
Environmental and Molecular Mutagenesis, 2025; 66:300–310
https://doi.org/10.1002/em.70019

300

Environmental and Molecular Mutagenesis

RESEARCH ARTICLE

Assessment of the Genotoxic Hazard of Estuarine 
Sediments Using an Integrative Approach With LacZ 
Plasmid-Based Transgenic Mice
Miguel Pinto1  |  Joana Sacadura1  |  Pedro M. Costa2,3  |  Sandra Caeiro4,5  |  Henriqueta Louro1,6   |  Maria J. Silva1,6

1Department of Human Genetics, National Institute of Health Dr. Ricardo Jorge (INSA), Lisbon, Portugal  |  2Associate Laboratory i4HB Institute for Health 
and Bioeconomy, NOVA School of Science and Technology, NOVA University of Lisbon, Caparica, Portugal  |  3UCIBIO Applied Molecular Biosciences 
Unit, Department of Life Sciences, NOVA School of Science and Technology, NOVA University of Lisbon, Caparica, Portugal  |  4Center for Global Studies, 
Universidade Aberta, Lisboa, Portugal  |  5CENSE – Centre for Environmental and Sustainability Research, Departamento de Ciências e Engenharia Do 
Ambiente, Faculdade de Ciências e Tecnologia da Universidade Nova de Lisboa, Caparica, Portugal  |  6Centre for Toxicogenomics and Human Health 
(Toxomics), NOVA Medical School, Universidade NOVA de Lisboa, Caparica, Portugal

Correspondence: Henriqueta Louro (henriqueta.louro@insa.min-saude.pt)

Received: 18 February 2025  |  Revised: 5 May 2025  |  Accepted: 29 May 2025

Funding: This work was supported by Fundação para a Ciência e a Tecnologia, LA/P/0140/2020, PTDC/SAU-ESA/100107/2008, SFRH/BPD/72564/2010, 
UIDP/04378/2020, UIDB/04378/2020.

Keywords: estuary sediments | genotoxicity | histopathology | LacZ mice | mutant frequency

ABSTRACT
Under the influence of multiple anthropogenic pressures, from industrial to agricultural activities, estuaries have long been re-
garded as particularly sensitive ecosystems to contamination. The present study aimed at investigating the genotoxic potential of 
a contaminated sediment sample from an urban and industrial area of the Sado Estuary, by combining the analysis of multiple 
endpoints in the LacZ plasmid-based transgenic mouse model exposed for 28 days to contaminated estuarine sediment extracts 
through drinking water. The DNA and chromosome damaging effects were monitored in peripheral blood at 7-day intervals 
using the standard and enzyme-modified Comet assay, as well as the micronucleus assays in peripheral blood cells. After eutha-
nasia, DNA damage was analyzed in several mouse tissues, and LacZ mutant frequencies were determined in the liver. Livers 
were also surveyed for histopathological analysis. A time-dependent increase in micronuclei frequency was seen at all tested 
doses, in spite of no induction of DNA damage in any organ or mutation induction in the liver of exposed mice. The liver from 
mice exposed to sediment extracts did not reveal major alterations besides evidence of inflammation. Overall, the integration 
of the endpoints analyzed in the mice is suggestive of potential chronic, rather than acute, adverse effects in vivo, and points to 
the need for further research in the resident human population in the area. This experimental design can be used to assess the 
genotoxicity of complex environmental mixtures, understand how they work, and reduce costs and resources while speeding up 
data collection and interpretation.

1   |   Introduction

Estuarine ecosystems have been recognized as particularly 
sensitive to anthropogenic pressures, in large part due to 

limited self-renewal capability. Usually targeted by diverse 
human industrial activities, estuaries may become reser-
voirs of a wide variety of pollutants, including mutagenic 
and carcinogenic substances, particularly when considering 
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the interactions with sediments (Chen and White 2004; Ohe 
et al. 2004). Since exposure to these contaminants occurs for 
the local biota and human populations, concerns are raised as 
to their potentially harmful effects to the ecosystem as well 
as the potential development of environment-associated dis-
eases in humans, either through direct contact with water or 
sediments (e.g., fishing, agricultural or recreational activities) 
or through the consumption of local potentially contaminated 
products. Generally, epidemiological studies in occupational 
and environmental settings address human exposure and its 
association to cancer development (Hubaux et al. 2012; Marant 
Micallef et al. 2018), but these tend to overlook the realistic im-
pact of toxicant mixtures and the mechanisms responsible for 
their carcinogenicity (Pope  2000). Despite efforts to develop 
bioassays to determine toxicity and responses to contamina-
tion following exposure to sediment-bound aquatic contami-
nants, including in the study area (e.g., Yang et al. 2010; Costa 
et al. 2012; Caeiro et al. 2017; Baines et al. 2021), determining 
cause–effect relationships between aquatic sediment contam-
ination and human health risk remains challenging. In fact, 
in the context of the assessment and management of estua-
rine water quality, while several well-established linesofevi-
dence are already being proposed and described (Dagnino 
et al. 2008; Chapman et al. 2013) there is still a lack of consen-
sus on strategies for determining risk to human health. Hence, 
a bridge between ecological and human risk assessment is still 
missing regarding the genotoxic/mutagenic effects of aquatic 
sediment contaminant mixtures.

Generally, the assessment of the potential hazard of environ-
mental contaminants to humans through the extrapolation of 
in vitro data in mammalian cells is not straightforward (see for 
instance Higley et al. 2012; Costa et al. 2014; Pinto et al. 2014; 
Martins et al. 2024) since cellular systems do not account for 
the complexity of an organism, including, for example, toxi-
cokinetics and immune responses. In addition, biological ef-
fects at the target tissues are known to be greatly influenced 
by bioavailability and also by the response to genotoxic stress, 
depending on factors such as cell proliferative rate, metabolic 
and DNA repair capacities (Louro and Silva 2010). In light of 
this, in vivo models continue to represent essential tools when 
investigating the hazardous effects of potentially mutagenic or 
carcinogenic substances, with studies in mammalian animal 
models allowing inferences on potential human health risk in 
the same way as aquatic animal models reflect ecological risk. 
Thus, to further analyze the potential genotoxic hazard of en-
vironmental sediment-bound contaminants in vivo, the pres-
ent study aimed to investigate the genotoxic potential of one 
contaminated estuarine sediment sample in a mammalian 
organism: the LacZ plasmid-based transgenic mouse (Gossen 
et al. 1995; Louro et al. 2014a). This mouse model was selected 
as it allows assessment of several endpoints in distinct tissues 
of the same animal, making it a valuable in  vivo model for 
investigating both genotoxic and mutagenic effects and re-
pair mechanisms after exposure to both chemical (Verhofstad 
et al. 2011; Louro et al. 2002, 2008, 2010) and physical agents 
(Louro et al. 2014b). Moreover, compared to other transgenic 
rodent models based on bacteriophage lambda shuttle vectors, 
this system is the only one that allows the detection and iden-
tification of large deletions, providing an accurate quantifica-
tion of mutant frequency. Furthermore, this model allows the 

establishment of a multi-endpoint experimental design, re-
ducing the number of animals under experimentation, in com-
pliance with the 3Rs agenda of the EU to Replace, Reduce, and 
Refine animal experimentation for scientific purposes in the 
EU recommendations (European Union 2010), and enabling a 
global analysis of the impact of the exposure on the organism's 
genetic material.

