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Abstract: Environmental pollution is one of today’s main ecological and social concerns. Among
these pollutants are the heavy metals present in the burning of fossil fuels, mining, smelting of
metallic minerals, fertilizers and pesticides. Billions of tons of heavy metals are emitted every year
from industrial chimneys and sewers, contaminating the hydrosphere and polluting rivers, lakes
and seas. In this context, freshwater fish are the most affected due to their proximity to the source
of contamination and are therefore used as bioindicators in assessing environmental impact
following exposure to metals. However, our understanding of the effects of heavy metals on
detoxification organs - such as the liver and gills - in freshwater fish in situ is still limited. Therefore,
we conducted a systematic review to determine the main changes and mechanisms involved in
morphological modifications in the liver and gills of cichlid fish following exposure to heavy metals
in situ. Based on a structured search, 36 original articles were selected from the PubMed and
SCOPUS databases. The selection of studies and the identification of duplicates were identified by
Rayyan, and the study selection process was presented in the PRISMA statement diagram. Bias
analysis was carried out using the Software Review Mananger (RevMan) 5.3, from the Cochrane
Collaboration. Thirty-six studies were selected which showed negative effects attributed to
environmental contamination by heavy metals, ranging from bioaccumulation to
morphophysiological alterations. Almost all the heavy metals analyzed were found in the liver and
gill tissues, especially cadmium, copper, lead, zinc, iron and manganese. In view of the continuous
morphophysiological changes identified in the liver and gill studies, it is possible to state that
bioaccumulation analyses, combined with these configurations, are emerging as crucial tools for
assessing and guiding environmental monitoring. This approach aims not only to preserve but also
to strengthen the integrity of the aquatic ecosystem and the ichthyofauna.
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1. Introduction

Heavy metals pollution influences the lives of diverse aquatic organisms and humans who
consume contaminated aquatic products. However, its potential impacts on aquatic organism health
and, thus, ecological health, have been neglected in many regions [1]. Chemical and solid waste
discharges by industries, oil spills, untreated sewage and urban run-off are responsible by
contamination of rivers and oceans compromising all the entire aquatic ecosystem [2—4]. Among
these compounds are the heavy metals from anthropogenic sources, mainly due to intense mining
activity and environmental disasters, which release large amounts of chemical compounds in the
aquatic environment [5,8]. Heavy metals can have a high bioaccumulation and bio magnification
capacity along the food chain and accumulate in water and sediments [5,9]. In addition, they are an
important protein resource and are part of human food composition, so fish represent one main
sources of heavy metal intake for humans via food chain [10].
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The mechanisms the action of the heavy metals in organisms of the aquatic ecosystem is very
broad and it is not yet clear. However, currently it is known that the effects of heavy metals in fishes
are dependent on the concentrations and properties of the metal [11-13]. The access of heavy metals
in the organism can be limited by the anatomical structures of the animal, the physical and chemical
characteristics of the environment and by the competition for binding sites for metal ions [14,15]. For
these reasons, there are often considerable differences in sensitivity between organs and tissues
[16,17]. The main organs affected by heavy metals exposure are liver, muscles and gills and the toxic
effects alter the physiological activities and biochemical parameters in fish tissue and blood besides
affect negatively their growth rate [5,18]. In addition, the accumulation of heavy metals - such as zinc
and copper - can lead to gonadal abnormalities. In addition, the combination of metals with other
chemical products present in the aquatic environment may have led to these abnormalities [6]

Among the freshwater fish, the family Cichlidae (order Perciformes) are the most studied [19-
21]. Cichlids are widely distributed in Africa and Central and South America [22]. The morphological
characteristics this Family are: lateral line divided into two branches, protractile mouth with variable
position (lower, subterminal, terminal and upper) different eating habits (insectivore, omnivore,
carnivore and detritivore/ insectivore), and morphological structures adapted to the trophic
categories they occupy [21]. In addition, it presents important behavioral aspects, such as parental
care [22]. These characteristics allow these animals to survive in different and varied environmental
conditions and to be used as indicators of environmental pollution.

In the current manuscript, we systematically review of the scientific literature to determine the
main changes and mechanisms involved in the morphological modifications in liver and gills on
Cichlid fishes after exposure to heavy metals in situ. In addition, to present a general view of heavy
metals exposure in environmental and to identify recommendations and perspectives for future and
help understanding distribution of these pollutants in freshwater aquatic system. The methodological
quality of each study identified was also evaluated, and the main sources of bias that undermine the
quality of evidence were pointed out.

2. Method

This systematic review was carried out following the guidelines of The Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA) Supplement A (PAGE et al., 2021). The
review was registered and published in PROSPERO (515999).

The systematic review is carried out in eight stages: (1) drafting the research question; (2)
searching the literature; (3) selecting articles; (4) extracting data; (5) assessing methodological quality;
(6) synthesizing the data; (7) assessing the quality of the evidence; and (8) writing up and publishing
the results [23].

The research question was developed using the acronym PECO (P: population; E: exposure; C:
comparator; O: outcome), adapted from the acronym PICOS for the inclusion of exposure, rather than
intervention, in observational studies [23].

The guiding question of the review was: “what are the effects of exposure to heavy metals on
the liver and gills of cichlids collected from the environment?”

2.1. Search Strategy

This systematic review followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [26]. The studies were selected through an advanced search on
the platforms PubMed (https://www.ncbinlm.nih.gov/pubmed) and Scopus
(https://www.scopus.com/home.uri) on october 14, 2023. Based on four search parameters, we
developed a comprehensive search strategy for retrieving all relevant studies: “fish (cichlids)”,
“heavy metals”, “gills” and “liver”. For PubMed, use MeSH terms and related keywords in title /
summary (TiaB). The descriptors were separated by ligands OR within the same filter and AND as
ligands of different filters. For the Scopus platform, use the same descriptors, but adapted for this

platform. After a search on Scopus, use the platform’s own filter using the term “Fish” to make the
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selection in the two databases (Supplementary File S1). Secondary studies (literature reviews, letters
to the editor, case studies, comments, and editorials) were also excluded.

