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Abstract

Cadmium is a common contaminant of both saline and freshwater environments. It has
no biological function but readily penetrates tissues, causing significant oxidative stress
and consequent damage throughout the organism. In this work, we examined the ef-
fects of this metal on the nauplii of Artemia salina, a model for testing toxicity in larval
zooplanktonic species, and to evaluate the impact of contaminants on natural popula-
tions. An environmentally realistic concentration (15 pg/L) and two higher concentrations
(150 and 1500 pg/L) were used. The presence of metals in culture media and nauplii was
verified by atomic absorption spectroscopy, while oxidative stress levels were assessed by
measuring hydroperoxides, carbonyl groups, ROS, and total antioxidant capacity. Mor-
tality and growth rates were the conventional toxicity endpoints analysed. In parallel,
morphological alterations were assessed in toto and in section. Attention was directed
to the gut, the primary site of metal uptake and reabsorption, and to effects on protein
patterns. The results demonstrated significant dose-independent Cd uptake by the nauplii
and dose-dependent oxidative stress. Consequent alterations in brush border organisation
and yolk and lipid resorption were assessed. Modest teratogenic effects were detected in
naupliar eye pigmentation and paired-eye organisation. Oxidative stress and the marked
changes in protein pattern justify the alterations observed, while the upregulation of the
hsp26 and hsp60 genes indicates naupliar attempts to mitigate damage. In conclusion, this
study confirms the effects of Cd toxicity on the development of Artemia salina nauplii and
demonstrates interference with reserve resorption. This evidence indicates that this heavy
metal can have a profound impact on zooplanktonic communities, which are essential to
the stability of the entire aquatic food web.
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1. Introduction

Cadmium is a contaminant in freshwater and marine environments and a cause of
worldwide concern [1]. In surface waters, it reaches concentrations ranging from 13 ng /L [2]
to about 700 ug/L in severely polluted areas near mines [3]. Its origin, concentration and
effects on biota are the object of numerous reviews [4-6].

Cadmium has no biological function; however, it is readily taken up and bioaccumu-
lated [7], especially in detoxifying organs [8]. To a lesser extent, it also accumulates in
all tissues, including the gills, gut, and heart [9,10]. Once in the cell, the metal induces
oxidative stress [11] and damages DNA [12], eventually dysregulating gene expression [13].

Cadmium is also an endocrine disruptor [14]. It accumulates in the gonads [15] and in-
terferes with both oogenesis [16] and spermatogenesis [17]. Sperm vitality, fertilisation [18],
and overall fecundity are consequently impaired.

In embryos, cadmium dysregulates gene expression [13], leading to teratogenic effects.
These range from altered body axes [19] to impaired skeletal mineralisation [20], and from
the brain [21] to retinal deformities [22] and gut malrotation [23]. Direct interference with
larval survival [24] is likewise reported.

Effects on crustacean larvae have received comparatively little attention, despite the
importance of this group of invertebrates within the microzooplankton. Nauplii feed on and
control phyto- and nano-zooplanktonic species. In addition, they are preyed upon by larger
predators, thereby representing a fundamental link in the food web [25]. Nauplii are small,
filter-feeding animals that are highly vulnerable to metal contamination. Cd is absorbed
not only through food but also via the gills and skin, which provide a large surface area for
contact with contaminated water [26]. Studies on metal uptake mainly report LC50 values
or describe effects on mortality, immobilisation, and swimming speed [27,28]. Therefore,
this study aimed to identify novel targets of cadmium toxicity in early naupliar (larval)
development. The study was conducted on the lecithotrophic species Artemia salina, a
valuable crustacean model organism. Nauplii are economical, easy to handle, and widely
used in environmental risk assessment [29]. Three nominal concentrations of Cd?* were
tested: 15, 150, and 1500 pg/L. The first two are close to the environmental concentrations
recorded at polluted sites [30] and within the range in which nauplii balance accumulation
with elimination rates [31]. The latter falls within the concentration range that promotes
tissue accumulation [31]. All three concentrations are significantly lower than the LC10 for
adults (58 mg/L) [28].

The effects of exposure were assessed using a multidisciplinary approach. To verify
Cd toxicity in our model, conventional endpoints, such as hatching rate, mortality, and
growth [32], were examined first. Parallel investigations were conducted to assess the
occurrence of teratogenic alterations in toto and in sections. Particular attention was
directed to resorption of yolk reserve, abundant in this species [33], and primary food
sources during the first hours of post-hatching life [34]. Previous evidence indicated that
changes in yolk carbohydrate composition and delayed resorption occur after exposure to
a benzodiazepine [35] and polystyrene microbeads [32]. Other targets were the eyes and
the gut epithelium, the latter of which is responsible for the uptake of approximately 30%
of the cadmium accumulated in these larvae [36].