The Sado Estuary, a large estuarine basin located in SW 
Portugal, has been reported as an interesting study area 
where contamination intertwines with ecological and human 
health. Organic and inorganic pollutants from various an-
thropogenic or natural sources can become sorbed to partic-
ulate matter and sink in sediments, particularly if these have 
higher loads of finer particles and organic carbon, as is the 
case of the Northern area of the Estuary, which is also the 
area where most heavy industry is located (Caeiro et al. 2005; 
Almeida et al. 2024). Indeed, seemingly impacted by diffuse 
sources of pollution, high sediment contamination in this 
area has already been confirmed (Caeiro et  al.  2005, 2009, 
2017), mostly consisting of complex mixtures of organic and 
inorganic compounds capable of inducing adverse effects both 
in local organisms and a human cell line. These studies con-
ducted in the estuary were based on integrated assessment; 
proven adverse effects on species with commercial value may 
be used to witness the environmental quality of the estuarine 
ecosystem and the potential human health risk of the sedi-
ments and the development of chronic-degenerative diseases 
that have a latency period before being symptomatic. In fact, 
these previous studies showed that sediment samples col-
lected in fishing areas of the Sado Estuary contained a high 
concentration of metals (namely Cu and Pb) and polycyclic 
aromatic hydrocarbons (PAHs) with high molecular weight, 
especially 5- and 6-ring, like benzo[a]pyrene (BaP), ben-
zo[b]fluoranthene, dibenzo[a,h]anthracene, indeno[1,2,3-cd]
pyrene and benzo[ghi]perylene (Carreira et  al.  2013). The 
sources of those contaminants are mainly the heavy indus-
try units like Multiuse Terminal and Containership Terminal 
(naval repairing), pulp and paper industry, chemical and phy-
topharmaceutical products industry, yeast factory, urban set-
tlements, including urban and fishing ports at the Northern 
part of the estuary and also the train line (leaks from trac-
tion oil used in the brakes) in the southern Alcácer channel 
(Almeida et al. 2024; Caeiro et al. 2005). These contaminants 
were shown to induce concentration-dependent cytotoxicity, 
genotoxic damage and DNA repair inhibition in  vitro, when 
tested in the form of extracts in a human liver cell line (Pinto 
et al. 2014a, 2015; Costa et al. 2014), and genotoxicity in vivo 
(although only reported in flatfish) either in laboratory or 
in situ (Costa et al. 2008, 2011b). Previous work showed that 
HepG2 cells exposed to crude contaminant extracts obtained 
from estuarine sediments displayed increased DNA strand 
breaks and higher micronuclei induction, thus revealing sig-
nificant clastogenic/aneugenic events (Pinto et  al.  2014a), 
whereas gene mutation was not studied in  vitro. Although 
human cell line-derived studies are crucial to reflect the ef-
fects of human exposure, as the observed outcomes are rec-
ognized key events in cancer development (Møller  2006; 
Bonassi et al. 2011) and potential indicators of human health 
risk, confirmation in complex organisms is necessary. For in-
stance, the toxicity studies performed in local aquatic species, 
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namely in clam (Carreira et al. 2013; Costa et al. 2013), cuttle-
fish (Rodrigo et al. 2013) and flatfish (Costa et al. 2009, 2011a, 
2012; Gonçalves et al. 2013), revealed that the biomarker re-
sponses (examined in biochemical and histopathological end-
points) were consistent with global contamination patterns 
within the estuary, contributing to both ecological and human 
health risk assessment. In this context, this study explores 
the genotoxic effects of contaminated sediments in a mouse 
model, in order to allow the comparison between in vivo and 
in  vitro data, critical in evaluating the potential for future 
human health risk assessment of environmentally contami-
nated areas.

2   |   Material and Methods

2.1   |   Sediment Sample Contamination and Extract 
Preparation

The sediment samples were collected from the northern area 
of the Sado Estuary affected by contaminants from urban 
and industrial activities. These were overall considered the 
most contaminated by both metals and organic toxicants 
such as PAHs and PCBs (Carreira et  al.  2013). Sediments 
were hitherto characterized for contamination and stan-
dard physico-chemical parameters (as described in Carreira 
et  al.  2013). Concentrations of toxicants in sediments are 
detailed in Supplementary Table  S1. Total surveyed con-
taminants concentrations, given per gram of sediment dry 
weight, were 678.83 ± 23.63 μg/g for metallic elements (high-
lighted by elevated concentrations of Cr, Cu, Pb, and Zn); 
1076.98 ± 183.09 ng/g of PAHs (highlighted by elevated con-
centrations of BaP, fluoranthene, pyrene, phenanthrene, ben-
zo[b]fluoranthene, indeno[1,2,3-cd]pyrene and benzo[ghi]
perylene); 2.48 ± 0.42 ng/g of organochlorine pesticides; and 
5.37 ± 0.91 ng/g of polychlorinated biphenyls. The extract used 
for the mice bioassays was prepared from sediment samples 
that, upon collection, were immediately protected from light 
and frozen to uphold physico-chemical integrity until toxicant 
extraction, as described by Pinto et al. (2014a). Briefly, organic 
and inorganic contaminants were extracted with a mixture of 
dichloromethane: methanol (2:1) from 1800 g of dry pulver-
ized sediment under agitation. After solvent evaporation, con-
taminants were resuspended in 180 mL of dimethyl sulfoxide 
(DMSO), with a final sediment: extract proportion of 10 g sed-
iment dry weight per mL of DMSO.

2.2   |   Exposure Assay

C57Bl/6 mice harboring the pUR288 plasmid (containing the 
LacZ reporter gene) inserted in head-to-tail sequences ho-
mozygously on both chromosomes 3 and 4 were used in this 
study (Louro et al. 2008, 2010; Gossen et al. 1995). LacZ mice 
were bred, maintained, treated, and euthanized according 
to European Union directives (European Union 2010) at the 
National Institute of Health Doutor Ricardo Jorge (INSA), 
Portugal, during March 2013. All mice were housed in their 
individual cages until sacrifice, with body weight (bw) mea-
sured weekly and any signs of discomfort or disease monitored 
daily. Individually housed three-month-old LacZ mice were 

randomly assigned to three groups (five or six mice per group): 
a vehicle control and two treatment groups. The mice bw were 
determined at the start of the experiment, showing an aver-
age of 22.6 ± 1.6 g. Room temperature was kept at 21°C–23°C, 
light/dark cycle at 12 h/12 h, and lab chow and water were 
supplied ad libitum. Sediment extract and vehicle control were 
administered orally through drinking water as a surrogate 
of the expected main route of exposure by the human pop-
ulation in the area, who mostly relies on local produce, well 
water, and fishery for subsistence (Caeiro et  al.  2017). Mice 
were exposed for a total of 28 days, with drinking water re-
newed twice weekly (with fresh extract or vehicle control, in 
water). A daily average of 10 mL water consumption was cal-
culated during the exposure period, leading to doses of 73.7 
(Dose 1) and 147.3 g (Dose 2) of sediment equivalent/Kg bw/
day (SEQ/Kg bw/day). Doses were selected to ensure sublethal 
exposure to the toxicants listed in Supplementary Table  S1. 
We set Dose 1 at 1/10 of the lowest effect (oral) dose of B[a]
P, the best-studied mutagen and carcinogen in the list, that is, 
about 100 mg/kg, which at the end of the 21 days of exposure, 
would add to ≈10 mg internalized B[a]P per kg. Dose 1 is thus 
the sediment-equivalent dose necessary to expose each mouse 
to a potential total of 10 mg B[a]P per kg. Dose 2 was set as the 
double, that is, 1/5 of the lowest effect (oral) dose of B[a]P. The 
control group was exposed to vehicle only, that is, 3.33% of 
DMSO in water. No significant differences in bw values, either 
within or between each tested group, were observed during 
the exposure period.

2.3   |   Tissue Collection and Sample Preparation

Before the exposure and once a week throughout the exposure 
period (total of five times) 5 μL of peripheral blood were col-
lected from the tail vein for the comet and micronucleus assays 
in blood cells (the number of sample collections were limited in 
order to minimize animal stress from repeated manipulations 
and subsequent potential disturbances of erythropoiesis). Mice 
were euthanized by direct cervical dislocation (without exsan-
guination) at the end of the 28-day exposure period, to allow the 
fixation of mutations in the LacZ transgene (Louro et al. 2002, 
2008; OECD TG 488, 2011; OECD TG 488 2022). Several tissues 
were immediately collected for histological analysis, comet and 
gene mutation assays. Approximately one-third of the liver, 
spleen, and kidney were washed in phosphate buffer (PBS) 
and processed immediately for the comet assay. The remaining 
parts of the liver were washed in cold PBS, flash-frozen, and 
stored at −80°C until DNA extraction for mutation analysis or 
immediately fixed before histopathological processing, as de-
scribed below.