After screening, all relevant studies were retrieved in full text and selected by eligibility.
Eligibility was reviewed by the researchers and disagreements resolved by consensus. The reference
list of each included study was reviewed, identified in all databases, manually crawled for additional
articles [27]. If any documents have been added, your reference list has also been reviewed by the
end of this cycle.

2.2. Study Selection

Studies were independently selected and duplicates identified using the Rayyan selection
platform. Initially, the articles were selected after reading the title and abstract, and those that met
the eligibility criteria were read in full for inclusion or exclusion in the review.

To discard the subjectivity in data collection and selection process, the information was
independently extracted by three reviewers (L.V.B, A.L.F.D, M.M.S) and analyzed in four descriptive
levels separately:

(1) Studies with cichlids (Cichlid Family: [38,39]) naturally exposed to heavy metals due to
environmental contamination;

(2) Studies that analyzed only heavy metals as a contaminant (Heavy metals: [41,42]);

(3) Studies in which at least one of the analyzes mentioned below were performed: quantification
of the metal in the organ (bioaccumulation), histopathological analysis and oxidative status.

(4) Studies that analyzed the effect of heavy metals on liver or gills or both.

2.3. Data Extraction and Management

A specific initial selection was conducted by three independent reviewers (L.V.B, A.L.F.D,
M.M.S and C.D.L.R), who removed duplicate articles and elected titles and abstracts with respect to
the eligibility criteria. After the initial screening, full-text articles from potentially relevant studies
were independently assessed for eligibility. The Kappa test was performed to select and extract data
(Kappa = 0.946). In cases of disagreement, another group of reviewers (R.V.G, S.5.R.S, M.B.F) selects
the complete study from all included inclusion records. The data for each study was extracted with
standardized information, such as: characteristics of the publication (author, year, country); animal
model (species, weight, size, experimental groups) and methodological analyzes. The bibliographic
references of the selected studies were analyzed and works that meet the inclusion requirements were
added.

2.4. Bias Risk Assessment in the Included Studies

The risk of analysis was analyzed using the Software Review Mananger (RevMan) 5.3, from the
Cochrane Collaboration, which aims to assess the methodological quality of the studies. To increase
transparency and apply it, the selection criteria include 1. Generation of random sequence, 2.
Concealment of allocation, 3. Concealment of caregivers and / or researchers with knowledge about
the interventions that each animal received, 4. Concealment of the result evaluation, 5. Incomplete
result data and 6. Selective result report [28]. The items of the RevMan tool were scored with “yes”
(low risk of bias), “no” (high risk of bias); or “unclear” (indicating that the item was not reported and,
therefore, the risk of bias was unknown). Two review authors (A.L.F.D, L.V.B) independently
assessed the risk of bias for each study, using the adapted criteria described in the Cochrane
Handbook for Systematic of Interventions. Any differences were resolved by the discussion between
the authors (R.V.G., M.M.S and C.D.L.R). The risk of bias was created using Review Manager 5.3 [29].

In this study, this instrument was configured for specific bias aspects considering field studies,
with animal intervention in situ. In order to establish consistency and avoid discrepancies in the
evaluation of the methodological quality of the works, three topics were removed from the original
RevMan tool: 1-Was the allocation to the different groups adequately concealed? 2-Were the animals
randomly housed during the experiment? 3-Were the caregivers and/or investigators blinded from
knowledge which intervention each animal received during the experiment?
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3. Results
3.1. Characteristics of Publications

From 2.129 records identified in all eletronic databases, 506 were duplicates and 36 studies were
recovered in full text (primary search 31; secondary search 5) and included in the systematic review
(Figure 1). The filters applied in each database and the flowchart indicating the search strutucture are
shown in online Supplementary Table S1 and Figure 1, respectively. Most studies identified (30,5%,
n=11) originated from Egypt, followed by six studies (16,66%) from Mexico, four from Brazil and
Saudi Arabia (11,11%), then by India, Ivory Coast (5,55%, n=2 each) and finally Zimbabwe, Zambia,
Nigeria, Sri Lanka, Sudan and Vietname (2,77%, n=1).
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Z T .
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Figure 1. Flow diagram the systematic review literature search results. Based on PRISMA statement
‘Preferred Reporting Items for Systematic Reviews and Meta-Analyses’ (www.prisma-statement.org).

3.2. Characteristics of Fish and Collecting Environments

The characteristics of fish and collecting environment of the selected articles can be seen in Table
1. Ten species from the Cichlidae family were studied. There was a predominance of studies with
Oreochromis niloticus (52.77%, n=19), a species commonly used in ecotoxicological studies. The
species Micropterus salmoides and O. aureus were present in three studies (8.33%). Other species
analyzed were Cyprinus carpio, O. mossambicus, Geophagus brasiliensis and Sarotherodon
melanotheron (5.55%, n=2) and, finally, S. galilaues, Tilapia andersonii, T. rendalli, Pelmatochromi
quentheri, P. pulcher, Etroplus suratensis, Hypothalmic molitrix, Braquiplatystoma filamentosum
(2.77%, n=1, each), in addition to these other four undefined: Oreochromis sp., Tilapia sp.,
Semaprochilodus sp and Cichla sp (2.77%, n=1, each). Therefore, the genus Oreochromis is the most
represented Cichlidae, being reported in 77.77% (n=28) of the articles reviewed in this study.



