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SUMMARY: Fish gills represent one of the most vulnerable target organs to aquatic pollutants. Extensive research shows that
chronic exposure to heavy metals leads to structural lesions and impaired ion regulation. However, up to the momeegrihiswncl
such disturbances affect the countercurrent exchange mechanism, which is essential in fish respiration. The present study aimed
provide a thorough description of the histological and functional responses of gills to heavy metal exposure, explainioly how su
modifications affect the countercurrent exchange. Paired gill samples were harvested from adult Europ8goatimsbcephalus
(Linnaeus, 1758) collected from the Arie? River catchment (geographical area of Rosia Montana), a high-risk aquatic ebesgstem w
fauna is continuously exposed to toxic concentrations of metals. 10 % buffered formalin fixed gill samples were furthedidedjiner
processed with the usual paraffin embedding technique and stained with the Goldner’s trichrome method. The results ghoveed a ple
of lesions, which were classified according to their magnitude into four different classes: adaptive, degenerative, inflaanchator
irreversible. The first three categories were present in almost all individuals, while the prevalence of the irrevensiiedge siightly
lower. In such conditions, the countercurrent exchange mechanism is impaired even by initial modifications such asahthéfting
simple squamous covering epithelium. Due to a bigger distance between the lamellar axis and the exterior of the larpghaatee ox
blood may find it harder to reach the destination point. Accordingly, the loss of lamellar structural integrity reducedietitengcessary
for optimal gas exchange, both protective adaptations and detrimental outcomes collectively undermining the physiol@ymareatint
exchange mechanism. These findings demonstrate that metal-induced histopathological damage might undermine countercurrent gas
exchange, providing a reliable biomarker framework for assessing aquatic heavy metal toxicity.
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INTRODUCTION

Gills are vital multifunctional organs crucial for Structurally, the gill epithelium is extremely thin and
maintaining homeostasis in aquatic environments. Theiharacterized by a remarkably large surface area, a
main role is the oxygenation of blood, yet theieonfiguration that facilitates rapid and efficient gas
physiological significance extends far beyond respiratigfiffusion. However, this structural delicacy exposes the
(Mokhtar, 2021). Gills are also critically involved in acid-organ to a high degree of vulnerability, rendering it
base balance, osmoregulation, ion exchange, and ssceptible to physical, chemical, and biological stressors
excretion of nitrogenous wastes—primarily in the form opresent in the surrounding water. Even minor alterations
ammonia (Genteet al, 2009). These combined functionsto epithelial integrity can result in significant respiratory
make the gills a highly dynamic and metabolically activénd osmoregulatory disturbances (Mumfetdal, 2007,
interface between the fish and its aquatic environmer§éenteret al, 2009; Mokhtar, 2021).

1Faculty of Veterinary Medicine, Department of Cell Biology, Histology and Embryology, University of Agricultural Sciencestemhyy Medicine
of Cluj-Napoca, Cluj-Napoca, Romania.

2Academy of Romanian Scientists, Bucharest, Romania.

SApplied Ichthyology Laboratory (AIL), University of Agricultural Sciences and Veterinary Medicine of Cluj-Napoca, Cluj-NRpotania.
FUNDING. This research was carried out within the project 291/10.03.2025 won by the first author and funded by the A€ataanjiaf Scientists.

Received: 2025-11-17  Accepted: 2026-04-03

1000



MATEI-LATIU, M. C.; LATIU, C.; PAPUC, T.; MUNTEAN, G. C.; DAESCU, A. M,; RUS, V. & GAL, A. F.  Histopathological changes of the countercurrent system in fish gills constantly
exposed to heavy metal-polluted watelrst. J. Morphol., 44(3).000-1007, 2026.