2.4   |   Peripheral Blood Micronucleus Assay

Blood smears were freshly prepared on acridine orange (1 mg/
mL) coated slides (Hayashi et al. 1990, 2000), two slides per an-
imal. Two thousand reticulocytes (RETs) were blindly scored 
to determine the frequency of micronucleated reticulocytes 
(MNRET) per animal (OECD TG474  2016) under fluores-
cence microscopy (Axioplan 2 Imaging, Carl Zeiss Microscopy, 
Göttingen, Germany). The percentage of RETs was also 
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examined as a measure of toxicity through the analysis of the 
number of RETs per 2000 cells per animal (1000 for each slide).

2.5   |   Comet Assay

The Comet assay was performed in blood cells at several time-
points during the exposure and in liver, kidney, and spleen cells 
collected at the end of the exposure. Cell suspensions were pre-
pared from liver, kidney, and spleen by mincing the tissues in PBS 
containing 20 mM EDTA and 10% DMSO (pH 7.5). The alkaline 
Comet assay was carried out essentially according to Azqueta 
and Collins (2013). In brief, 5–10 μL of the cell suspensions (i.e., 
from peripheral blood, liver, spleen, and kidney) was embed-
ded in 75 μL of 1% low melting point agarose (Sigma-Aldrich) 
and three replicate gels were prepared onto three separate pre-
coated microscope slides (1% normal melting point agarose) and 
allowed to solidify at 4°C. Three slides (using blood or organ 
cell suspensions from a non-exposed animal) were used as pos-
itive controls by submerging them in a H2O2 solution at 5 mM 
for 15 min, followed by PBS washing for 2 min at 4°C. All slides 
were then immersed in cold lysis solution (2.5 M NaCl, 100 mM 
Na2EDTA.2H2O, 10 mM Tris, 10% DMSO and 1% Triton X-100, 
pH 10) for at least 1 h at 4°C. Slides were then washed (3 × 5 min) 
with enzyme buffer (40 mM HEPES, 100 mM KCl, 0.5 mM 
EDTA, 0.2 mg/mL BSA, pH 8) and the gels were treated with 
50 μL of the enzyme formamidopyrimidine-DNA glycosylase 
(FPG) and Endonuclease III (ENDO III) – both diluted in en-
zyme buffer – or enzyme buffer only for 30 min (FPG) or 45 min 
(ENDO III) at 37°C. To allow DNA unwinding and to enhance 
the expression of alkali–labile sites, slides were placed in cold 
electrophoresis buffer (300 mM NaOH, 1 mM Na2EDTA.2H2O, 
pH ≥ 13) for 30 min, and electrophoresis was run at 0.8 V/cm, 
300 mA, at 4°C for 40 min. Following neutralization (0.4 M Tris–
HCl buffer, pH 7.5), the gels were stained with ethidium bromide 
(0.125 μg/μL). One hundred randomly selected nucleoids were 
scored per tissue for each mouse under each tested condition, 
using a Zeiss Axioplan2 Imaging fluorescence microscope 
equipped with a high-resolution camera (Carl Zeiss, Göttingen, 
Germany) and the Comet Imager 2.2 software (MetaSystems, 
Altlussheim, Germany). The median of the percentage of DNA 
in the nucleoids tail (% DNA in tail) was used as a measure of 
total DNA strand breakage per animal, and the mean value and 
standard deviation were determined for each group.

2.6   |   LacZ Mutant Frequency

Genomic DNA extraction from homogenized livers and LacZ-
plasmid rescue was conducted at the National Institute of Health 
Doutor Ricardo Jorge (INSA) as described previously (Louro 
et al. 2008). Briefly, 50 μg of genomic DNA were incubated with 
40 units of the restriction enzyme HindIII (New England Biolabs, 
Ipswich, MA, USA) and magnetic beads (Dynabeads M450 sheep 
anti-mouse IgG; Invitrogen, Waltham, MA, USA) pre-coated 
with LacZ/LacI fusion protein (prepared in house as described 
Louro et al. 2014a). The supernatant fluid was discarded and the 
plasmid DNA was eluted using isopropyl-β-D-galactopyranoside 
(Stratagene, La Jolla, CA, USA), followed by heat inactivation of 
HindIII at 65°C. Plasmids were circularized with T4 DNA ligase 
(Invitrogen) at room temperature and ethanol precipitated. The 

purified plasmid DNA was electroporated into highly competent 
Escherichia coli C (ΔLacZ, galE-) previously prepared according 
to Gossen et al. (1992). Electroporation was performed accord-
ing to the manufacturer (Biorad, Hercules, CA, USA) and cells 
were immediately allowed to recover in Super Optimal Broth 
(SOB) medium for 30 min at 37°C. To determine the number of 
mutant colonies, 99.9% of the transformed E. coli were plated on 
a selective top agar plate containing the lactose analog phenyl-
β-D-galactoside (Sigma-Aldrich). The remaining E. coli were 
plated on non-selective medium containing 5-bromo-4-chlor
o-3-indolyl-β-D-galactoside (Stratagene) to determine the total 
number of colonies. The mutant frequency (MF) for each organ 
was calculated as the ratio of the number of mutant colonies 
over the total number of colonies (multiplied by the dilution fac-
tor). A positive control group was included, consisting of ani-
mals exposed to N-ethyl-N-Nitrosurea (ENU in DMSO, 120 mg/
Kg bw; CAS# 759–73-9, Sigma-Aldrich, St. Louis, MO, USA) by 
intraperitoneal (i.p.) injection, performed 2 months before for a 
previous study (Louro et al. 2014a).

2.7   |   Histopathology

Liver portions fixed in Bouin's solution for 24 h at room tempera-
ture were washed, dehydrated in a progressive series of ethanol, 
and embedded in paraplast. Sections (5 μm thick) were obtained 
with a Jung RM2035 rotary microtome (Leica microsystems) 
and stained with hematoxylin and eosin, as described in Louro 
et al. (2014a). The qualitative histopathological assessment was 
done with a DMLB model microscope equipped with a DFC480 
camera (Leica Microsystems, Darmstadt, Germany).

2.8   |   Statistical Analysis

All statistics were computed with IBM SPSS Statistics ver-
sion 20.0, with the threshold of significance set at p < 0.05. 
Comparisons pertaining to Comet assay data were performed 
using the non-parametric Mann–Whitney U-test. The median of 
the % of DNA in tail was calculated for each animal, and the val-
ues obtained for each treatment group were compared to those 
of the vehicle control group. Comparisons between treatments 
with and without FPG or ENDO III were also performed. The χ2 
test was used to compare the mean frequency of micronucleated 
RETs (MNRETs) between each treatment group and the vehi-
cle control. The mean mutant frequencies were compared be-
tween the treatment groups and the vehicle control group with 
Student's t-test.

3   |   Results

The Comet assay in mouse peripheral blood at either one, two, 
three, or four weeks of exposure did not show significant induc-
tion of DNA damage after the exposure to any dose of the extract 
(Table  1), as compared to the control group, even when using 
the endonuclease-modified version of the assay (i.e., with FPG 
or ENDO III). Still, within each treatment group and timepoint, 
a slight increase in DNA damage was observed for control and 
treated animals when using both endonucleases as compared 
to the conventional Comet assay (Table 1), suggesting residual 
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oxidative DNA damage. Regarding the Comet assay performed 
in tissues from mice exposed after 28 days to the sediment ex-
tract, no relevant increases in DNA damage were observed ei-
ther in liver, kidney, or spleen cells, comparatively to the control 

group (Table  2). Of note, slight increases in the level of DNA 
damage were detected in the kidney, spleen, and liver of exposed 
animals following FPG treatment, suggesting the presence of 
mild oxidative DNA damage.

TABLE 1    |    Results of the Comet assay in mouse peripheral blood collected during the 28-day exposure period to the extract sample.