Table 1. Caracteristicas dos estudos que analisaram os efeitos da exposi¢ao a metais pesados em figado e branquias de ciclideos coletados no ambiente.
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Paez-Osuna, et al., 2023 Tildpia azul O. aureus Tests Metals in tissues, risk
’ v Mexico (Oreochromis aureus) 21-34/165-  7/22/16 (animal ? ! As, Cd, Cu, Zn Liver, gills, muscle, guts
[62] . assessment.
Robalo 670 species)
(Micropterus M. salmoides
salmoides) 24-

38/170/740

Legenda: Ag: Silver; Al: aluminum; As: Arsénico; Ba: Barium; Ni Cd: Cadmium; Co: Cobalt; Cr: Chrome; Cu: Copper; Se: Selenium; Fe: Iron; Hg: Mercury; Mn: Manganese; Mo: Molybdenum;

Nickel; Pb: Lead; Se: Selénio; Sr: Strontium; Zn: Zinc; ?: uninformed.
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The total number of animals was reported in almost all the articles analyzed (88,88%, n=32).
Weight and length of the animals were related in most studies (55,55%, n=20), some studies related
only weight (16,66%, n=6) and one study related only to length (2,77%, n=1). There are studies not
related to any of the biometric parameters (25%, n=9). Some studies used biometric parameters for
calculating condition factor (n=3) and hepatosomatic index (n=2).

Few studies used the control group (33,33%, n=12), the majority (69,44%, n=25) did not report or
use any type of control. When used, the control animals were collected in contamination free rivers
and lakes, or in fish farms, being considered as wild animals or experimental animals. Some studies
compared different groups of animals, according to species (n=8), age (n=3), weight/size (n=3), gender
(n=1), period (n=8) or site (n=16) of collection. Regarding the collection of animals, many studies
(55,55%, n=20) mention collection periods and/or stations, but some (22,22%, n=8) neglected any
information about this. The different collection sites were determined by their proximity to polluting
sources, downstream and upstream, and sometimes also by the type of aquatic ecosystem, lentic and
lotic (n=9). To determine the pollution of the environment by heavy metals, the contamination factor
and the pollution index were calculated in only one of the studies.

3.3. Characteristics of the Analyses

The metals analyzed are listed in Table 1, and those analyzed in the liver and gill tissues are
shown in Figure 2.

The heaviest metals analyzed in the liver were cadmium (n=20); copper (n=19); zinc (n=15) lead
(n=13); ; manganese (n=12); iron (n=11); mercury (n=10); chromium (n=8); nickel (n=7); arsenic (n=5);
cobalt (n=4); selenium (n-3); aluminum and silver (n=2 each); strontium (n=1); molybdenum and
barium were not analyzed in the tissues. On the other hand, the heavy metals most analyzed in the
gills were cadmium and copper (n=14 each); zinc (n=12); lead (n=10); iron (n=9); manganese and
chromium (n=8 each); nickel (n=7); cobalt, mercury and arsenic (n=4 each); aluminum, strontium,
silver and selenium (n=2 each); molybdenum and barium were not analyzed in the tissues.

25
20
1S

10

| mmmmhmmf

Cd Cu Pb Zn Mn Fe Hg Cr Ni As Co Se Al Ag Sr Ba Mo

Nuamero de estudos

M Figado E@Branquia

Figure 2. Number of studies that found heavy metals in liver and gills of cichlid fish collected in the
environment. Legend; Cd: cadmium, Cu: copper, Pb: lead, Zn: zinc, Mn: manganese. Fe: iron, Cr:
chromium, Hg: mercury, Ni: nickel, Co: cobalt: Ag: silver, As: arsenic, Sr: strontium, Se: selenium, Ba:
barium, Mo: molybdenum.

The main characteristics of the methodological analyses carried out by the selected studies are
in Table 1.
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Of the methodological analyzes carried out in these ecotoxicological studies, the analysis of
metal bioaccumulation in fish tissues was the one that had the greatest representation (n=26; 72,22%);
followed by quantification of metals in water (n=25; 69,44%) and sediment (n = 9; 25%), as well as
physical-chemical parameters of water (n=11; 30,55%); histopathological analyzes, whether structural
or ultrastructural (n=10; 27,77%); analysis of oxidative stress, through the activity of antioxidant
enzymes and quantification of stress markers (n=11; 30,55%); in addition to other biological analyzes,
biochemical markers such as metabolic enzymes and metallothioneins (n=11; 30,55%), and genetic
markers (n=3; 8,33%).

A variety of tissues has been used to quantity heavy metals in Cichlidae, in addition to liver
(91,66%, n=33) and gills (66,66%, n=24), includes muscles (75%, n=27), kidneys (27,77%, n=10), brain
(21.4%, n=6), digestive tract (22,22%, n=8), gonads (16,66%, n=6), scales and spine (7.1%, n=2 each).
The water-tissue transfer factor was calculated in some studies (n = 6), as well as the sediment-tissue
transfer factor (n = 3).In addition to the ethical issue in the use of animals for research, procedures
involving collection, handling and euthanasia of fish are important because they affect some analyzes
such as those of oxidative status. Few studies (n=12; 33,33%) reported any information about the
euthanasia of the analyzed fish. The studies that informed the place of euthanasia (n=9; 25%) said
they had carried out in the field (n=5; 13,88%) or laboratory (n=4; 11,11%), indicating the methods of
maintaining and transporting the animals. Studies that specified euthanasia methods used clove oil
(n=2; 5,55%), tricaine mesylate (MS-222) or spinal cord transection (n=1; 2,77% each).

3.4. Ecotoxicological Effects of Heavy Metals on Fish

All 36 selected studies showed negative effects attributed to contamination of the environment
by heavy metals, from bioaccumulation to morphophysiological changes.