Anatomically, the gills are composed of arches fronmteractions between positively charged metal ions and
which the primary lamellae, or filaments, project outward in aegatively charged binding sites on the gill epithelium
comb-like display. The surface of each primary lamella iglayleet al, 1998; Yanchevat al, 2016).
further expanded by numerous secondary lamellae, arranged
as regular semilunar folds along the dorsal and ventral surfaces.  The Rosia Montana—Abrud sector of the Aries River
This hierarchical lamellar system provides an enormowsmtchment in western Romania is recognized as one of the
surface area that is essential for efficient gas exchange andst historically and environmentally impacted mining areas
the removal of metabolic waste products. The secondaryEurope. Mining and ore processing for gold, silver, copper,
lamellae serve as the primary sites of gaseous exchange katl, zinc, and other non-ferrous metals have been ongoing
are composed of a delicate, simple epithelium of squamomsthis region for over two millennia (Banadeical., 2021).
pavement cells (PVC). These cells are supported and separddeanerous studies have reported that both historical and
by contractile pillar cells, which maintain the structural rigiditycurrent mining operations have induced long-term,
of the lamellae and regulate the diameter of lacunar spasgsergistic negative effects on aquatic ecosystems, resulting
through which blood flows. The spacing of pillar cells—in a chronic state of environmental pollution (Betal,
approximately 9-10 mm apart—ensures optimal diffusioR005; Levekt al, 2011; Banaduet al,, 2021). The region’s
distances between blood and water while preserving lamellivers receive mine effluents and acid drainage waters
integrity (Genteret al, 2009; Mokhtar, 2021). characterized by high concentrations of suspended solids,

sulfates, chlorides, and heavy metals such as Fe, Cu, Pb,

A fundamental feature underpinning the exceptionan, Cd, Mn, and others, often accompanied by highly acidic
respiratory efficiency of the gills is the countercurrenpH values sometimes below 3 (Dumitetl al, 2015;
exchange mechanism. In this system, water flows over tBanaducet al, 2021). Concentrations of iron and copper
lamellae in the opposite direction to the flow of blood withinons have been reported to exceed legal limits several times,
the capillaries, from afferent to efferent arterioles. Thighile significant excesses were also observed for manganese
arrangement maintains a continuous diffusion gradierdnd cadmium (Dumitredt al, 2015). Consequently, water
allowing for the progressive transfer of oxygen from wateguality assessments classify the Aries River downstream of
into the blood and for carbon dioxide to diffuse in th¢he Rosia Montana and Rosia Poieni mining zones as class
opposite direction. Through this process, oxygen extracti®fi—bad ecological status, indicating severe degradation
efficiencies ranging from 50 % to 80 % are achieved (Gentéreveiet al, 2011; Dumitrekt al, 2015). Recent research
et al, 2009). Following oxygenation, blood exits theconfirms that mining waste discharge, abandoned tailings,
secondary lamellae through the efferent lamellar arteriesnd uncontrolled seepage remain major sources of
converging into the dorsal aorta for systemic distributiomontamination (Glevitzkyet al, 2025). The persistent
The ventral aorta, in turn, delivers deoxygenated blood froaccumulation of metals in sediments has led to
the heart to the gill arches via the afferent branchial arteriddpaccumulation in aquatic organisms, including fish and
ensuring a closed and efficient circulation. Collectively, theenthic invertebrates, which exhibit pronounced alterations
microanatomical organization of the gills and the precisioas a result of chran exposure to heavy metals (Banaétic
of the countercurrent exchange mechanism exemplify ah, 2021).
evolutionary optimization of respiratory and osmoregulatory
efficiency in aquatic vertebrates (Olson, 1991; Mumfetrd Thus, the Aries River catchment represents a high-risk
al., 2007; Genteet al,, 2009). ecosystem where aquatic fauna are continuously exposed to

toxic concentrations of metals, making it an essential case study

Given that the gills account for more than half of théor evaluating pollutant-induced histopathological changes in
total surface area of a fish (Playle, 1998; Yanchetval, fish gills. Therefore, the study aimed to understand the
2016), itis not surprising that they represent one of the majastological and functional responses of gills to metal exposure.
target organs for waterborne toxicants. Acting as the primaljoreover, the mechanisms by which heavy metals alter
interface between the internal environment of the fish amauntercurrent efficiency and respiratory physiology are
the surrounding water, gills are the main route through whi¢dhndamental for assessing aquatic ¢ityi
toxicants penetrate into the organism (Carpene & Vasak
1989; Perry & Laurent, 1993; Pourang, 1995; Tkacletva MATERIAL AND METHOD
al., 2004; Rosselandt al, 2007; Yanchevat al, 2016).