Timepoint Exposure group

Median % of DNA in tail (Mean ± SD)

Buffer FPG ENDO

t0 Control 2.05 ± 0.64 7.58 ± 2.40* 4.52 ± 1.35*

Dose 1 2.68 ± 0.85 7.02 ± 1.26* 5.86 ± 1.37*

Dose 2 2.33 ± 0.28 8.23 ± 3.08* 5.12 ± 1.06*

t1 Control 5.36 ± 0.78 5.91 ± 0.29 5.15 ± 2.10

Dose 1 7.07 ± 4.31 6.62 ± 0.86 5.31 ± 1.65

Dose 2 5.22 ± 1.31 5.41 ± 2.12 4.68 ± 1.55

t2 Control 3.82 ± 0.55 6.76 ± 0.84* 5.87 ± 1.56*

Dose 1 4.27 ± 0.62 6.57 ± 1.38* 6.76 ± 1.86*

Dose 2 3.19 ± 0.52 5.25 ± 1.50* 7.32 ± 2.06*

t3 Control 3.52 ± 0.77 5.12 ± 0.92* 4.63 ± 1.29

Dose 1 2.79 ± 0.85 6.07 ± 2.23* 4.79 ± 1.33*

Dose 2 3.61 ± 0.93 4.62 ± 0.87 5.28 ± 2.71

t4 Control 3.40 ± 0.46 4.45 ± 1.40 4.93 ± 1.68

Dose 1 3.95 ± 0.55 4.69 ± 0.52* 5.98 ± 2.68

Dose 2 4.15 ± 1.32 3.93 ± 1.32 5.27 ± 1.47

H2O2 5 mM 38.07 ± 10.90 49.05 ± 0.44* 46.73 ± 8.86

*Statistically significant differences between modified Comet assay compared to buffer exposed slides, in the same exposure group. SD—standard deviation; t0—
before exposure; t1–7 days of exposure; t2–14 days of exposure; t3–21 days week of exposure; t4–28 days of the exposure; Dose 1–73.7 g SEQ/Kg bw/day; Dose 2–147.3 g 
SEQ/Kg bw/day; Control—3.33% DMSO in water. SEQ- sediment equivalent.

TABLE 2    |    Results of the Comet assay in mouse tissues collected at the end of the 28-day exposure period to the extract sample.

Organ Exposure group

Median % of DNA in tail (Mean ± SD)

Buffer FPG ENDO

Kidney Control 5.95 ± 0.88 5.72 ± 0.83 5.84 ± 1.29

Dose 1 5.25 ± 0.67 7.28 ± 0.92* 5.42 ± 1.69

Dose 2 5.40 ± 0.82 6.86 ± 1.15 6.65 ± 0.77*

Spleen Control 4.70 ± 1.54 6.25 ± 0.59 4.61 ± 0.58

Dose 1 4.36 ± 1.20 5.42 ± 0.84 4.77 ± 1.19

Dose 2 3.83 ± 0.90 5.42 ± 0.82* 4.53 ± 1.03

Liver Control 3.35 ± 0.79 4.85 ± 1.00* 3.69 ± 0.69

Dose 1 3.03 ± 0.29 5.25 ± 1.22* 3.92 ± 1.00

Dose 2 3.79 ± 0.64 5.02 ± 0.69 3.83 ± 0.50

Spleen H2O2 5 mM 33.03 ± 17.99 41.60 ± 14.76 49.46 ± 4.64

Liver H2O2 5 mM 6.89 ± 0.60 8.60 ± 1.59 7.06 ± 1.12

*Statistical significant differences between treatment with and without FPG or ENDO III, in the same exposure group. SD—standard deviation; t0—before exposure; 
t1–7 days of exposure; t2–14 days of exposure; t3–21 days week of exposure; t4–28 days of the exposure; Dose 1–73.7 g SEQ/Kg bw/day; Dose 2–147.3 g SEQ/Kg bw/day; 
Control—3.33% DMSO in water. SEQ- sediment equivalent.
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FIGURE 1    |    Results for the micronucleus assay in peripheral blood cells from mice exposed to the sediments extract and vehicle controls. (A) 
Distribution of the mean frequency of MNRET in peripheral blood by tested concentration at each timepoint. *Statistically significant differences 
over the vehicle control group at the same timepoint. (B) Distribution of the mean frequency of MNRET in peripheral blood for each exposure group 
along the 28-day exposure period. ‡ Statistically significant difference between timepoints t1 and t4 for the same exposure group. (C) Percentage 
of reticulocytes (RET) in peripheral blood samples collected from mice during the 28-day exposure period to extract sample. t0—before exposure; 
t1–7 days of exposure; t2–14 days of exposure; t3–21 days of exposure; t4–28 days of exposure. Dose 1–73.7 g SEQ/Kg bw/day; Dose 2–147.3 g SEQ/Kg 
bw/day; Control—3.33% DMSO in water. SEQ —sediment equivalent.
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In respect to the micronucleus assay in peripheral blood from 
mice (Figure 1), at each week an increase in MNRET was ob-
served, seemingly dependent on the dose and time of exposure 
(Figure 1A).

The MNRET frequency from mice exposed to the highest dose 
was significantly different from that of unexposed mice after 
one, two, three, and 4 weeks of treatment (p < 0.001, p = 0.001, 
p = 0.005 and p < 0.001, respectively). MNRET frequency also 
increased with the time of exposure, with the highest value ob-
tained at the end of treatment for all groups (Figure 1B), which 
was significantly different for all groups from the first week (t1) 
of exposure (p = 0.019, < 0.001 and = 0.018, for control, dose1 and 
dose 2 groups, respectively). Still, while for dose 1 results sug-
gest that chromosomal damage gradually increased along the 
exposure period, for dose 2 the observed damage appears more 
stable in distribution within the exposed group after week one, 
although increasing in mean along the exposure. Even though 
a slight but non-significant increase in MNRET frequency was 
observed for the negative control group at the end of the ex-
posure, all observed values within the control group were still 
within the range of those obtained in previous studies using the 
same mouse model (Louro and Silva 2011; Louro et al. 2010). No 
myelotoxicity was observed following exposure to either dose or 
any of the timepoints (Figure 1C).

From the LacZ mutation assay, it could be inferred that expo-
sure to either dose of extracts did not influence significantly the 
MF in the liver, as compared to control mice (Table 3).

In fact, the group of mice exposed to the highest dose presented 
slightly lower MF than both those treated with the lowest dose 
(p = 0.020) and unexposed control mice, although no statisti-
cally significant difference was noted as compared to negative 
controls. Livers of mice exposed to sediment extracts did not re-
veal major alterations to the expected structure of the liver, com-
pared to controls (Figure 2A). However, in mice exposed to the 
highest dose, foci of altered hepatocytes characterized by highly 
vesicular cytoplasms were common (Figure 2B). The foci did not 
hold necrotic or apoptotic cells. Additionally, foci of inflamma-
tory cells, frequently accompanied by localized hyperemia, were 
occasionally observed in mice exposed to extracts regardless of 
dose (Figure 2C).

4   |   Discussion

Our preceding work showed that crude extracts of sediment 
samples collected from fishing areas of the Sado Estuary were 
able to induce genotoxicity in HepG2 human hepatoma cells () 
(Pinto et al. 2014a; Costa et al. 2014); therefore, accordant with 

TABLE 3    |    LacZ mutant frequency in mouse liver collected at the end of the 28-day exposure period to the extract sample.

Exposure group (N) Total CFU × 103 (Mean ± SD) Mutant CFU (Mean ± SD) MF × 10−5 (Mean ± SD)

Control (5) 341.40 ± 140.35 34.00 ± 19.33 9.55 ± 2.10

Dose 1 (5) 321.20 ± 59.34 35.20 ± 8.81 10.95 ± 2.10

Dose 2 (6) 296.33 ± 87.49 20.00 ± 6.39 6.92 ± 2.17

Positive control (6)* 317.40 ± 115.29 152.80 ± 87.44 51.02 ± 9.39‡

*Refers to N-ethyl-N-Nitrosurea (ENU), 100 mg/Kg by intraperitoneal injection, previously presented in (Louro et al. 2014a).
‡Significantly different from vehicle controls (p = 0.012, t-Student's test). CFU—colony forming units; MF—mutant frequency; SD—standard deviation; Dose 1–73.7 g 
SEQ/Kg bw/day; Dose 2–147.3 g SEQ/Kg bw/day; Control—3.33% DMSO in water. SEQ- sediment equivalent.

FIGURE 2    |    Liver sections of mice (Bouin's, H&E). (A) Section across the liver from a control mouse, exhibiting normal morphology of mammali-
an hepatocytes (hp) with regular-sized shaped nuclei (hn), arranged in trabeculae lined by many sinusoids (sn) where Kupffer cells (kc) may be found. 
Scale bar: 25 μm). (B) Same magnification of a section from the liver of a mouse exposed to the highest dose, for comparison. Note the highly vesicu-
lar cytoplasm (arrowheads) of hepatocytes (hp). Kupffer cells (kc) can be observed in sinusoids as well, but in this case without evident activation of 
the reticuloendothelial system. Scale bar: 25 μm). (C) Liver of a mouse subjected to the highest dose of sediment extract, revealing an agglomerate of 
inflammatory cells (arrow) within a branch of the hepatic portal vein (ha). bd) indicates a bile duct. Scale bar: 70 μm.
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earlier findings from a variant of the micronucleus test in fish 
exposed in situ and in the laboratory to whole-sediment samples 
(Costa et al. 2008, 2011b). The current study revealed detectable 
induction of micronuclei in mouse blood as early as 1 week after 
exposure to the highest dose and 2 weeks after exposure to the 
lowest dose. These results suggest that contaminants in the ex-
tract were reaching the bone marrow, where they induced chro-
mosomal damage during the erythrocyte maturation process. 
Metallic toxicants present in tested sediments, such as Cd, As, 
Pb, and Cu, are known to be strong inductors of micronuclei and 
other nuclear abnormalities (NAs) resulting from chromosomal 
clastogenic and aneugenic events in fish and other animals 
(Ayllon and Garcia-Vazquez 2000; Çavaş et al. 2005; Gebel 2001; 
Palus et al. 2003). Nevertheless, the genotoxic mechanisms as-
sociated with the formation of NAs as a result of the exposure 
to metals and metalloids are still not fully understood and show 
significant variation. Additionally, past research suggests that 
potential interactions between organic and metallic contami-
nants contributing to chromosomal anomalies should not be dis-
carded (Vakharia et al. 2001; Lewińska et al. 2007). Considering 
the relatively high levels of metals, arsenic, and PAHs in tested 
sediments and globally in sediments from the Sado estuary 
((Caeiro et  al.  2005, 2009; Costa et  al.  2012; Supplementary 
Table  S1), it can be suggested that the individual and mixed 
toxicants contribute for ENAs). In fact, among metal concentra-
tions, the concentrations of Cu and the highly toxic metal Pb 
were ≈ 2-fold higher in the sample of this study than in other 
previously surveyed areas of the estuary (Carreira et al. 2013). 
In addition, higher molecular weight PAHs especially 5- and 6-
ring, among which are included known genotoxicants and pro-
mutagens like B[a]P, were found in the tested sediment extract. 
Genotoxicity at the chromosomal level after exposure to metals 
has already been described in numerous studies, for example, 
for arsenic (Gebel  2001; Fracasso et  al.  2002; Rossman  2003), 
lead (Bonacker et al. 2005; Celik et al. 2005), cadmium, and cop-
per (Palus et  al.  2003; Çavaş et  al.  2005). These results are in 
accordance with those obtained when testing the same extract 
in HepG2 cells, in which micronuclei induction was found to 
increase in a dose-responsive manner, which further sustains 
genotoxic effects (Pinto et al. 2014a).

Since the liver is the main organ for xenobiotic metabolism, ROS 
or activated metabolites could be produced and disseminated 
along the blood stream, giving rise to a systemic observable 
effect. As such, the increase in the micronucleus frequency in 
contaminant-exposed mice might be indicative of potential ad-
verse effects for human health as well and indicates the need for 
risk assessment in human populations resident in the affected 
areas. In fact, the micronucleus test, which is included in the 
standard battery of genotoxicity assays, is a reliable test for the 
analysis of chromosome damage [i.e., for the detection of clas-
togenic and aneugenic events (OECD, 2023)], and a relevant 
predictor for carcinogenesis, as an association between micro-
nucleus frequencies and cancer risk has already been reported 
for humans (Bonassi et al. 2011).

Conversely, no induction of significant DNA or oxidative DNA 
damage occurred, as only residual values were observed either 
in blood cells or in mouse tissues (kidney, liver and spleen) after 
exposure to the sediment extract (Tables 1 and 2). The different 
results between the micronucleus and the Comet assay may rely 

on the different nature of the lesions detected. The latter allows 
the identification of DNA lesions, namely single- or double-
strand breaks or alkali-labile sites. Such primary lesions usually 
arise soon after exposure to genotoxic agents and may eventually 
be repaired by the cells' DNA repair machinery, while micro-
nuclei persist. In fact, other authors have described discrepant 
results in these two assays (e.g., Hartmann et al. 2001; Valentin-
Severin et al. 2003). They suggest that micronuclei may be gen-
erated through clastogenic or aneugenic events, and the Comet 
assay has been shown to produce negative results after exposure 
to aneugenic agents. Lower sensitivity has indeed been associ-
ated with the Comet assay since, for instance, some compounds 
such as multifunctional alkylating agents induce DNA–DNA 
and/or DNA–protein crosslinks, which retard DNA electropho-
retic migration (Hartmann et al. 2001). Our previous results also 
suggested that the micronucleus assay might be more sensitive 
in the detection of genotoxic effects when testing the same com-
plex mixtures in vitro (Pinto et al. 2014a, 2014b). In fact, it was 
observed that the micronucleus test could be more sensitive than 
the Comet assay to reveal the genotoxicity of mixtures of tox-
icants, given that the concentrations of two sediment extracts 
required to produce a significant increase in the micronucleus 
frequency over control were lower than those required to sig-
nificantly raise the level of DNA lesions. The mechanisms to 
which target cells resort to uphold genome repair, as well as the 
time elapsed between exposure and analysis, will also contrib-
ute to the differences in sensitivity between the micronucleus 
and Comet assays, due to their particular endpoints. Since it was 
shown that this extract could in fact induce DNA and oxidative 
DNA damage in HepG2 after a 48 h exposure (Pinto et al. 2014a), 
it can now be hypothesized that if DNA damage was occurring, 
it could have been controlled or even reversed by the first weekly 
sampling. It must also be noted that although a “long-term” con-
tinuous exposure was intended, animals only consume water at 
intervals, which may have favored the induction of repairable 
low levels of DNA damage throughout the assay, despite the in-
terference of metals in DNA repair mechanisms, as noted, for 
example, by (Whiteside et al. 2010).

Although gene mutation tests can be used to confirm and to in-
crease the weight of evidence when inconclusive data has been 
generated in vitro or in vivo (ICH 2012), in this study mutation 
analysis in the liver of exposed mice did not exhibit any muta-
genic effect under the experimental conditions used (Table 3). 
Given the probable sensitivity of hepatic cells to the sediment 
extracts that can be expected based on in vitro analysis (Pinto 
et al. 2014a), two hypotheses can be foreseen. Firstly, due to the 
oral administration of the extract, it is possible that the muta-
genic agents present reached the liver but were then readily me-
tabolized and eliminated before mutagenic effects could occur. 
However, this hypothesis is not entirely supported by the find-
ings due to the systemic genotoxic effect of the extract in mouse 
blood cells. In comparison, the presence of inflammation and 
lesions in the digestive system of bivalves (Costa et al. 2013) and 
chromosomal damage in blood cells of fish (Costa et al. 2011b) 
exposed to similar sediments suggests that the contaminants 
are able to reach multiple visceral organs while also inducing a 
systemic effect noticeable in peripheral cells. Even though in the 
present study histopathological findings are not consistent with 
acute effects of exposure to sediment extracts and did not reveal 
alterations that can be specifically pin-pointed to the toxicant 
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mixture, the changes in hepatocyte ultrastructure (Figure  2), 
namely vesiculation and microvesiculation, indicate that liver 
function related to carbohydrate metabolism and storage was 
compromised, therefore revealing an important chronic effect. 
Also, no histopathological evidence was found for the occur-
rence of immune function impairment. Oppositely, the focal 
occurrence of inflammation indicates that the aforementioned 
effects may trigger an innate immune response, even though no 
major lesions were observed. In addition, studies focused on the 
toxicity of metal mixtures in mice, for instance, have shown that 
liver alterations can occur after 30 days of exposure to low con-
centrations of metals (Cobbina et al. 2015a, 2015b). Therefore, an 
impact on the livers of mice exposed to sediment extract shows 
an effect in this organ, discouraging this first interpretation of 
the absence of mutagenic effects in the liver. A second hypothe-
sis is that the mutagenic agents present in the sediment extract 
reached the liver but the exposure period was not long enough 
for the fixation of mutations. The observations indicate that 
mutations tend to accumulate with each treatment. Therefore, 
a repeated-dose regimen consisting of daily treatments over a 
28-day period is generally regarded as sufficient for enabling 
the accumulation of mutations caused by weak mutagens and 
for ensuring adequate exposure time to detect mutations in or-
gans and concomitant tissues with a slow cell proliferation rate 
(OECD 2022). In spite of the null outcomes from the mutation 
detection assay, one cannot exclude the hypothesis of a second-
ary mechanism of in  vivo mutagenicity, involving inflamma-
tion and ROS generation, leading to DNA damage that could 
become apparent after longer time periods. In fact, residual 
oxidative DNA damage was observed in the Comet assay, that 
although too low to be considered significant damage, may sug-
gest induced stress. Nevertheless, the results of the genotoxicity 
investigation of the sediment extracts in the present study are 
compatible with an absence of mutagenic effects in mouse con-
comitant with a clastogenic effect in blood cells. Although the 
LacZ plasmid-based transgenic mouse model has been shown 
to be sensitive to large deletions (Louro et al. 2002), it is possible 
that it might not detect large clastogenic or aneugenic events. 
Furthermore, previous studies in aquatic vertebrates and inver-
tebrates revealed that histopathological alterations in the liver 
or digestive gland (respectively), although non-specific to con-
taminants, may occur chronically in animals collected locally 
or exposed in the laboratory to sediments from the Sado estu-
ary (see for instance Costa et al. 2009, 2011a, 2013; Gonçalves 
et  al.  2013). In accordance with the current work, these find-
ings report, rather than acute effects of exposure (in most cases), 
chronic alteration to hepatic metabolism including changes in 
the storage of glycogen and lipids. These effects are less severe 
than those found in fish exposed to whole sediments (from mul-
tiple sites of the estuary) in previous experiments with the same 
duration (see Costa et  al.  2009, 2011a). However, organisms, 
route of exposure, and dosage are difficult to compare directly.

To summarize, this study highlighted genotoxic damage follow-
ing direct exposure to bulk contaminants in a crude extract of 
sediments collected from an impacted urban and industrial es-
tuarine area (specific sources earlier detailed). The integrated 
approach of this study assembled a battery of genotoxicity tests 
as well as histopathology, covering a range of endpoints in 
the LacZ plasmid-based transgenic mouse, has the important 
advantage of allowing a reduction in the number of animals 

necessary for extensive genotoxicity analysis. For instance, 
the use of peripheral blood cells avoids the animals sacrifice 
and enables repeated sampling from the same animal, facili-
tating its integration in multi-endpoint toxicity studies (Louro 
et al. 2014a). In addition, the natural environment where organ-
isms are exposed, including humans, the pollutants are present 
in a mixture where synergistic effects occur, so for risk assess-
ment, direct exposure essays are more appropriate to be used.

5   |   Conclusions

The present study aimed at investigating the genotoxic poten-
tial of a contaminated sediment sample from a local fishing area 
of the Sado Estuary, a human-impacted estuary, by combining 
the analysis of multiple endpoints in the LacZ plasmid-based 
transgenic mouse model. Although several endpoints revealed 
negative results, the positive induction of micronuclei in blood 
suggests a systemic genotoxic potential of the present contami-
nants. Considering the close proximity of the model to humans, 
along with previous in vitro data, the observations suggest that 
the exposure to these contaminated estuarine sediments in the 
environment, or through occupational or recreational activities, 
might pose a risk to human health. The observation of adverse 
effects in different research models is now supported by these 
findings in mice and is indicative of moderate risk, both ecolog-
ical and to human health, that needs to be further investigated. 
The experimental design herein presented and the analysis of 
three distinct and complementary endpoints can successfully 
be applied to conservatively assess the genotoxicity of complex 
mixtures of contaminants present in the environment and to 
provide additional information about their mode of action, while 
reducing costs and the quantity of test compound needed and 
expediting data generation and interpretation.

Acknowledgments

The authors would like to thank Edwin Zwart (RVIM, Bilthoven, The 
Netherlands) for support with the LacZ mutation assay and Andrew R. 
Collins (Oslo University, Norway) for supplying the FPG and ENDO 
III enzymes. The present research was funded by the Portuguese 
Foundation for Science and Technology (FCT) and co-financed by the 
European Community FEDER through the program COMPETE (project 
reference PTDC/SAU-ESA/100107/2008). This work was also financed 
by national funds from FCT in the scope of the project UIDP/04378/2020 
and UIDB/04378/2020 of the Research Unit on Applied Molecular 
Biosciences—UCIBIO and the project LA/P/0140/2020 of the Associate 
Laboratory Institute for Health and Bioeconomy—i4HB.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

Almeida, J. M., C. Palma, P. M. Félix, and A. C. Brito. 2024. “Spatial 
Variation of Metal(Loid)s in Sediments of an Atlantic Mesotidal Estuary 
(Sado Estuary, Portugal).” Marine Pollution Bulletin 209: 117188.

 10982280, 2025, 6-7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.70019 by H
enriqueta L

ouro - Instituto N
ational D

e Saude D
r , W

iley O
nline L

ibrary on [22/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



309

Ayllon, F., and E. Garcia-Vazquez. 2000. “Induction of Micronuclei and 
Other Nuclear Abnormalities in European Minnow Phoxinus Phoxinus 
and Mollie Poecilia latipinna: An Assessment of the Fish Micronucleus 
Test.” Mutation Research 467: 177–186.

Azqueta, A., and A. R. Collins. 2013. “The Essential Comet Assay: 
A Comprehensive Guide to Measuring DNA Damage and Repair.” 
Archives of Toxicology 87: 949–968.

Baines, C., A. Lerebours, F. Thomas, et  al. 2021. “Linking Pollution 
and Cancer in Aquatic Environments: A Review.” Environment 
International 149: 106391.

Bonacker, D., T. Stoiber, K. J. Böhm, et  al. 2005. “Genotoxicity of 
Inorganic Lead Salts and Disturbance of Microtubule Function.” 
Environmental and Molecular Mutagenesis 45: 346–353.

Bonassi, S., R. El-Zein, C. Bolognesi, and M. Fenech. 2011. “Micronuclei 
Frequency in Peripheral Blood Lymphocytes and Cancer Risk: Evidence 
From Human Studies.” Mutagenesis 26: 93–100.

Caeiro, S., M. H. Costa, A. Delvalls, et  al. 2009. “Ecological Risk 
Assessment of Sediment Management Areas: Application to Sado 
Estuary, Portugal.” Ecotoxicology 18: 1165–1175.

Caeiro, S., M. H. Costa, T. B. Ramos, et  al. 2005. “Assessing Heavy 
Metal Contamination in Sado Estuary Sediment: An Index Analysis 
Approach.” Ecological Indicators 5: 151–169.

Caeiro, S., P. Vaz-Fernandes, A. P. Martinho, et al. 2017. “Environmental 
Risk Assessment in a Contaminated Estuary: An Integrated Weight of 
Evidence Approach as a Decision Support Tool.” Ocean and Coastal 
Management 143: 51–62.

Carreira, S., P. M. Costa, M. Martins, J. Lobo, M. H. Costa, and S. Caeiro. 
2013. “Ecotoxicological Heterogeneity in Transitional Coastal Habitats 
Assessed Through the Integration of Biomarkers and Sediment-
Contamination Profiles: A Case Study Using a Commercial Clam.” 
Archives of Environmental Contamination and Toxicology 64: 97–109.

Çavaş, T., N. N. Garanko, and V. V. Arkhipchuk. 2005. “Induction 
of Micronuclei and Binuclei in Blood, Gill and Liver Cells of Fishes 
Subchronically Exposed to Cadmium Chloride and Copper Sulphate.” 
Food and Chemical Toxicology 43: 569–574.

Celik, A., O. Ogenler, and U. Cömelekoglu. 2005. “The Evaluation of 
Micronucleus Frequency by Acridine Orange Fluorescent Staining in 
Peripheral Blood of Rats Treated With Lead Acetate.” Mutagenesis 20: 
411–415.

Chapman, P. M., F. Wang, and S. Caeiro. 2013. “Assessing and Managing 
Sediment Contamination in Transitional Waters.” Environment 
International 55: 71–91.

Chen, G., and P. A. White. 2004. “The Mutagenic Hazards of Aquatic 
Sediments: A Review.” Mutation Research 567: 151–225.

Cobbina, S. J., Y. Chen, Z. Zhou, et al. 2015a. “Low Concentration Toxic 
Metal Mixture Interactions: Effects on Essential and Non-Essential 
Metals in Brain, Liver, and Kidneys of Mice on Sub-Chronic Exposure.” 
Chemosphere 132: 79–86.

Cobbina, S. J., Y. Chen, Z. Zhou, et al. 2015b. “Toxicity Assessment due 
to Sub-Chronic Exposure to Individual and Mixtures of Four Toxic 
Heavy Metals.” Journal of Hazardous Materials 294: 109–120.

Costa, P. M., S. Caeiro, J. Lobo, et al. 2011a. “Estuarine Ecological Risk 
Based on Hepatic Histopathological Indices From Laboratory and 
In Situ Tested Fish.” Marine Pollution Bulletin 62: 55–65.

Costa, P. M., S. Caeiro, C. Vale, T. DelValls, and M. H. Costa. 2012. “Can 
the Integration of Multiple Biomarkers and Sediment Geochemistry Aid 
Solving the Complexity of Sediment Risk Assessment? A Case Study 
With a Benthic Fish.” Environmental Pollution 161: 107–120.

Costa, P. M., S. Carreira, M. H. Costa, and S. Caeiro. 2013. “Development 
of Histopathological Indices in a Commercial Marine Bivalve (Ruditapes 

Decussatus) to Determine Environmental Quality.” Aquatic Toxicology 
126: 442–454.

Costa, P. M., M. S. Diniz, S. Caeiro, et  al. 2009. “Histological 
Biomarkers in Liver and Gills of Juvenile Solea Senegalensis Exposed 
to Contaminated Estuarine Sediments: A Weighted Indices Approach.” 
Aquatic Toxicology 92: 202–212.

Costa, P. M., J. Lobo, S. Caeiro, et al. 2008. “Genotoxic Damage in Solea 
senegalensis Exposed to Sediments From the Sado Estuary (Portugal): 
Effects of Metallic and Organic Contaminants.” Mutation Research 654: 
29–37.

Costa, P. M., T. S. Neuparth, S. Caeiro, et  al. 2011b. “Assessment of 
the Genotoxic Potential of Contaminated Estuarine Sediments in Fish 
Peripheral Blood: Laboratory Versus In  Situ Studies.” Environmental 
Research 111: 25–36.

Costa, P. M., M. Pinto, A. M. Vicente, et  al. 2014. “Na Integrative 
Assessment to Determine the Genotoxic Hazard of Estuarine Sediments: 
Combining Cell and Whole-Organism Responses.” Frontiers in Genetics 
5: 437.

Dagnino, A., S. Sforzini, F. Dondero, et  al. 2008. “A “Weight-Of-
Evidence” Approach for the Integration of Environmental “Triad” 
Data to Assess Ecological Risk and Biological Vulnerability.” Integrated 
Environmental Assessment and Management 4: 314–326.

European Union. 2010. Directive 2010/63/EU of the European parlia-
ment and of the Council of 22 September 2010 on the protection of an-
imals used for scientific purposes NCIL. Official Journal of European 
Union.

Fracasso, M. E., L. Perbellini, S. Soldà, G. Talamini, and P. Franceschetti. 
2002. “Lead Induced DNA Strand Breaks in Lymphocytes of Exposed 
Workers: Role of Reactive Oxygen Species and Protein Kinase C.” 
Mutation Research 515: 159–169.

Gebel, T. W. 2001. “Genotoxicity of Arsenical Compounds.” International 
Journal of Hygiene and Environmental Health 203: 249–262.

Gonçalves, C., M. Martins, M. H. Costa, S. Caeiro, and P. M. Costa. 2013. 
“Ecological Risk Assessment of Impacted Estuarine Areas: Integrating 
Histological and Biochemical Endpoints in Wild Senegalese Sole.” 
Ecotoxicology and Environmental Safety 95: 202–211.

Gossen, J. A., H. J. Martus, J. Y. Wei, and J. Vijg. 1995. “Spontaneous and 
X-Ray-Induced Deletion Mutations in a LacZ Plasmid-Based Transgenic 
Mouse Model.” Mutation Research 331: 89–97.

Gossen, J. A., A. C. Molijn, G. R. Douglas, and J. Vijg. 1992. “Application 
of Galactose-Sensitive E. Coli Strains as Selective Hosts for LacZ- 
Plasmids.” Nucleic Acids Research 20: 32–54.

Hartmann, A., A. Elhajouji, E. Kiskinis, et al. 2001. “Use of the Alkaline 
Comet Assay for Industrial Genotoxicity Screening: Comparative 
Investigation With the Micronucleus Test.” Food and Chemical 
Toxicology 39: 843–858.

Hayashi, M., J. T. Macgregor, D. G. Gatehouse, et  al. 2000. “In Vivo 
Rodent Erythrocyte Micronucleus Assay. II. Some Aspects of Protocol 
Design Including Repeated Treatments, Integration With Toxicity 
Testing, and Automated Scoring.” Environmental and Molecular 
Mutagenesis 35: 234–252.

Hayashi, M., T. Morita, Y. Kodama, T. Sofuni, and M. Ishidate. 1990. 
“The Micronucleus Assay With Mouse Peripheral Blood Reticulocytes 
Using Acridine Orange-Coated Slides.” Mutation Research 245: 245–249.

Higley, E., S. Grund, P. D. Jones, et  al. 2012. “Endocrine Disrupting, 
Mutagenic, and Teratogenic Effects of Upper Danube River Sediments 
Using Effect-Directed Analysis.” Environmental Toxicology and 
Chemistry 31: 1053–1062.

Hubaux, R., D. D. Becker-Santos, K. S. S. Enfield, S. Lam, W. L. Lam, 
and V. D. Martinez. 2012. “Arsenic, Asbestos and Radon: Emerging 
Players in Lung Tumorigenesis.” Environmental Health 11: 89.

 10982280, 2025, 6-7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.70019 by H
enriqueta L

ouro - Instituto N
ational D

e Saude D
r , W

iley O
nline L

ibrary on [22/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



310 Environmental and Molecular Mutagenesis, 2025

ICH – International Conference on Harmonisation of Technical 
Requirements for Registration of Pharmaceuticals for Human Use. 
2012. S2(R1) Genotoxicity testing and data interpretation for phar-
maceuticals intended for human use U.S. Department of Health and 
Human Services, Food and Drug Administration.

Lewińska, D., J. Arkusz, M. Stańczyk, J. Palus, E. Dziubałtowska, and 
M. Stepnik. 2007. “Comparison of the Effects of Arsenic and Cadmium 
on Benzo(a)pyrene-Induced Micronuclei in Mouse Bone-Marrow.” 
Mutation Research 632: 37–43.

Louro, H., I. Faustino, A. Dias, M. G. Boavida, and M. J. Silva. 2010. 
“Poly (ADP-Ribose) Polymerase-1 Deficiency Does Not Affect 
Ethylnitrosourea Mutagenicity in Liver and Testis of lacZ Transgenic 
Mice.” Environmental and Molecular Mutagenesis 51: 322–329.

Louro, H., I. Pinheiro, P. Costa, et al. 2008. “Mutagenic Effects of Poly 
(ADP-Ribose) Polymerase-1 Deficiency in Transgenic Mice.” Mutation 
Research 640: 82–88.

Louro, H., M. Pinto, N. Vital, A. M. Tavares, P. M. Costa, and M. J. 
Silva. 2014a. “The LacZ Plasmid-Based Transgenic Mouse Model: An 
Integrative Approach to Study the Genotoxicity of Nanomaterials.” In 
Genotoxicity and DNA Repair: A Practical Approach, edited by L. Sierra 
and I. Gaivão, 451–477. Humana Press.

Louro, H., and M. J. Silva. 2010. “In Vivo Mutagenic Effects of Genotoxic 
Agents Eliciting Different DNA-Adducts.” In DNA Adducts: Formation, 
Detection and Mutagenesis, edited by E. Alvarez and R. Cunha, 39–60. 
Nova Publishers.

Louro, H., and M. J. Silva. 2011. Cost/Benefit of Mutation Induction 
Under PARP1 Deficiency: From Genomic Instability to Therapy. 
Advances in Genetics Research 4, Ed. Kevin V. Urbano, Nova Science 
Publishers, Inc., NY.

Louro, H., M. J. Silva, and M. G. Boavida. 2002. “Mutagenic Activity 
of Cisplatin in the lacZ Plasmid-Based Transgenic Mouse Model.” 
Environmental and Molecular Mutagenesis 40: 283–291.

Louro, H., A. Tavares, N. Vital, et al. 2014b. “Integrated Approach to the 
In Vivo Genotoxic Effects of a Titanium Dioxide Nanomaterial Using 
LacZ Plasmid-Based Transgenic Mice.” Environmental and Molecular 
Mutagenesis 55: 500–509.

Marant Micallef, C., K. D. Shield, I. Baldi, et  al. 2018. “Occupational 
Exposures and Cancer: A Review of Agents and Relative Risk 
Estimates.” Occupational and Environmental Medicine 75: 604–614.

Martins, C., M. F. de Oliveira Galvão, P. M. Costa, and K. Dreij. 2024. 
“Antagonistic Effects of a COX1/2 Inhibitor Drug in Human HepG2 
Cells Exposed to an Environmental Carcinogen.” Environmental 
Toxicology and Pharmacology 108: 104453.

Møller, P. 2006. “The Alkaline Comet Assay: Towards Validation 
in Biomonitoring of DNA Damaging Exposures.” Basic & Clinical 
Pharmacology & Toxicology 98: 336–345.

OECD – Organization for Economic Co-operation and Development. 
2016. Test No. 474: Mammalian Erythrocyte Micronucleus Test, OECD 
Guidelines for the Testing of Chemicals, Section  4. OECD Publishing. 
https://​doi.​org/​10.​1787/​97892​64264​762-​en.

OECD – Organization for Economic Co-operation and Development. 
2022. Test No. 488: Transgenic Rodent Somatic and Germ Cell Gene 
Mutation Assays, OECD Guidelines for the Testing of Chemicals, 
Section  4. OECD Publishing. https://​doi.​org/​10.​1787/​97892​64203​
907-​en.

Ohe, T., T. Watanabe, and K. Wakabayashi. 2004. “Mutagens in Surface 
Waters: A Review.” Mutation Research 567: 109–149.

Palus, J., K. Rydzynski, E. Dziubaltowska, K. Wyszynska, A. T. 
Natarajan, and R. Nilsson. 2003. “Genotoxic Effects of Occupational 
Exposure to Lead and Cadmium.” Mutation Research 540: 19–28.

Pinto, M., P. M. Costa, H. Louro, et al. 2014a. “Determining Oxidative 
and Non-Oxidative Genotoxic Effects Driven by Estuarine Sediment 

Contaminants on a Human Hepatoma Cell Line.” Science of the Total 
Environment 478: 25–35.

Pinto, M., P. M. Costa, H. Louro, et al. 2014b. “Human Hepatoma Cells 
Exposed to Estuarine Sediment Contaminant Extracts Permitted the 
Differentiation Between Cytotoxic and Pro-Mutagenic Fractions.” 
Environmental Pollution 185: 141–148.

Pinto, M. F., H. Louro, P. M. Costa, S. Caeiro, and M. J. Silva. 
2015. “Exploring the Potential Interference of Estuarine Sediment 
Contaminants With the DNA Repair Capacity of Human Hepatoma 
Cells.” Journal of Toxicology and Environmental Health, Part A 78: 
559–570.

Pope, C. A. 2000. “Epidemiology of Fine Particulate Air Pollution 
and Human Health: Biologic Mechanisms and Who's at Risk?” 
Environmental Health Perspectives 108: 713–723.

Rodrigo, A. P., P. M. Costa, M. H. Costa, and S. Caeiro. 2013. “Integration 
of Sediment Contamination With Multi-Biomarker Responses in a 
Novel Potential Bioindicator (Sepia officinalis) for Risk Assessment in 
Impacted Estuaries.” Ecotoxicology 22: 1538–1554.

Rossman, T. G. 2003. “Mechanism of Arsenic Carcinogenesis: An 
Integrated Approach.” Mutation Research, Fundamental and Molecular 
Mechanisms of Mutagenesis 533: 37–65.

Vakharia, D. D., N. Liu, R. Pause, et  al. 2001. “Polycyclic Aromatic 
Hydrocarbon/Metal Mixtures: Effect on PAH Induction of CYP1A1 in 
Human HEPG2 Cells.” Drug Metabolism and Disposition 29: 999–1006.

Valentin-Severin, I., L. Le Hegarat, J. C. Lhuguenot, A. M. Le Bon, and 
M. C. Chagnon. 2003. “Use of HepG2 Cell Line for Direct or Indirect 
Mutagens Screening: Comparative Investigation Between Comet and 
Micronucleus Assays.” Mutation Research 536: 79–90.

Verhofstad, N., C. T. van Oostrom, E. Zwart, et  al. 2011. “Evaluation 
of Benzo(a)pyrene-Induced Gene Mutations in Male Germ Cells.” 
Toxicological Sciences 119: 218–223.

Whiteside, J. R., C. L. Box, T. J. McMillan, and S. L. Allinson. 2010. 
“Cadmium and Copper Inhibit Both DNA Repair Activities of 
Polynucleotide Kinase.” DNA Repair 9, no. 1: 83–89. https://​doi.​org/​10.​
1016/j.​dnarep.​2009.​11.​004.

Yang, F., Q. Zhang, H. Guo, and S. Zhang. 2010. “Evaluation of 
Cytotoxicity, Genotoxicity and Teratogenicity of Marine Sediments 
From Qingdao Coastal Areas Using In  Vitro Fish Cell Assay, Comet 
Assay and Zebrafish Embryo Test.” Toxicology in Vitro 24: 2003–2011.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

 10982280, 2025, 6-7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/em

.70019 by H
enriqueta L

ouro - Instituto N
ational D

e Saude D
r , W

iley O
nline L

ibrary on [22/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1787/9789264264762-en
https://doi.org/10.1787/9789264203907-en
https://doi.org/10.1787/9789264203907-en
https://doi.org/10.1016/j.dnarep.2009.11.004
https://doi.org/10.1016/j.dnarep.2009.11.004

	Assessment of the Genotoxic Hazard of Estuarine Sediments Using an Integrative Approach With LacZ Plasmid-Based Transgenic Mice
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Sediment Sample Contamination and Extract Preparation
	2.2   |   Exposure Assay
	2.3   |   Tissue Collection and Sample Preparation
	2.4   |   Peripheral Blood Micronucleus Assay
	2.5   |   Comet Assay
	2.6   |   LacZ Mutant Frequency
	2.7   |   Histopathology
	2.8   |   Statistical Analysis

	3   |   Results
	4   |   Discussion
	5   |   Conclusions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