Virtually all heavy metals analyzed were found in the liver and branchial tissues, especially
cadmium, copper, lead, zinc, iron and manganese (Rashed 2001a,b; Abdel-Monein 2013; Ajuima 2015;
Coulibaly 2012; AlKahtani 2009; Doria 2017; Armel-Cyrile 2012; Elgobashy 2001; Mbewe 2016;
Munoz-Najera 2018; Abdel-Baki 2011; Abdel-Khalek 2014; Yossef 2004; Voigt 2014; Pettamanna 2020;
Martinez-Durazo 2020; Salem 2021; Ngo 2022; Paez-Osuna 2022; Vieira 2023; Martinez-Durazo 2023;
Paez Osuna 2023), with bioaccumulation evidenced by concentration factors, water-tissue and/or
sediment-tissue (Rashed 2001a; Ajima 2015; Mbewe 2016; Munoz-Najera 2018; Abdel-Baki 2011;
Voigt 2014; Pettamanna 2020; Martinez-Durazo 2020; Paez-Osuna 2022; Vieira 2023).

Many heavy metals were generally found in higher concentrations in the liver than in gills (Voigt
2014; Jinadasa 2014, Rashed 2001%; Doria 2017; Muisa 2011; Martinez-Durazo 2020; Ngo 2022; Paez-
Osuna 2022; Vieira 2023; Martinez-Durazo 2023; Paez Osuna 2023), and the deleterious effects were
often greater on the liver than in gills (Abdel-Khalek 2014, 2015; Abdel-Monein 2012b; Doria 2017).

There were ten studies that analyzed the liver morphology of fish and they all found alterations
(Abdel Monein 2012b; 2013a, b; Doria 2017; Kumar 2016; Abdel-Khalek 2014; Adham 2001;
Pettamanna 2020; Martinez-Durazo 2023). The main changes described were degenerations and
cellular lesions such as nuclear and cytoplasmic vacuolization, cell rupture, pycnotic nucleus and
necrosis; circulatory changes such as vascular congestion and dilation of the sinusoids; proliferative
cell changes such as nuclear hypertrophy; and ultramorphological changes such as nuclear
erythrocyte alteration, increase in the nucleolus, increase in the nuclear envelope, swelling of
mitochondria, production of peroxisomes and proliferation of lipid drops (Table 2 and Figure 3). Of
these works, only two (Kumar 2016; Pettamanna 2020) did not quantify the observed changes.

In relation to the gills, there were seven studies (Kumar 2016; Abdel-Monein 2012a, b; Abdel-
Khalek 2014; Doria 2017; Adham 2001; Martinez-Durazo 2023) with morphological analyses and they
also found alterations such as: proliferative cell changes such as epithelial hyperplasia and multifocal
mucous cells; cell degenerations and injuries such as epithelial cell edema, epithelial cell lifting and
peeling, lamellar fusion, rupture of cells and necrosis; circulatory changes such as hemorrhage, blood
congestion and aneurysm; and ultramorphological changes such as decreased epithelial cell
microvilli (Table 2 and Figure 3). Among these works, only one (Kumar 2016) did not quantify the
alterations found.
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Table 2. Main liver and gill alterations found in cichlid fish after exposure to heavy metals in the

environment.
Organ Analyses Effects
Cell lesions and degenerations
. . Circulatory changes
Histopathologies . .
Cell proliferative changes
Liver Ultramorphological changes

Oxidative stress

SOD: 1, GPx: 1, CAT: 1, MDA:1, GSH: 1, GST: 1, LPO: 1, PC: 1
SOD: |, GPx: |, CAT: |

Bioaccumulation Cd, Cu, Pb, Zn, Mn, Fe, Cr, Hg, Ni, Co, Ag, As, Se, Ba, Mo, Al
Cell proliferative changes
Histopathologies Cell lesions and degenerations

Circulatory changes
Ultramorphological changes

Gill
Oxidative stress

SOD: 1, GPx: 1, CAT: 1, MDA:1, GSH: 1, GST: 1, LPO:
1S0D: |, GPx: |, GSH: |, GR: |

Bioaccumulation

Cd, Cu, Pb, Fe, Zn, Mn, Cr, Ni, Co, Ag, Hg, Al, Sr, As, Se, Ba,
Mo

MDA: Malondialdeide; SOD: Superoxide dismutase; CAT: Catalase; GSH: Glutathione; GST: Glutathione-S-
Transferase; GPx: Glutathione Peroxidase; G6PD: Glucose-6-Phosphate dehydrogenase; GR: Glutathione
reductase; LPO: Lipid peroxidation; PCO: Carbonyl protein; MT: Metalotionein; AChe: Acetylcholinesterase;
ALPmt: Mitochondrial alkaline phosphatase; ALPmc: Microsomal alkaline phosphatase; GSTmt: Mitochondrial
Glutathione-S-Transferase; GSTmc: Glutathione-S-Microsomal Transferase; * Higher bioaccumulation in the dry
season; ** Higher bioaccumulation in the rainy season; No seasonal difference in bioaccumulation; 1 increase; |

decrease.

Enzymatic Damage
Defense cell

SO0D

Freeradicals  CAT

GST
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Figure 3. Representation of the main effects of heavy metals on gills and liver of cichlid fish in the
environment. Schematic diagram of the most common gill and hepatic lesions. Legend: SOD:
Superoxide Desmutase, CAT: Catalase, GST: Glutathione S-Transferase, GPx: Glutathione Peroxidase,
LPO: lipid peroxidation, PC: carbonyl protein, DNA: deoxyribonucleic acid; A) Cell rupture (arrow),
macrovesicular steatis (asterisk), microvesicular steatosis (arrow head), congestion (star); B)
Proliferation of mucous cells (circle), lamelar deformation (arrow), aneurysm and lamelar fusion
(asterisk), lamelar destruction (arrow head), filamental fusion and lamelar hyperplasia (rectangle).
Source: Authors.