The results were correlated with cadmium concentrations, determined in culture water
and nauplii by atomic absorption spectroscopy. Naupliar oxidative stress (ROS, lipid and
protein peroxidation, and total antioxidant capacity) was also determined, along with
changes in protein pattern. The expression of two heat shock proteins, hsp26 and hsp60,
was also assessed, as they control stress-induced protein misfolding following exposure to
environmental toxicants [29].
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2. Materials and Methods
2.1. Maintenance and Treatment of Artemia salina

A total of 250 mg of Artemia salina cysts, purchased from a commercial source (routinely
used in our laboratory, with a guaranteed hatching rate > 92%), were hydrated in 500 mL
of 35%. artificial seawater prepared with 35 g/L Instant Ocean Salt [37]. The cultures were
keptin 750 mL glass tanks at 21 1 °C and pH 7.4, with a 12 h dark/12 h light photoperiod
(light intensity about 30 lumens/L). Hatching occurred 30 & 1.5 h after hydration started.
The nauplii were fed twice daily with a commercial preparation specifically designed for
Artemia salina (a product routinely used in our laboratory that consists of unicellular algae)
and brewer’s yeast [38]. The mortality rate in control samples never exceeded 10% at 2 days
post-hatching (dph) [37]. These cultures were used to evaluate naupliar mortality, growth
and phenotypic and biomolecular alterations (see Sections 2.4-2.10).

Three sublethal concentrations were tested. A stock solution of 3 mg/L CdCl, (Carlo
Erba, Cornaredo, Italy, purity > 98%) and two dilutions (10- and 100-fold) were prepared
with seawater and used for culture. The nominal Cd?* concentrations of the three working
solutions were ~1500, ~150 and ~15 ug/L, respectively (Visual MINTEQ, version 3.1). Expo-
sure was static (no water changes) [32] and lasted from hydration to five days post-hatching.

2.2. Evaluation of Cadmium Concentration

To determine naupliar uptake, cadmium concentrations were measured in culture
seawater and in nauplii at 5 days post-hatching (dph), the end of the experiment. Nauplii
(n = 4 replicates/treatment) were first collected from cultures using a sieve and then
digested with concentrated nitric acid (65%, Ultrapure, Fluka). The mixture was heated
for 15 min at 70 °C, cooled, and centrifuged for 5 min at 12,000 x g, at room temperature.
Metal contents were determined by Graphite furnace atomic absorption spectrophotometry
Perkin Elmer 5100 (PerkinElmer Inc., Shelton, CT, USA) equipped with Zeeman graphite
furnace). Parallel measures were conducted on seawater and cysts (<1 pug/L and 0.01 pug/gr,
respectively). Ultrapure water and standard stock solution of the metals (1 mg/mL) were
obtained from a commercial source (Agilent Technologies, Santa Clara, CA, USA; purity
99.9%). Working standards in 0.2% v/v HNO3 were prepared by diluting known aliquots
of the stock solution to the appropriate volume. The standard addition curve was used to
determine the Cd detection limit in different samples. It was based on the usual definition
of analyte concentration, yielding a signal equivalent to 3 times the standard deviation of
the reagent blank (n = 5). The estimated detection limit (LOD) was 1-5ng/g.

2.3. Hatching Test

An average of 100 £ 17 cysts were placed in 3 mL of seawater (control) or in sea-
water containing cadmium at one of three concentrations to be tested. Four replicates
were prepared in a 24-well plate (Corning®, New York, NY, USA; polystyrene). Cultures,
conducted at 21 + 1 °C and pH 7.4, were maintained in the dark until the first control
nauplius emerged from the cyst. After 12 h, nauplii and cysts were harvested. Early
sampling enabled the interception of embryos with accelerated development. Nauplii and
cysts were immediately fixed in 75% ethanol and counted under a stereo microscope (Zeiss,
Oberkochen, DE, Germany; OPMI 1-F). The ratio of nauplii to cysts x 100 was used to
calculate the hatching percentage. Six separate experiments were conducted, and in each
experiment, data were transformed into percentages relative to the respective control to
reduce bias introduced by different cyst batches. Values were then pooled and expressed as
means £ SD (n > 2000 cysts/treatment).
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2.4. Mortality

Every 12 h after hatching, for five days, five aliquots of 1 mL each were collected
from the 500 mL culture (Section 2.1). They were immediately observed to determine the
number of vital and dead nauplii (immobile for at least 15 s). The ratio of vital nauplii to
dead nauplii x 100 was used to calculate the mortality percentage. Six replicate cultures
were conducted, and in each test, treatment data were expressed as a percentage of the
control to reduce bias introduced by differences among cyst batches. Values were pooled
and expressed as means *+ SD (n > 2000 nauplii/treatment).

2.5. Growth Test

Daily, from hatching to 5 dph, three random 10 mL aliquots were taken from
the 500 mL cultures (Section 2.1). The nauplii were fixed in 75% ethanol and ob-
served under a microscope to determine their developmental stage and number (6 tests;
n > 3000 nauplii/treatment). The staging was according to [35]. The ratio of nauplii at dif-
ferent stages to the total number of nauplii examined, expressed as a percentage, indicated
the population composition.

2.6. Phenotypic Analyses

Fixed nauplii were observed under a light microscope to verify proper development
of the body axes, thoracopods, and naupliar and paired eyes, proven targets of toxicity in
Artemia salina [35]. Determinations were conducted on digital photos of nauplii at specific
stages of development (n = 100 per treatment per replicate experiment). For naupliar
eyes, pigment intensity was also assessed. Naupliar heads (n = 100 per treatment) were
photographed at the L3 /L4 stage, and absorbance was measured from the high-resolution
images using Image] (version 1.54k, accessed November 2025). Body density was measured
to assess reserve resorption [32]. Nauplii at the L3/L4 stage (n = 50 per treatment) were
photographed, and absorbance was recorded from the high-resolution images using Image]J
(version 1.54k, accessed November 2025). Selected measurement areas included both the
body wall and the gut margin.

2.7. Oxidative Stress in 5-dph Nauplii

Lipid peroxidation was evaluated by measuring lipid hydroperoxide (HPs). Aliquots
of homogenates containing 10 pg of protein were diluted in 0.1 M PBS, pH 7.4 [39]. The
decrease in NADPH absorbance was monitored at 340 nm, in the presence of GSH. Lipid
hydroperoxide levels were expressed as nmol NADPH oxidised per minute per milligram
of protein. Protein damage was quantified by measuring the reaction of protein-bound
carbonyls (CO) with 2,4-dinitrophenylhydrazine (DNPH) at 450 nm. Briefly, homogenates
were diluted in PBS (pH 7.4) containing 0.2% digitonin and an antiprotease cocktail, incu-
bated for 10 min, and centrifuged at 600 g at 4 °C. The supernatant was treated with 1%
streptomycin and centrifuged at 600 g at 4 °C. Aliquots (40 uL) were incubated with an
equal volume of 10 mM DNPH at room temperature for 10 min. Successively, 20 uL of
sodium hydroxide (6 N) was added, and the absorbance was read at 450 nm. CO content
was expressed as pmol CO/mg of protein. The total protein content of the homogenate
was determined using the Bradford reagent (Bio-Rad, Milan, IT).

Reactive oxygen species (ROS) were determined by measuring the conversion of
2/,7'-dichlorodihydrofluorescin diacetate (DCFH-DA) to the fluorescent compound dichlo-
rofluorescein (DCF). In brief, homogenate aliquots (25 pg of protein) were mixed with
200 pL of 0.1 M PBS, pH 7.4, containing 10 uM DCFH-DA. FeCl; was added to a final
concentration of 100 uM, and the mixture was incubated for 30 min. The conversion of
DCFH-DA to the fluorescent product DCF was measured using a microplate reader (Tecan
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Infinite 200; excitation and emission wavelengths at 485 and 530 nm). The background
signal was measured by determining the conversion of DCFH to DCF in the absence of
homogenate. A standard curve of DCF was used to calculate the amount of DCF formed,
expressed in picomoles. The overall capacity of cells to counteract oxidative stress (ABTS)
was determined by measuring the reduction in colour intensity of the 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid; ABTS+) radical by cell antioxidants at 734 nm. The
ABTS+ radical was formed by incubating the nonradical form of ABTS with potassium
persulfate (245 mM) overnight. A calibration curve was generated using a solution of
3,5-Di-tert-4-butylhydroxytoluene (BHT). The total antioxidant capacity was expressed as
the equivalent amount of BHT/mg of protein.

2.8. Histological Analyses

Nauplii were fixed in Bouin’s solution (15 mL picric acid, 5 mL formalin, 1 mL acetic
acid) for 5 min, clarified in xylol and embedded in wax. Serial sections (6 um) were
stained with FITC-conjugated WGA lectin (Vector Laboratories Inc.; Burlingame, CA, USA;
2 mg/mL) to highlight the presence and distribution of d-N-acetyl-glucosamine (glcNAc)
in the brush border [40]. Briefly, sections were rinsed in PBS and incubated with the lectin
diluted in PBS (0.2 M, pH 7.3; 1 pL in 30 uL buffer) for 15 min at room temperature in a
moist chamber in the dark. After rinsing in PBS, binding sites were visualised under a
Zeiss Axioskop microscope equipped with UV illumination (excitation at 495 nm, emission
at 515 nm). The same observer defined labelling as positive or negative. Negative controls
were prepared by incubating slides with the lectins in the presence of the specific competing
sugar or by omitting the lectin from the reaction; no autofluorescence was observed.

Fluorescence intensity was quantified by measuring the absorbance on digital photos
(400 dpi). Briefly, images of L4 nauplii (n = 25/treatment) were converted to 256-grayscale
TIFFs. Using Image] (Version 1.54p, 17 February 2025), the densities of n = 50 randomly
selected areas were then determined [35].

For TEM, nauplii were fixed in 2.5% glutaraldehyde and 4% paraformaldehyde for 4 h.
After repeated washes in 0.1 M PBS (pH 7.4) at 4 °C, samples were post-fixed in 1% osmium
tetroxide for 1 h, dehydrated in ethanol and propylene oxide, and embedded in Epon
812 resin (Electron Microscopy Science, Morgantown, PA, USA, M, IT; 60 °C, 48 h). Serial
ultrathin sections (80 nm) obtained from multiple nauplii were collected and analysed.
Sections were stained with 3% uranyl acetate and 2.6% lead citrate and observed using a Fei
Company, Hillsboro, OR, US; Tecnai G2 transmission electron microscope at 120 kV [41].

2.9. Protein Analysis by SDS-PAGE

Nauplii were collected from cultures (n = 3 samples/treatment), pooled, and kept
frozen at —80 °C until processing. Samples were homogenised in 50 mM PBS with pH 7.5,
containing a protease inhibitor cocktail, sonicated for 2.5 min, and centrifuged at 18,800 g
for 20 min at 4 °C. The supernatant was collected, and the extracted proteins (40 pg) were
run on a 12.5% SDS-PAGE gel in Tris-glycine buffer at 60 mA. Gels were stained with
Coomassie blue R-250 [42]. Protein pattern analysis was carried out using Image] (version
1.54p, 17 February 2025).

2.10. Real-Time PCR

The RNA was extracted from 400 pg of nauplii per treatment using TRI-Reagent (Zymo
Research, Irvine, CA, USA) according to the manufacturer’s instructions. RNA concen-
tration and purity were determined by spectrophotometric analysis (NanoDrop, Thermo
Fisher Scientific, Wilmington, DE, USA). For each sample, 1 ug of total RNA was reverse-
transcribed into complementary DNA (cDNA) using the SuperScript™ VILO™ cDNA
Synthesis Kit (Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s
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protocol. Real-time PCR amplifications were carried out using the Applied Biosystems
7500 Real-Time PCR System and Power SYBR® Green PCR Master Mix (Life Technologies).
Reactions were performed in a final volume of 20 pL.

The thermal cycling conditions consisted of an initial denaturation step at 95 °C for
3 min, followed by 40 cycles of denaturation at 95 °C for 15 s and annealing/extension
at 60 °C for 1 min. At the end of each run, a melting curve analysis (60-95 °C) was
performed to verify amplification specificity. Only reactions showing a single, sharp
peak were considered indicative of specific target amplification. Primer specificity and
amplification efficiency had been previously validated, and all primer pairs yielded a
single product of the expected size, as confirmed by melting curve analysis and agarose gel
electrophoresis. Relative gene expression levels were calculated using the comparative Ct
(AACt) method. All experiments were performed in triplicate to ensure reproducibility and
minimise technical variability.

2.11. Chemicals and Reagents

Unless otherwise specified, all chemicals used in these experiments were AR grade
from Sigma Aldrich (Milano, Italy).

2.12. Statistical Analyses of Data

Data from quantitative analyses were processed using GraphPad Prism 8 (GraphPad
Software, Inc., San Diego, CA, USA). Data normality was assessed using the Shapiro-Wilk
test. Statistical differences among groups were evaluated by one-way ANOVA followed by
Dunnett’s post hoc test for multiple comparisons versus the control group. A p-value < 0.05
was considered statistically significant.

3. Results
3.1. Cadmium Concentration in Water and Nauplii

No cadmium was detected in seawater (Table 1, line A) and cysts (Table 1, line B). The
concentration of the stock solution (nominal Cd conc ~1500 pg/L) was 1015 £ 56.38 ug/L
(Table 1, line C) on day 1 and 1256 + 70.51 pg/L (Table 1, line D) at the end of the experi-
ment, on day 5. In five-day cultures, cadmium remained undetectable in control seawater
(Table 1, line E). In cadmium samples, nominal concentrations of 15 and 150 ug/L resulted
in measured concentrations of 9.5 and 54.5 ug/L, respectively. Seawater at 1500 pg/L
contained cadmium at 1315 £ 176.8 ug/L (Table 1, line H), a value not different from that
registered in the stock solution and the 5-day solution without nauplii (Table 1, lines C,D).
For simplicity, the nominal values are used consistently in the text and figures.

Table 1. Cd concentration in control seawater (A) and in cysts (B). Measured Cd concentration in
the stock solution (nominal conc 1500 pg/L Cd2+) at preparation (C) and after 5 days (D). (E-H)
Left column, treatments; middle column: measured Cd concentrations in seawater; right column:
measured Cd concentrations in nauplii. Nominal concentration (nom); control (cont); 5 days post-
hatching (5 dph). Difference with respect to controls: * p < 0.05; **** p <0.0001. Values are means + SD;
n = 4 replicates/treatment. Estimated detection limit (LOD) is 1-5 ng/gr.

Water Cysts/Nauplii

artificial seawater <1lpg/L

cysts <0.01 pg/gr
Cd 1500 pug/L (nom) TO 1015 4 56.38 ug/L
Cd 1500 pug/L (nom), TS dph 1265 + 70.51 ug/L
cont, 5 dph <1lug/L <0.05 pg/gr

m g 0w >
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Table 1. Cont.

Water Cysts/Nauplii
F 15 pug/L (nom), 5 dph 9.5+ 2.1 pug/L <0.1 pug/gr*
G 150 pg/L (nom), 5 dph 54.5+9.2 ug/L 7.86 = 0.8 ug/gr ****
H 1500 pg/L (nom), 5 dph 1315+ 176.8 ug/L 9.93 + 1.1 ug/gr ****

In nauplii, cadmium showed a moderate but not significant increase in control nauplii
(Table 1, line E), probably due to feeding, and a twofold increase in 15 ug/L samples
(Table 1, line F). At 150 and 1500 pg/L, nauplii showed a marked increase in cadmium,;
however, this was not dose-dependent (Table 1, lines G, H).

3.2. Effects of Cadmium on Naupliar Oxidative Stress

In nauplii, the hydroperoxides (Figure 1A) and carbonyl groups (Figure 1B) increased
dose-dependently, confirming significant lipid and protein peroxidation. Reactive oxygen
species (ROS), which did not increase at Cd 15 pg/L, increased dose-dependently at the two
higher doses (Figure 1C). The total antioxidant capacity (Figure 1D) significantly decreased
at the lower and higher cadmium dosages, remaining unchanged at 150 pg/L.

Cc D

>
w

“u.
g g
g g
W
8 R

g

I
8

HPs
nmol NADPH ox./mg protein - min
Now
2 8
s 38
Cc=0
nmol protein-bound carbonyls/mg prot
o
©
S

=5
N
=3

ABTS
BHT eq./mg protein
8

ROS
RFU/ug protein

2
8
@
S

o
o
o

0
CTRL Cd15 Cd150 Cd 1500 CTRL Cd15 Cd150 Cd 1500 CTRL Cd15 Cd150 Cd 1500

CTRL Cd15 Cd150 Cd 1500

Figure 1. Effects of cadmium contamination on oxidative stress in Artemia salina nauplii. Sampling
on day 5 post-hatching. Dose-dependent increase in lipid (A) and protein (B) peroxidation. (C) ROS
levels increase at the two higher concentrations. (D) Reduced total antioxidant capacity at both lower
and higher concentrations. Data are means & SD from six determinations on homogenates derived
from pooled nauplii. Difference with respect to controls: *, p < 0.05; *** p < 0.001; **** p < 0.0001.

3.3. Effects of Cadmium on Hatching, Mortality and Growth

In controls, the average hatching percentage 30 h after hydration was 16.9 + 4.5%.
This value was set to 100% and used to calculate the hatching percentages in the cadmium
samples (Figure 2A).

In the 15 pg/L samples, values increased to 132.3 £ 7.9%, while in the 150 and 1500 pg/L sam-
ples, values reached 152.8 & 11.7% and 139.5 £ 6.2%, respectively. At hatching (Figure 2B),
the naupliar population in controls consisted of 31.3 &= 4.8% of nauplii at the LO stage, still
enclosed by the embryonic membranes. The remaining 66.6 & 1.8% of nauplii were at stages
L1/L2 (Figure 2C), with a small percentage (2.1 & 2.8%) at the L3 stage (Figure 2D). In the
samples treated with cadmium (Figure 2B), regardless of the concentration, nauplii at the
L3 stage increased significantly, with percentages ranging from 12.4 to 13%. A consequent
decrease in L1/L2 nauplii was registered. Notably, in no treatment did the newborn nauplii
show signs of distress or death.

As expected, mortality across all samples increased over time (Figure 2E). In controls
and in samples exposed to the lower concentration, values remained below 5%. The highest
value, 10.5 £ 1.2%, was observed in samples exposed to 150 pug/L cadmium, whereas in
those exposed to 1500 ug/L, mortality was 7.6 &= 1.6%.

Population composition was evaluated at the end of exposure (5 dph; Figure 2F). In
control samples, 68.2% of nauplii were at stage L4 (Figure 2G), 27.3% were at stage L5,
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and 4.5% had reached stage L8 (Figure 2H). After exposure to cadmium, the proportion
of L6/L7 nauplii notably increased, ranging from a minimum of 10.5% at 1500 pg/L to a
maximum of 25.4% at 15 ug/L. Consequently, the proportions of L4 nauplii ranged from

58.7% at 15 pug/L to 73.7% at 1500 pg/L, while those of L5 nauplii varied from 15.8% at 15
ug/L to 21.2% at 150 pg/L.

z = L3
£ 150
3 = L2
T = 0
o
= 100
B o
o
o 50 v
<
2
=
o- 2 T —
A CTRL Cd 15 €d 150 Cd 1500 & CTRL Cd15 Cd 150 Cd 1500 c
BB 2 days a7
=
20 B 4 days % 150 @ LS
= 6days o = u
c
= 15+ T 8
& g 100
%m 33
e
3
50
= <
= .| y = H
g z
= = 3
oL H S = 2 b
E CTRL  Cd15 Cd150 Cd1500 F a CTRL Cd15 Cd 150 Cd 1500 G

Figure 2. Effects of cadmium contamination on Artemia salina development. (A) Hatching percentage.
(B) Composition of the naupliar population at hatching. Note the increased percentage of nauplii
at the L3 stage. (C,D) Stage L1 to L3/L4 nauplii. Antenna II (a), transparent posterior gut (arrows),
naupliar eye (arrow), first evidence of trunk segmentation (dotted arrow). (E) Increased mortality
at the two higher concentrations. (F) Changes in composition of the naupliar population on day 5
after hatching. (G,H) L4 and L8 nauplii. Thoracopods (dotted arrows), naupliar eye (arrows) and
paired eyes (thick arrows). Number of animals examined, n > 2000 nauplii/treatment. Difference

with respect to controls: **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Unstained nauplii examined in toto,
under incident light. Scale bars: 50 um.

3.4. Teratogenic Effects of Cadmium on Nauplii

Only modest, dose-independent alterations were observed in body organisation
(Table 2, lines A,B). Compared to control nauplii, regardless of the dose, treated nauplii
exhibited occasional trunk oedema (Figure 3A,B) or asymmetrical thoracopods (Figure 3C).

Table 2. Incidence of morphological alterations in Artemia salina nauplii exposed to cadmium. Values,
reported as percentages, are means + SD. Difference with respect to controls: * p < 0.05; ** p < 0.01;

*** p < 0.001. Nauplii examined, n > 2000/ treatment; replicate experiments, n = 4. Control (cont);
cadmium (Cd) nominal concentrations.

Cont 15 ug/L Cd 150 ng/L Cd 1500 ng/L Cd
A trunk oedema (stage L2/L3) 0.5% 2.2% 2.1% 1.4%
B thoracopod asymmetry (stage <1% 1.8% 1.2% 1.6%
naupliar eye depigmentation o P o wxx o) %
C (stage 12/13) <3% 16 £ 2.9% 20.3 £ 1.3% 7.2 +4.5%
D dysmorphic paired eye buds 49 +1.6% 33.4 +9.1% ** 40 + 12.6% *** 29.6 £ 7.2%*
(stage L5/L6)
two eye buds (stage L4/L5) 89.9 +£ 11.3% 72.8 £9.7% * 55.8 + 17.6% ** 36.5 £ 19.4% ***
two eye buds (stage L5/L6) 100% 89.7 +£3.4%* 96.7 +£ 1.5% 100%

More pronounced effects were noted in the eyes. In controls, naupliar eyes had a regu-
lar contour (Figure 3D) and were intensely pigmented (Figure 3F,G,],K). Only occasional
alterations were observed (<3% of nauplii; Table 2, line C). However, after Cd exposure, the
eyes showed depigmented areas in 16% and 20% of nauplii exposed to 15 and 150 pg/L,
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respectively (Figure 3E). At the higher concentration, the percentage was lower, at 7.2%
(Table 2, line C). Absorbance confirmed a significant decrease in pigment content at the two
higher concentrations (Figure 3N).
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Figure 3. Teratogenic effects of cadmium contamination on Artemia salina development. (A,B) Trunk
oedema (*) and presence of large lipid droplets (arrows). Anterior gut (ag), naupliar eye (ne).
(C) Asymmetric (arrowheads) thoracopods (t). Anterior gut (ag). (D) Naupliar eye (ne). White circle:
esemplificative area used for determining absorbance. (E) Irregularly pigmented (arrow) naupliar
eye. (F-H) Pigmented naupliar eye (ne). Anterior gut (ag), gastric caeca (gc). (I) Depigmented (arrow)
naupliar eye. Regular (*, J K) and irregular (**, L,M) distribution of pigment granules in the naupliar
eye. (O,P) Representative images of the regular (*) and altered (arrows) paired eyes. Unstained
nauplii examined in toto, under incident light (A-E,N,O); semithin section stained with toluidine blue
(F-I); ultrathin sections examined at the TEM (J-M). (P) Decrease in pigment density in the naupliar
eyes. Measurements (obtained in areas indicated in (D)) were obtained using Image]J (Version 1.54p
17 February 2025). Number of L3/L4 eyes examined = 50/treatment. Difference with respect to
controls: **** p < 0.0001). Scale bars: 30 um (H,O,P); 25 um (A-C); 15 um (F,G); 10 pm (D,E); 5 um (I);
500 nm (J-M).
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Paired eyes were absent in early nauplii (Figure 3A,D). First buds appeared at the
end of stage L4 (Figure 2G). They were initially asymmetrically pigmented but gradually
grew, becoming symmetric and intensely pigmented (Figure 2H). No significant alterations
were observed (<5% of nauplii; Table 2, line D). After Cd exposure, significant alterations
were observed in 30 to 40% of the nauplii (Table 2, line D). These were unilateral, with no
preference for one side over the other. They mainly consisted of reduced pigmentation
(Figure 3I,L,M) and/or an irregular disposition of the ommatidia, which determined an
irregular eye contour (Figure 30,P).

A delay in bud development was also observed. At the early L5 stage (Table 2, line
E), 89.9% of control nauplii possessed two clearly visible paired buds. In contrast, in Cd-
exposed nauplii, the percentage decreased dose-dependently, with only 36.5% exhibiting
regularly developed paired eye buds at the highest Cd concentration (96.7% and 100%,
respectively; Table 2, line E). By the early L6 stage (Table 2, line F), well-developed paired
buds were present in 100% of control nauplii and in nauplii exposed to the two highest Cd
concentrations. At the lowest concentration, the percentage remained at 89.7. By stage L7,
all nauplii had regular paired eyes.

3.5. Effects of Cadmium on Lipid Reserve

Stage L1 nauplii, both controls (Figure 4A,B) and those exposed to cadmium at different
concentrations (Figure 4E), displayed short, dense bodies due to yellow yolk platelets
and transparent lipid vesicles. In control nauplii, during stages L2 to L3, reserves were
progressively resorbed (Figure 4C), so that by stage L4 the body was transparent (Figure 4D).
In nauplii exposed to cadmium, reserve resorption was delayed; as a result, L3 nauplii
still exhibited a dense body (Figure 4F). Occasionally, large yolk platelets appeared, no
matter the naupliar stage, especially at the two highest concentrations (Figure 4G). At
stage L3/L4, nauplii retained significant reserves, so their bodies appeared somewhat
denser, with the anterior gut distinctly yellowish, indicating the significant presence of
yolk (Figure 3H). Absorbance confirmed the increased density of the naupliar bodies at
stage L3/L4 after exposure to the two higher Cd concentrations (Figure 4I). In the same
nauplii, length was increased at 15 pg/L and significantly decreased at the two higher
concentrations (Figure 4]J).

3.6. Effects of Cadmium on Gut Epithelium

In controls, WGA stained the gut brush border intensely; no differences were observed
across developmental stages (Figure 5A,B). In the gut lumen, staining was also observed on
algal food remnants. In nauplii exposed to Cd, the brush border appeared discontinuous
and irregularly outlined (Figure 5C-E). Gut content appeared dense and diffuse at 15 ng/L
(Figure 5C,F), whereas at 150 pg/L (Figure 5D) and 1500 pg/L (Figure 5E), the lumen was
invaded by filamentous material, apparently detaching from the epithelium. Occasional
dense bodies were observed in the enterocytes (Figure 5F). Absorbance confirmed a dose-
dependent decrease in the presence of N-Ac galactosamine in the brush border (Figure 5G).
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Figure 4. Effects of cadmium on the presence and distribution of embryonic reserves in Artemia
salina nauplii. (A) Yolk globules (yellow) in the gut (g) and lipid droplets in the body wall (*).
(B) Detail. Lipid droplets (arrow) and yolk globules (dotted arrow). Gastric caeca (gc), naupliar eye
(ne). (C) Small residual lipid droplets (arrow) and yolk globules in the gut (dotted arrow). Black box:
esemplificative area used for determining absorbance. (D) Transparent body wall and anterior gut
(ag). Thoracopods (t). (E,F) Dense body wall (*), lipid droplets (arrows), and yolk platelets (dotted
arrows). (G) Dense body wall (*) due to large residual yolk globules in the gut (dotted arrows) and
lipid droplets (arrow). (H) Residual yolk in the anterior gut (**). Thoracopods (t). Unstained nauplii
examined in toto, under incident light. (I) Quantitative analysis of body density. Measurements,
obtained in areas indicated in (C). (J) Naupliar length at the L3 /L4 stage. Graph data were obtained
using Image]J (Version 1.54p, 17 February 2025) (n = 75 nauplii/ treatment; difference with respect to
controls: **** p < 0.0001). Scale bars: 50 um (D,H); 20 um (A-C, E-G).

At the TEM, control epithelial cells exhibited a high, well-organised brush border with
long, regularly oriented microvilli (Figure 5H). After exposure to 15 ng/L Cd, no significant
differences were observed. In contrast, at the two higher concentrations, large patches
of tissue showed microvilli that exhibited low to moderate disorganisation (Figure 5I,K).

Ulcerations were also observed, with consequent release of cell debris into the lumen
(Figure 5FK).
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Figure 5. Effects of cadmium on the enterocyte brush border in Artemia salina nauplii exposed to 15,
150 and 1500 ug/L cadmium. (A-F) Presence and distribution of glcNAc. (A,B) Intensely labelled
brush border (arrows) and food remnants (*) in the lumen. White box: esemplificative area used
for determining absorbance. (C) Moderately discontinuous brush border (arrow). Note the diffuse
labelling of the gut lumen (*). Thoracopods (t). (D,E) Discontinuous and irregular brush border
(arrows). Note the fluorescent filamentous material apparently detaching from the epithelial surface
(dotted arrows). Food remnants (*) in the lumen. (F) Dense bodies in enterocytes (arrow). Labelled
brush border (thin arrow) and luminal content (*). Note the tract of eroded epithelium (double
arrows). Sections stained with the lectin WGA conjugated with FITC, observed under UV light.
(G) Quantitative analysis of fluorescence. Measurements were obtained in areas indicated in Fig.
(A) using Image] (Version 1.54p, 17 February 2025) (n = 50/ treatment. Difference with respect to
controls: **** p < 0.0001). (H) Regular organisation of the brush border microvilli (*). (I) Moderately
altered brush border (*). Enterocyte nucleus (n). (J) Regular brush border (*). Nucleus (n) with
patchy chromatin (arrow). (K) Moderately altered brush border (*). Note the eroded epithelium
with residues (thick arrow) released in the lumen (l). Basal lamina (dotted arrow). Scale bars: 50 um
(A,C,D); 25 um (B,EF); 2.5 um (K); 2 um (I); 1.5 um (J); 750 nm (H).

3.7. Effects of Cadmium on Protein Pattern and hsp26 and hsp60 Expression

The SDS-PAGE analyses demonstrated that in 5-day control nauplii, the protein pattern
showed several bands ranging from 200 to 10 kDa (Figure 6A). After exposure to cadmium,
significant changes were observed, with several bands either disappearing, appearing, or
changing in intensity (Figure 6A). Densitometric analyses conducted with Image] (v1.54p)
confirmed the observed variations in band presence and intensity (Figure 6B).
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Figure 6. Effects of cadmium on protein pattern of 5-day post-hatching nauplii of Artemia salina.
(A) SDS gel stained with Coomassie blue. The main differences relative to the control are indicated
by asterisks (red for bands disappearing, green for new bands). (B) Densitometric analysis of the gel
shown in Figure (A). Absorbance increases with band density (grey value for black is 0, and for white
is 255). On the left: origin of the gel (loading wells). The data plotted were obtained with Image]J
(Version 1.54p 17 February 2025; accessed on 6 November 2025). (C) Expression of hsp26 and hsp60.
Note the absence of a clear dose-dependency (n = 3 samples/treatment; difference with respect to
controls: **** p < 0.0001).

The expression of the two hsp genes increased significantly after Cd exposure, but no
clear dose-dependence was observed. Higher values, in fact, were registered at 150 pug/L

Cd (Figure 6C). In addition, hsp26 was more significantly over-expressed with respect
to hsp 60.

4. Discussion

Water analysis showed that the nominal Cd concentration of about 1500 ug/L, calcu-
lated from the CdCl, formula, corresponded to a real concentration of about 1100 pg/L.
Lower values are explained by assuming that part of the Cd adhered to the glass culture
tank walls [43,44], to the naupliar surface, or was retained in the faeces (not collected for
water analysis).

In accordance with [31], nauplii exposed to 15 pg/L did not accumulate relevant
amounts of Cd, as indicated by a real value lower than 0.1 pug/gr. In contrast, at 150 ug/L,
a concentration that is not environmentally compatible, Cd began to accumulate, but no
differences were observed relative to the concentration measured at 1500 pug/L. In both
cases, values remained at about 9 ug/gr. This finding, although seemingly contradictory,
aligns well with the literature, indicating that in Artemia salina, uptake is inversely related
to Cd concentrations, whereas elimination is directly related to Cd concentrations [31].
Higher exposures, therefore, do not necessarily correspond to higher uptake [36]. This
evidence demonstrates that Cd binding sites can be saturated [45,46] and, therefore, that
toxicokinetics do not depend only on the activation of efficient detoxifying mechanisms [47].
Their activation is confirmed by the absence of significant changes in total antioxidant
capacity. Artemia nauplii, therefore, are very resistant to the metal, at least for short exposure
periods, evidence confirmed by the absence of mortality. A prompt defensive response is
consistent with an evolutionary adaptation in larvae to changing metal levels in unstable
aquatic environments [48].

Mortality rates demonstrate the effectiveness of the activated protective mechanisms.
Although at the two higher Cd concentrations the percentage reached 15%, the value
remained close to that accepted for control cultures [37]. Therefore, the high tolerance
of Artemia is confirmed [49]. In Artemia franciscana, the LC50 is 3 mg/L [50], whereas in
Artemia parthenogenetica, the LC50 ranges from 0.5 to 17 mg /L [28].

Increased oxidative stress and mortality do not align with the results obtained for
hatching rate and growth. In fact, for both parameters, a positive, stimulatory effect of
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Cd was registered. At the lower dose, a possible hormetic effect can be observed [51,52].
The modest metal uptake stimulated metabolism and embryo development, favouring
naupliar growth. On the contrary, it is more difficult to explain how this was possible at
the two higher concentrations, which were associated with higher oxidative stress and Cd
concentration in tissues of about 8 ug/g. One explanation is that the Cd absorbed by the
nauplii was below the toxicity threshold in both cases [53]. In adult Artemia, the LC10 is
58 mg/L [28], while in nauplii, the estimated LC50 values vary with population, settling
around 120-150 mg/L [28]. If this is the case, the nauplii cope with increased Cd levels
in their tissues by activating antioxidant responses, which may include upregulation of
metallothionein expression [54]. Support for this hypothesis comes from the altered protein
patterns and the increased expression of hsp26 and hsp60, indicating an effort to enhance
metal tolerance [55] and maintain cellular homeostasis [56]. Another possibility is that Cd
activated the Nrf2-mediated oxidative stress response pathway, and the dynamic interplay
between ubiquitination/deubiquitination [57]. This activation could have favoured ROS
scavenging, as well as cell cycle progression and, consequently, development [58]. Further
investigation aiming at characterising the observed changes in protein expression will help
clarify these adaptive responses.

As far as Cd teratogenicity is concerned, alterations were already present at 0.5 pug/g,
in agreement with the observed lipid and protein peroxidation. Surprisingly, in most cases,
they were more significant than those exerted at 8 ug/g. This discrepancy may be due to
the fact that uptake was measured in total homogenates. Cd accumulates at different rates
in different tissues [59,60] and, therefore, at the moment, we cannot correlate concentrations
with specific effects on specific targets. In addition, Artemia nauplii are a rapidly developing
system in which toxic damage depends not only on concentration but also on the target
and the extent of interference exerted on transcriptomics [61].

Toracopods and eyes were the most affected. Significantly, the same effects were ob-
served after exposure to benzodiazepines, which also caused significant oxidative stress [35].
In thoracopods, the alterations consisted of asymmetrical development of the first pair,
its earlier development, and better organisation at the time of sampling. The thoracopod
anomaly suggests variations in gene expression, particularly in mechanisms responsible
for division and differentiation [62] of ventral epidermal cells [63]. It is easy to postulate
that such interference was induced by oxidative stress.

Whatever the mechanism activated by Cd, the observed damage suggests that motor
performance should be verified, as effects of Cd on swimming have already been reported
in Branchipodopsis [64] and in Danio rerio [65]. The metal, in fact, interferes with skeletal
muscle organisation by impairing homeostasis [66] and dysregulating several genes [67],
with structural and functional consequences [68].

The other evident damage was to the naupliar eyes, where marked depigmentation
was observed. Metals have been reported to reduce the number of chromatophores and
cause melanin degeneration [69]. Consequently, it cannot be excluded that light perception
could be altered, as already demonstrated in Danio rerio [70]. