the present study, thyroid alterations consistent with hypothyroidism were previously
reported [21,22]. Given that thyroid hormones are known to modulate osmoregulatory func-
tion in euryhaline species, stimulating the proliferation and hypertrophy of mitochondria-
rich (chloride) cells [101], it is plausible that PFOA-induced thyroid dysfunction may have
secondarily contributed to the branchial alterations observed. To achieve a more interpreta-
tive understanding of these findings, endocrine function should be systematically assessed
in future studies. Moreover, other endocrine pathways, particularly those involving cortisol,
should be considered given the established bidirectional interaction between the thyroid
and inter-renal axes in teleosts. This interplay is crucial for coordinating osmoregulatory
and metabolic processes, as thyroid hormones modulate cortisol-mediated stress responses
while cortisol, in turn, influences thyroidal activity, ensuring the integrated regulation of
ionic and energetic homeostasis under environmental challenge [102]. Further insights
into the potential endocrine-mediated influence of PFOA on branchial physiology were
provided by Lu et al. (2021) [45], who reported alterations in gill morphology, ion content,
Na+/K+-ATPase activity, and the transcription of ion transporters and hormone recep-
tor genes in Oryzias melastigma following exposure. However, their observations were
based solely on light microscopy of paraffin-embedded sections, which is inadequate to
resolve the fine architecture of the gill epithelium or to evaluate mitochondria-rich cells,
the key effectors of ionic regulation. Although direct cytotoxic effects were not investi-
gated, their molecular data suggest that PFOA can interfere with osmoregulatory and
endocrine-related pathways, consistent with a possible hormonal modulation of branchial
function [45]. These findings therefore complement the present ultrastructural evidence by
indicating that PFOA may act through both cellular (cytotoxic) and endocrine-mediated
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processes. Recent single-cell transcriptomic evidence further supports the hypothesis that
PFOA directly targets ionocytes (mitochondria-rich cells). Yu et al. (2022) [103] identi-
fied significant alterations in the expression of key osmoregulatory and structural genes,
including atp1a1a.4 (encoding the Na+/K+-ATPase α-subunit) and col1a1a (encoding the
collagen type I α1 chain), in zebrafish embryos exposed to sublethal concentrations of
PFOA. Such transcriptional perturbations suggest impairment of ion transport processes
and epithelial structural integrity, consistent with the ultrastructural alterations observed
in the present study and further reinforce the view that ionocytes (mitochondria-rich cells)
represent primary cellular targets in PFOA-induced disruption of osmoregulatory and
bioenergetic homeostasis.

Notwithstanding its exploratory and qualitative nature, the present study provides
essential descriptive baseline data on PFOA-induced gill ultrastructure that, to the authors’
knowledge, represents the first comprehensive ultrastructural characterization of PFOA
effects on fish branchial tissues. Such foundational observations hold intrinsic scientific
merit for understanding cellular responses to this persistent contaminant. Nevertheless,
these findings underscore the need for future targeted semi-quantitative scoring or quan-
titative morphometric studies to quantify the magnitude and cellular heterogeneity of
ultrastructural alterations, permit rigorous statistical comparison across exposure scenarios,
and establish the mechanistic and biomarker applications of the present discoveries.

5. Conclusions
This study provides ultrastructural evidence that PFOA induces concentration-

dependent cytotoxic effects in the gills of C. carpio, primarily affecting mitochondria-rich
cells and, to a lesser extent, epithelial and mucous cells. The concurrent alterations detected
in mitochondria, the Golgi apparatus, the endoplasmic reticulum, and autophagic activity
indicate a coordinated disruption of the endomembrane system as a central pathogenic
mechanism. Such organelle impairment reflects a broader bioenergetic and proteo-synthetic
imbalance, ultimately leading to the loss of cellular homeostasis. These findings highlight
mitochondrial and endomembrane stress as pivotal components of PFOA toxicity and
suggest that indirect endocrine-mediated effects may co-occur with direct cytotoxic mecha-
nisms, contributing to the overall pathophysiological response.

From a One Health perspective, the present results hold significance for environmental,
animal, and human health, given the ecological and trophic importance of fish species. The
pronounced susceptibility of mitochondria-rich cells supports their application as generalist
biomarkers of PFOA exposure and effect. Furthermore, owing to their conserved structural
and functional analogies with mammalian epithelial cells involved in ion transport and
detoxification, mitochondria-rich cells may serve as valuable translational models for
elucidating conserved cellular mechanisms of organelle stress and xenobiotic-induced
injury. Consequently, these cells can be regarded as reliable biomarkers of One Health
relevance and translational significance.

To consolidate and extend these findings, targeted semi-quantitative scoring or quanti-
tative morphometric studies are necessary to confirm the magnitude and cellular hetero-
geneity of PFOA-induced ultrastructural alterations, elucidate their mechanistic basis, and
establish their translational and biomarker applications.

Future research should integrate targeted biomolecular approaches to delineate the
molecular cascades underlying organelle dysfunction and to identify the signalling net-
works connecting mitochondrial, endoplasmic reticulum, and Golgi stress responses. In
particular, investigations into the crosstalk between bioenergetic pathways and protein syn-
thesis regulation under PFOA exposure may provide critical insights into the mechanisms
linking subcellular damage to systemic endocrine and physiological outcomes.
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