Consequently, they are among the most sensitive structuBsmpling site

for detecting the physiological and histopathological effects

of aquatic pollution. The gill surface possesses metal-binding In order to select the proper aquatic environment for
ligands, and bioaccumulation often results from electrostatitir purpose, after a rigorous study of the literature, the
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geographical area of Rosia Montana was selected. To facilitétestological assessment
field assessment, a decision tree was created (Fig. 1).

Histological processing of the samples was performed
in the histology laboratory of the Faculty of Veterinary
Medicine at the University of Agricultural Sciences and
Veterinary Medicine Cluj-Napoca, Romania. The samples
were fixed for 5 days. For better processing, the following
step involved demineralization with trichloroacetic acid 5 %
for 7 days. Subsequently, the gills were processed with the
usual paraffin embedding technique and sectionedpah 5
thickness, using a rotary microtome (Leica Rotary microtome,
Germany). The mounted sections were stained with Goldner’s
watercourse? trichrome staining method (Suvarma al, 2018). The
microscopical assessment was carried out with an Olympus
BX41 microscope equipped with an Olympus SC180 digital
camera (Olympus, Japan), while the used software was
Olympus CellSens.

Is the chub
esent . . . . . . .
according to the Histopathological diagnosis:Microscopic images were
fis sntory? . . .
RRTEAOR] independently evaluated by two pathologists, and lesions were
classified accordingly.

RESULTS

The histological assessment revealed several
morphological alterations in all the analyzed fish gill specimens.
Moreover, the pathological findings are provoked by different
mechanisms that permit classification into different severity
categories, such as: adaptive or defense lesions, degenerative/
Fig. 1. Easy-to-use on the field decisional tree for a watershaécrotic or reversible lesions, inflammatory lesions, and
polluted by industrial heavy metals. irreversible or severe pathological lesions (Table I, Fig. 2).

In short, the aim was to identify aquatic sample sites Except for inflammatory lesions (Fig. 2 A, B, E), the
(running waters from Rosia Montana geographical aregther categories represent different steps of the severity of
tributaries to the Aries River catchment) that are known t@orphological changes, which is directly related to the
be polluted with heavy metals, where access to the wateeigosure period length and intensity. Accordingly, the same
easy and the withholding of the catches is allowed in thgecimen may develop all four categories of lesions, but in a
legal fishing season (no “catch & release” zone). different time frame.

Biological material The adaptive or defense lesions may be present after
a slightly short period of exposure to a range of pollutants
The European chuBqualius cephalugLinnaeus, (Fig. 2C). Punctual changes like epithelial lifting/detachment
1758) demonstrated its capacity to represent a veritalglfe to interstitial edema) associated with subepithelial clefts
sentinel species (Hajkoedal, 2007; Havelkovét al, 2008; formation, or a mild epithelial hyperplasia, followed by
Krywult et al, 2008). Accordingly, in the present study asecondary lamellae fusion were seen in all the analyzed
total number of 15 European chub were caught between Jgpecimens. At the same time, an increased mucus secretion
and September 2025 using the spinning fishing method, wiifas noticed, mostly on the apical region of the primary gill
artificial lures. Only adult individuals, above 25 cm (minimalamellae. Together with those cell-linked alterations, mild
legal length), were retained and immediately euthanized wiascular lesions like vasodilatation were observed with a
an overdose of Eugenia cariophilata extract in water. Withifigh prevalence.
the shortest time after euthanasia, the fish were anatomically
dissected, and the paired gills were harvested. Allthe samples  The degenerative lesions were also observed with
were instantly immersed in 10 % buffered formalin. a high prevalence, but not in all the individuals. As stated
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before, they may represent a more advanced stage of the  Another major histological change identified in all
adaptive lesions that may be provoked by a longer exposaalyzed slides was represented by the inflammatory lesions.
to the polluted environmental conditions. A frequentn most cases, a prominent inflammatory infiltrate was
alteration was represented by the rupture of the epitheliuobserved in the apical region of the primary gill lamellae
However, morphological changes at the level of the pilldFig. 2E).

cells were also frequently noticed (Fig. 2D).

R e e :\
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Fig. 2. Gill lesions found in fish that lived in environmental conditions polluted with heavy metals (Goldner’s trichrojma stdix,

Overview of affected gill lamellae presenting primary gills (doubled arrow PG) from which the secondary lamellae detalsd (SL); t
apical region (AR) of the primary lamellae presents epithelial hyperplasia, with an increased number of mucous cells (®f). B —
Lesions overview: epithelial detachment with associated subepithelial clefts (yellow arrows); multifocal areas with megiiofithep
secondary lamellae (green arrow); failure of the pillar cells to maintain the normal blood flow on the secondary lametta®, with
aneurysm formation as a consequence (black arrows). C — 20 X, A gill region where the adaptive or defense lesions predominate:
interstitial edema, including epithelial lifting/detachment (yellow arrows), hyperplasia of epithelial cells (blue arroel&gr fasion

(green arrows), mucus hypersecretion (grey arrow). D — 40X, Degenerative and necrotic lesions represented by: eadggeitbsizbn

denoted by cytoplasmic vacuolization (arrowheads) and pillar cell structural changes with the loss of mechanical suppmwd;(red a
epithelial necrosis (black arrows). E — 40X, Inflammatory lesion mainly represented by the presence of a prominent lyitigtieid inf

in the gill structure (asterisks). F — 40X, Irreversible lesion displaying focal aneurysmal blood vessel dilation duecédl falilare

(black arrow).
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Regarding the most severe category of lesions, From the countercurrent point of view, even the
namely the irreversible injuries, they were occasionallgrimary or adaptive lesions, such as interstitial edema, may
detected in all assessed specimens. However, in severadjatively interfere with the highly specific countercurrent
individuals, isolated failures of the pillar cells were noticedexchange mechanism. A higher distance in between the blood
with the appearance of the aneurysms as a consequence (@g. the surrounding water will increase the demanded time
2F). At the same time, advanced epithelial degeneration wfthr oxygen passage throughout the multi-layered gill's
tissue loss, together with cellular necrosis was identified harrier. Accordingly, even easily reversible gill lesions will
well (Fig. 2E, F). impair the oxygenation rate of the fish.

Table I. Classification of gill lesions found in the analysed specimens.

No. Lesion category Severity Type of lesion
1. Adaptive or defense Easily reversible Interstitial edema (including epithelial
It occurs as a protective reaction lifting/detachment, subepithelial clefts)
Hyperplasia of epithelial cells
Lamellar fusion
Mucous hypersecretion and thickened
mucous layer
Vasodilation of lamellar axis (early,
adaptive stage)
2. Degenerative/ Necrotic The damage may be (hardly) Early epithelial degeneration (cytoplasmic
reversed, but only if the exposure vacuolization), epithelial atrophy
stops Pillar cell structural changes (loss of
mechanical support after vasodilation)
Scattered epithelial desquamation (necrosis
of the branchial epithelium)
3. Inflammatory Represent immune response to Infiltration of lymphocytes and
pollutants macrophages
Involve immune cell infiltration Hyperplasia of chloride and mucous cells
associated with inflammation
Possible fibrosis
4. Irreversible Advanced, severe lesions that Lamellar aneurysms (blood channel dilation
compromise gill function due to pillar cell failure)
permanently even if the exposure Extensive necrosis of gill epithelial cells
stops Advanced epithelial degeneration with
tissue loss
DISCUSSION

The Rosia Montana—Abrud area within the AriesMcDonald, 1985; Alazenegt al, 1996; Mazoret al, 2002;
Basin is consistently classified as a high-risk (class V) zofaoet al, 2003, 2005; Camargo & Martinez, 2007; Matos
for heavy metal contamination, with iron, copperet al, 2007; Velchevat al, 2010). As it was presented in
manganese, lead, and cadmium frequently exceeditige results section, these changes can be either adaptive or
permissible concentrations by several orders of magnitudestructive in nature (Tkacheea al, 2004; Yanchevat
(Leveiet al, 2011; Dumitreket al, 2015; Banaduet al, al., 2016), reflecting the fish’'s attempt to mitigate damage
2021). The chronic exposure of aquatic biota to such metathile maintaining respiratory function. However, up to now,
rich, acidic waters has been shown to induce significaittis not clear how such histological changes influence the
physiological and histological disturbances in fish, includingountercurrent mechanism.
gill lesions and osmoregulatory dysfunctions, confirming that
the region’s long-standing mining legacy continues to pose The complex structural organization of the gills is
severe ecological threats (Banadual, 2021). central to their physiological performance, particularly in
sustaining the efficiency of countercurrent gas exchange.
Most of the reported findings in the present studf¥he primary and secondary lamellae not only maximize
are supported by the scientific literature. Numerous studisarface area but also establish microenvironments where
have documented various histopathological alterations in fislkbod and water can flow in close proximity, separated by
gills exposed to contaminated water, both under experimentally a thin epithelial barrier (Gentest al, 2009). The
and natural conditions (Doughtie & Rao, 1983; Laurén &hinness of the gill epithelium, coupled with the extensive
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vascularization of the lamellar network, is essential fdristopathological alterations that can impair countercurrent
maintaining a minimal diffusion distance, therebyefficiency. Consequently, even subtle morphological changes
facilitating the rapid transfer of respiratory gases (Olsosuch as epithelial hyperplasia, edema, or disruption of pillar
1991). The pillar cells, positioned in regular arrays, play @ll organization can lead to significant reductions in oxygen
dual role: they provide mechanical support against wateptake and ion exchange (Olson, 1991; Mumébial, 2007;
pressure and actively regulate blood flow by modulatingancheveet al, 2016). For the specimens analyzed in the
the width of the lacunar spaces. Through contraction present study, it is highly possible to have polluted water
relaxation, these cells can influence perfusion rates anmsigatively affecting gill morphology. Moreover, the found
consequently, the efficiency of oxygen uptake under varyingiscular changes (such as the vasodilation of the lamellar
environmental or metabolic conditions (Olson, 1991axis, pillar cell structural changes and subsequently the
Mokhtar, 2021). presence of the aneurysms) were the most probable cause
for an impaired countercurrent exchange. Similarly,
However, changes in this elaborate structure camsodilation of the lamellar axis and disruption of pillar cell
cause an impaired function. As the results of the presentegrity have been linked to lamellar aneurysms in fish
study suggest, even initial modifications such as the liftingxposed to heavy metals such as cadmium (Thoghal)
of the simple squamous covering epithelium, usuall003; Garcia-Santost al, 2006). On the other hand, the
associated with the formation of the subepithelial clefts, mayesence of aneurysms can serve as a sensitive biomarker of
be able to alter the countercurrent phenomenon. Due tacute copper exposure (Monteabal.,, 2005).
bigger distance between the lamellar axis and the exterior
of the lamella, the oxygenated blood may find it harder to The earliest and most frequently observed lesion was
reach the destination point. interstitial or lamellar edema, accompanied by detachment
of the lamellar epithelium. Such edema, repeatedly reported
The countercurrent exchange represents a kayfish exposed to heavy metals (Karlsson-Norggtes,
adaptive mechanism that allows fish to extract oxyget®986; Hwang & Tsai, 1993; Sokt al, 1995; Cengiz &
efficiently even from waters with low oxygen concentrationdJnlii, 2002; Panet al, 2004; Cengiz, 2006; Neet al,
Because the direction of blood flow within the lamellae i2006; Velmurugarmt al, 2007; Reid & McDonald, 1991),
opposite to that of water passing over the gill surface,maay represent an early response to increased vascular
continuous diffusion gradient is maintained along the entipeermeability and osmoregulatory stress. Lifting of the
length of the exchange surface. This ensures that blood wizimellar epithelium, often resulting from edema, may serve
the lowest oxygen concentration always encounters wags a protective mechanism by increasing the diffusion
with a higher oxygen concentration, maximizing diffusiordistance that waterborne pollutants must cross to reach the
potential (Genteret al,, 2009). The efficiency of this bloodstream, thereby temporarily reducing metal uptake and
mechanism critically depends on the structural and functioredute toxicity (Mallatt, 1985; Thophaat al, 2003).
integrity of the lamellar epithelium and the associated
vascular components (Mumfoet al, 2007). Damage to Another frequently observed alteration in our
these structures, even at the microscopic level, can hapecimens was epithelial hyperplasia. This modification may
profound physiological consequences. Thickening of tHee the result of a proliferative response, due to an adaptive
epithelial layer, lamellar fusion, or disruption of pillar cellmechanism. Such alterations were observed in various fish
function increases diffusion distance and alters locapecies exposed to trace metals (Arellano 1999; De Boeck
hemodynamics, thereby compromising gas exchange agicthl, 2001; van Heerdeat al, 2004; Figueiredo-Fernandes
osmoregulatory balance (Mumfoedl al, 2007). et al, 2007; Velmurugaret al, 2007; Mohamed, 2009;
Georgieveet al, 2014). It is thought that hyperplasia and
In normal conditions, oxygenated blood leaving thassociated lamellar fusion effectively increase the water-
lamellae via efferent lamellar arteries is directed to the dorddbod barrier thickness and reduce xenobiotic absorption.
aorta for systemic distribution, while deoxygenated blooHowever, these changes come at a physiological cost, as
is continuously supplied from the ventral aorta througthey diminish the respiratory surface area and impair both
afferent branchial arteries. This circulation ensures that tijas exchange and ion regulation (Yanchetval., 2016).
gills serve as both a respiratory and a regulatory organ.
However, because the epithelium is in direct contact with Regarding the increased mucous secretion that was
the external environment, it is also the first barrier exposeabticed in most of the analyzed samples, Georgit\a
to potential aguatic contaminants such as heavy metals. {8814), assumed that the increased cellularity leads to a
high permeability that benefits gas exchange also allowrsicker mucous layer that may act as an additional barrier
toxicants to penetrate the epithelial surface, initiatinggainst metal penetration (Georgiatal, 2014).
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CONCLUSIONS eje lamelar y el exterior de la lamela, la sangre oxigenada puede
tener mayor dificultad para llegar al punto de destino. En

Aquatic environment polluted with heavy metals mayonsecuencia, la pérdida de la integridad estructural lamelar reduce

lead to lesions that compromise the pillar cell framework, 9radiente necesario para un intercambio gaseoso optimo, y tanto
las adaptaciones protectoras como los efectos perjudiciales socavan

disrupt blood flow through the lamellae, and Severely'mpaérolectivamente el mecanismo fisiolégico de intercambio a

the countercurrent exchange mechanism that underpiihtracorriente. Estos hallazgos demuestran que el dafio
efficient oxygenation. The loss of lamellar structural integritﬁistopatolégico inducido por metales podria comprometer el
not only increases diffusion distances but also alters thercambio gaseoso a contracorriente, proporcionando un marco
precise alignment between water and blood flow, therelg§ biomarcadores fiable para evaluar la toxicidad de metales pesados
reducing the gradient necessary for optimal gas exchan§® ! medio acuatico.

In this context, the histopathological manifestations of metal
toxicity, ranging from edema and hyperplasia to necrosi@r
represent both protective adaptations and detrimen; E
outcomes that collectively undermine the physiological
perfqrmancc_e_of the .giIIs._ Understanding these ProCesS8erERENCES

provides critical insight into how heavy metals disturb
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