Eleven studies (Eldemerdash 1999; Abdel Monein 2013a; Carvalho 2012; Kumar 2016, 2017;
Abdel-Khalek 2015; Salem 2021; Ngo 2022; Vieira 2023) analyzed the oxidative status in the hepatic
tissue of fish and six (Carvalho 2012; Kumar 2016, 2017; Abdel-Khalek 2015; Abdel-Monein 2012a;
Ngo 2022) in the gill tissue, and different changes were found in relation to antioxidants enzymes,
but Lipoperoxidation -LPO with increase of malondyaldeide (MDA) was unanimous (Table 2 and
Figure 3).

Although the focus of this systematic review was the liver and gills, it is worth mentioning the
large number (n=25) of studies with the muscle, considering its importance for human consumption
and consequent health risks. Heavy metal analysis was used in muscle studies, and sometimes
analyses of oxidative status (n=4), cellular stress (n=4) and/or meat quality (n=2) were also carried
out. Heavy metals were almost always detected in lower concentration than in the liver and/or the
gills (n=24). Of the studies that evaluated the risk to health by meat consumption (n=14), seven
reported that the levels of metals in the muscle were above the limits considered safe by the
legislation, and five reported that the levels were within the safe limits.

Studies that performed comparative analyzes between cichlid species did not report significant
differences in the bioaccumulation (Ajima 2015; Mbewe 2016; Yossef 2004). As for the age of the fish,
two studies (Rashed 2001a, b) showed a positive correlation of some metals (Pb, Cd, Sr) in the gills
and a negative correlation of some metals (Pb, Cd, Sr, Ni, Fe) in the liver, and one study (Armel
Cyrille 2012) showed no correlation between metal levels and age. A study (Voight 2014) with adult
individuals showed that there are no differences in the bioaccumulation according to size, weight
and gender.

The works that carried out comparative analyzes between different periods of the year showed
that seasonality (or rainfall) influenced concentration and bioaccumulation (Al-Kahtani 2009;
Coulibaly 2012; Carvalho 2012; Muisa 2011; Armel Cyrille 2012; Munoz Najera 2018; Ruelas Inzuenza
2015; Martinez-Durazo 2020; Ngo 2022; Martinez-Durazo 2023;), with varied results for different
metals and tissues.

As for the differences regarding the collection sites, the closer to the contaminating source and
the higher the levels of metals in the environment, the greater the bioaccumulation and the
morphophysiological damage, showing a direct relationship of heavy metal contamination on the
health of the fish (Doria 2017 ; Kumar 2016; Muisa 2011; Abdel-Monein 2012a, 2013a; Kumar 2016,
2017; Abdel-Khalek 2014, 2015; Adhan 2001; Mbewe 2016; Al-Khatani 2009; Jinadasa 2014; Yossef
2014; Ngo 2022; Paez-Osuna 2022; Vieira 2023; Marinez-Durazo 2023; Paez-Osuna 2023). In addition,
there was a tendency to dilute metals downstream (Muisa 2011; Abdel-Khalek 2014, 2015; Mbewe
2016; Elghobash 2001) and their concentration in lentic environments, particularly in sediment and
vegetation (Elgobash 2001). Water characteristics seem to influence bioaccumulation, especially
salinity, alkalinity and hardness, as they affect the solubility and availability of metals in the
environment, as well as the permeability of the gill membrane and the entry of metals into the fish
organism (Elgobash 2001; Muisa 2011; Abdel-Khalek 2015; Carvalho 2012, Pettamanna 2020; Salem
2021; Ngo 2022; Paez-Osuna 2022).

3.5. Bias Analysis

The percentages of each risk of bias of the analyzed studies were shown in Figure 4, constructed
by the Software Review Manager 5.3 [29]. This analysis took into account the adaptations necessary
for the adequacy of animal studies in the environment. Regarding selection bias, the sequence
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generation process (Q1) was not clear in more than half of the studies (n = 16; 57.1%). In terms of
animal characteristics, i.e., the similarities between them (Q2), more than half of the studies (n = 15;
53.6%) did not clearly report this information. Regarding detection bias, the vast majority of studies
(n = 25; 89.3%) did not explicitly report on the random evaluation of results for relevant measures
(Q3). In addition, the results evaluator was not blind in all studies (100%; Q4). Data from incomplete
results were not adequately addressed (Q5) in almost all studies (n=27; 96.4%). Regarding reporting
bias (Q6), a low risk was identified in almost all studies (n = 26; 93.0%), and a high risk in two studies.
Other potential sources of bias were not clearly pointed out in 25 studies (89.3%; Q7).

3 6 8 3 &8 & o

Abdel_Bakietal, 2011 (@ |2 |2 (2 |2 | @2
Abdel_Khalek, 2014 | @ | @ |2 |2 |2 | @2
Abdel_Knalek, 2015 | @ | @ | 2 2@ 2
Abdel-Moneim, 2013 | @ | @ (@ |2 |2 (@] 2
Abdel-Moneimetal, 2012 | @ (@ |2 |2 |2 @] 2
Abdel-Moneimetal,2012() [ 2 |2 |2 |2 |2 | @ |2
Abdel-Moneimetal, 2013@) |2 (@ | @ |2 |2 @] 2
Adhametal,2001 |2 |2 |2 (2 | @ | @2
Ajimaetal, 20152 |2 (2 |2 |2 @2
Al-Kahtani, 2008 (2 |2 |2 2 |2 |@| 2
Carvalhoetal, 2012 | @ | @ |2 |2 |2 | @2
Coulibalyetal,2012| 2 |2 [2 |2 |2 |@|2
Cyillietal,2012| 2 |@ |2 |2 |2 | @2
Doriaetal, 2017 | @ (@ |2 |2 |2 | @ |2
El-Demerdash and Elagamy, 1993 (@ | 2 |2 [2 [ 2 |@| 2
Elglobashyetal, 2001 | @ (@ |2 |2 |2 (@2
Jinadasa and Edirisinghe, 2014 [ 2 [ 2 [ 2 [ 2 | 2 . ?
Kumaretal, 2016 | @ | @ |2 |2 |2 | @2
Kumaretal, 2017 |2 (2 |2 [2 |2 . .
Marinez-Durazoetal, 2023 [ @ | @ |2 [2 |2 | @ | ®
Martinez-Durazo etal, 2020 | @ | @ |2 |2 |2 (@ | ®
Mbeweetal, 20162 |2 |2 (2 |2 | @|@®
Mohamed and Osman, 2014 [ 2 (@ |2 |2 |2 |@| 2
Muisaeta, 2011 (@ |2 |2 (2 |2 |@|2
Mufioz-Najeraetal, 2018 |2 |2 (2 |2 |2 (@ | 2
Ngoetal,2022 | @ |2 (2|2 |2 | @@
Péez-Osunaetal, 2022 | @ |2 [2 (2 |2 |@ |2
Péez-Osunaetal, 2023 | @ |2 (@2 |2 |@ |2
Pettamanna; Raghav, Nair, 2020 [ @ | @ | 2 2 |2 | @ | 2
Rashed,2001(a)| 2 [2 |2 |2 |2 |@ |2
Rashed,2001() [ 2 |2 |2 |2 |2 |@| 2
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Figure 4. Results of bias analysis (SYRCLE) of studies evaluating the effects of heavy metals on liver
and gills of cichlid fish exposed to contamination in the environment. The evaluations (Q1-Q7) were
scored with “yes”(+) indicating low risk of bias, “no” (-) indicating high risk of bias or “unclear” (?)
indicating that the item was not reported, resulting in an unknown risk of bias. Legend; Q1: Was the
allocation sequence generated and applied appropriately?; Q2: Were the groups similar at baseline or
were they adjusted for confounding factors in the analysis?; Q3: Were the animals randomly selected
to evaluate the results?; Q4: Was the results evaluator blind?; Q5: Were the incomplete data of the
results treated properly?; Q6: Are the study reports free of reports of selective results?; Q7: Was the
study apparently free of other problems that could result in a high risk of bias?

4. Discussion

This systematic review showed the main tissue changes caused by heavy metals in the liver and
gills of cichlid fish collected in situ. Furthermore, the main methodological parameters that are used
to analyze the toxicity of these metals were identified.

Through the results presented, this study demonstrated that cichlid fish found in environments
contaminated by heavy metals can bioaccumulate these compounds in the liver and gills, as well as
in other tissues. As a consequence, there are pathological changes in these organs, which certainly
compromise their functionality and the organism’s homeostasis, which can affect the quality of life
and survival of the animal, as well as that of humans, when ingesting fish contaminated by the metal
bioaccumulation process.

The selected articles showed that Egypt is the country with the largest number of works in this
area, mainly with Nilotic tilapia (Oreochromis niloticus), which is a species native to the region.
Possibly the predominance of studies with this species is due to its characteristics, as it is a prolific
fish, fast growing, resistant to diseases and easy to adapt and manage, being cultivated for
commercial purposes and found throughout the world, during all year round [62,63]. Thus, tilapia
have been used as indicators of environmental pollution, and intensively used in toxicological studies
[53,64-67].

In addition to identifying the best bioindicator model for toxic effects, it is necessary to adopt
some care when evaluating changes, especially oxidative stress, as other parameters can influence
the results [41]. The form and type of anesthetic used to euthanize fish can affect the organism as a
whole [68-70]. Thus, the correct type and use of anesthesia ensures that the possible changes observed
are due to the effect of toxic compounds and not other factors [70]. In our review, few studies reported
any information on euthanasia. Only three studies reported using anesthetic to perform euthanasia,
namely clove oil (Eugenol) and tricaine mesylate (MS-222), in accordance with what is indicated in
the literature and in compliance with the Ethics Committees [70]. MS-222 is an isomer of benzocaine
used directly in water, and is widely used in the development of research with fish, being identified
as the safest and most effective for various productive and scientific purposes [60,63,64]. Eugenol, the
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distillation product of the extract from parts of the clove Syzygium aromaticum (Eugenia aromaticum
or Eugenia caryophyllata), needs to be diluted in alcohol, due to its hydrophobic characteristic [73].
In addition to having anesthetic properties, it is also widely used because it has bactericidal
properties, as it is low cost and comes from a natural source and, in addition, it is a safe compound
for the environment and can be used to reduce stress in situations that require the immediate release
of the fish [68,74,75]. Wagner et al., (2003) demonstrated that a concentration of 60 mg.L-1 of clove oil
reduced oxidative stress in rainbow trout (Oncorhynchus mykiss), while the same amount of MS-222
resulted in higher levels of cortisol, indicating greater stress. Thus, although both anesthetics are
highly efficient, they present some differences in their anti-stress effects [68,75]. Furthermore, the
place of euthanasia, whether in the field or laboratory, must also be considered, as it involves moving
the animals, as well as the place where the animals were housed and the time elapsed until the
moment of euthanasia. Data in the literature indicate that capture and transport are important factors
in inducing stress in fish [76,77]. However, approximately 75% of the studies neglected this
information about the place of euthanasia and the need to transport or accommodation of animals.

Regarding the season in which the collections were carried out, most of the studies evaluated
both the rainy and dry seasons. When analyzing the results of these studies in terms of
bioaccumulation of heavy metals in tissues, there were varied results depending on the metal and
organ evaluated. It is possible that in the rainy season exposure to metals is greater [78], mainly due
to the disturbance of contaminated sediments [79]. On the other hand, in the rainy season there is
greater dilution of metals due to the greater rainfall, and therefore the concentrations of these metals
would be lower [80,81]. During the dry period, high temperatures would lead to greater fish activity,
with an increase in ventilation, metabolic rate and feeding sessions, causing greater absorption and
accumulation of these toxic compounds [82].

When we analyzed the methodologies used to quantify heavy metals, we observed that the
analysis of bioaccumulation in tissues was quite significant (around 72%). However, some studies
only carried out analyzes to quantify heavy metals in water and sediment, inferring the
bioaccumulation of metals in tissues and relating it to the effects found. In general, the accumulation
of heavy metal in organs may indicate the high availability of these compounds in the environment,
as animals have a higher uptake and accumulation rate than the excretion and detoxification rate [83].
However, the complementarity of the analyzes increases the reliability of the results, providing a
relationship of cause (bioaccumulation) and effects (histopathologies), with more assertive
conclusions.

The main organs used as bioindicators in fish are the gills and liver [84,85]. The gills, as they are
in direct contact with the pollutant and due to their primary function of filtration and oxygenation,
and the liver, as it is a detoxification gland, are potentially target organs for toxic compounds and are
therefore essential in ecotoxicological studies [86,87]. In our study we found that muscle is also
widely used in research because, although it does not accumulate as much metals as the liver and
gills, it is extremely important as it is for human consumption, and even low concentrations of metals
can be a health risk [60].

Bioaccumulation of heavy metals in organs triggers structural responses to protect them.
Therefore, some biomarkers can be used to explain the cause and effect relationship in the
toxicological assessments of organisms [88]. In this context, along with bioaccumulation analyses,
histopathological assessments or other biological parameters are important in ecotoxicological
studies with fish [89-91].

With regard to the contaminant and its histopathological changes, the metals most analyzed
were cadmium (Cd) and copper (Cu), around 77% of the studies. Cadmium is present in several
anthropogenic activities, of which we can highlight the refining of ore, the production of herbicides
and other fertilizers, and the manufacture of batteries [18,92]. It has high cytotoxic activity in fish
organs [18,92], and its accumulation and consequent effects have shown that the gills and liver are
organs greatly affected by contamination by this metal. The liver and especially the gills accumulated
cadmium. The gills have chloride cells, responsible for ionic exchange, and therefore can bind and
accumulate heavy metals such as cadmium [92,93]. Cadmium can cause hyperplasia and cellular
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damage such as partial and total lamellar fusion, aneurysm and necrosis, compromising the entire
respiratory function of the fish [86]. In the liver, this compound can cause responses related to
inflammation, such as hyperemia and macrophage intrusion, as well as vacuolization, congestion
and necrosis [92,94].

Copper is used in the manufacture of industrial parts, such as wires and TV parts [95], and in
agricultural products such as fungicides, which, if released into the environment, can compromise
aquatic organisms [61,84]. It is considered an essential metal in small concentrations, as it has specific
interactions with proteins and enzymes in physiological processes such as cellular respiration [96],
however, in high concentrations it can cause damage [88,98]. Our findings showed that exposure to
this metal causes histopathological changes in the gills, such as epithelial cell hyperplasia,
hypertrophy, shortening, congestion, necrosis and lamellar fusion [54,98]. Epithelial cell hyperplasia,
increased chloride cells and mucus secretion are defense mechanisms that act as a barrier against the
diffusion of contaminants such as heavy metals [99,100]. However, these processes compromise gas
exchange and consequently cause respiratory imbalance. In the liver, this metal causes vacuolization
of hepatocytes and a decrease in the number of hepatocyte nuclei, changes that are often associated
with degenerative necrosis [96].

Zinc (Zn) was the third most analyzed metal in the studies. Like copper, it is also considered an
essential element in low concentrations, participating in processes in the nervous system, in protein
synthesis, but at high levels it causes damage to health. Contamination occurs through the use of
galvanized pipes and iron, and the direct disposal of products, such as paint, that contain this
compound [92,98]. In fish, the presence of zinc can cause fusion of the lamellae, partial or total
lamellar deletion, in addition to reduction of the interlamellar space, cell rupture, deformities in the
lamellae structures and aneurysm, consequently making it difficult for the animal to breathe
[55,101,102]. In the liver, where it was found most, when considering our frequency analysis, zinc
accumulation can cause degeneration, vacuolization and necrosis [56,102].

Iron (Fe) was the fourth most studied metal, found in nature in the form of ore and used in the
production of steel and the manufacture of fungicides, electrodes and dyes. It is fundamental for the
survival of individuals, as it is essential for multiple metabolic processes such as oxygen transport,
DNA synthesis, electron transport and as a cofactor for many enzymes [105]. However, in large
quantities it can cause damage to the body [106]. Greater iron accumulation has been found in the
liver [105], which corroborates our study, in which the frequency of accumulation was higher in the
liver compared to the gills. This metal can cause, in the liver, necrosis, steatosis, lipidosis, hyperemia,
hemorrhage, congestion, neoplasia, tissue differentiation, cioplasmic and nuclear vacuolization,
cytoplasmic and nuclear degeneration, pycnotic nucleus. In the gills, iron overload predisposes to
harmful deposition, which can generate the formation of iron flakes in the fish’s gills, causing their
obstruction and consequent respiratory disorders. Branchial histopathologies such as hyperplasia,
detachment of the epithelium, hypertrophy and branchial congestion have also been reported
[92,105,106].

Lead (Pb), the fifth most analyzed metal in the studies, is widely found in various activities and
products, mainly in mining and the manufacture of pesticides, paints and batteries; and is considered
a dangerous heavy metal [92]. This pollutant also has toxic effects on fish organs, especially the liver,
such as necrosis, steatosis, lipidosis, hyperemia, hemorrhage, congestion, neoplasia, tissue
differentiation, cytoplasmic and nuclear vacuolization. Among the changes in the gills, hyperplasia
and partial and total lamellar fusion, aneurysm, congestion and necrosis stand out. These gill
responses reduce oxygen diffusion as they increase the water-to-blood distance [92,99,103]. This
compound can also cause the proliferation and displacement of chloride cells, since under normal
conditions chloride cells are located in the filaments or interlamellar spaces, and when the fish is
exposed to some type of stress, such as the presence of heavy metals, these cells tend to increase and
migrate to the lamellae, in order to increase ion uptake and reestablish osmotic and respiratory
balance [104].

Among the metals analyzed, chromium (Cr) is also observed, as it is a transition metal, abundant
in the Earth’s crust. It is mainly obtained from chromite mining, where its main uses are in chemicals
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and the metallurgical industry [95]. According to reports in the literature, chromium accumulates
mainly in the gills and liver of fish, and has the toxic effects of hyperplasia, fusion and lamellar edema
in the gills, and in the liver, intense vacuolation of hepatocytes and congestion [92,107]. Gill epithelial
proliferation is a sensitive marker of chromium concentration in water [108].

In addition to tissue modifications in organs [84,109], the daily discharge of metals into water
bodies can trigger the production of reactive oxygen and nitrogen species (ROS/RNS), impacting
antioxidant capacity in fish [90,1110]. In the context of oxidative stress, literature analyzes indicate an
underexploitation in analyzes aimed at evaluating the effects of metals on fish tissues. Heavy metals
generate free radicals that, when interacting with the body’s tissues, trigger the formation of reactive
species, resulting in specific changes in cells. In the proposed review, all studies that addressed
oxidative stress found an increase in lipid peroxidation (LPO), evidenced by an increase in
malondialdehyde (MDA) in the gills and liver of fish in contaminated sites. Therefore, high levels
attribute characteristics related to the intensity of contamination and oxidative damage to organs
[57,111].

On the other hand, as a response activity, the organism produces antioxidant enzymes in order
to protect the organ [90]. Among the enzymes we can highlight superoxide dismutase (SOD), catalase
(CAT) and glutathione peroxidase GPX [43,49,52,90]. Some studies in this review reported an increase
in the activity of antioxidant enzymes such as SOD, CAT, GPx and GSH in fish from sites
contaminated by heavy metals. Since SOD is the enzyme responsible for the production of hydrogen
peroxide (H202), and CAT has the function of reducing and removing H202 [104], the SOD-CAT
system participates in the first line of defense against free radicals [36,40]. Peroxidases (GPx) are
groups of enzymes responsible for the catalysis of H202 in water, dependent on GSH. It has the
function of protecting membranes against the action of lipid peroxidation [90]. The increase in GPx
may be a reflection of lipid peroxidation induced by oxidative stress, a result found especially in the
liver [41]. However, controversial results were common among the studies in this review, which may
indicate different environmental and physiological conditions, which is perfectly acceptable
considering the heterogeneity of the studies, but may also be due to methodological problems, such
as those involving capture, transport and animal euthanasia.

Thus, it is plausible to state that heavy metals present in the environment are absorbed by the
organism, triggering histological changes and oxidative stress in the gills and liver of free-living
cichlid fish. Considering bioaccumulation throughout the food chain, the health integrity of other
animals, including humans, may be compromised. Given this scenario, it is imperative to carry out
environmental biomonitoring, using indicator species such as tilapia and biological markers, such as
histological changes and oxidative stress in target organs, such as liver and gills [113].

5. Limitations

One of the limitations observed in the studies lies in the partial aspects present in the
methodological specifications, which compromise the application in future research.

The omission or lack of disclosure of crucial information, such as the number of animals, the
presence of control groups in studies, biometric data and complementary analyses, are factors that
contribute to the quality of individual studies.

Thus, it is clear that, in ecotoxicology research carried out in situ, protocols aimed at reducing
bias are still incipient and poorly followed. The high degree of relevance of a review is intrinsically
linked to the quality of the individual studies incorporated. Thus, any methodological bias can have
a significant impact on interpretations and implications, especially with in situ research, where there
are many parameters to consider.

6. Conclusions

The systematic review answered the guiding question by highlighting the main tissue changes
caused by heavy metals in the liver and gills of cichlid fish collected in situ.

There is a growing focus on conducting research on heavy metal contamination in the aquatic
environment, with the aim of analyzing bioaccumulation and its toxicological effects on aquatic
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organisms. In this scenario, the heavy metals cadmium, copper, zinc and lead are highlighted due to
their wide use in industrial, commercial and agricultural products. The tilapia Oreochromis niloticus
was the most used model among cichlid fish, possibly due to its wide distribution, commercialization,
survivability, easy management and suitability for studies.

Considering the constant hepatic and gill morphophysiological changes found in the studies, we
can say that bioaccumulation analyzes associated with these parameters are important tools to
evaluate and direct environmental monitoring, in order to preserve the aquatic ecosystem and
ichthyofauna.

This review also showed that there is a gap in the literature regarding the lack of important
methodological information and the lack of complementary analysis.

Finally, it is anticipated that this work will offer significant assistance and contribute to
improving future projects, reducing possible methodological bias and, therefore, increasing both the
reproducibility and reliability of the data obtained.

7. Highlights

e  Nile tilapia (Oreochromis niloticus) is the most used animal model among cichlids;

e  Heavy metals accumulate in the liver and gills, causing several morphofunctional changes, with
greater bioaccumulation and greater liver damage;

e  Of the metals most analyzed in the works, we highlight the bioaccumulation of cadmium,
copper, lead, zinc, iron and manganese.
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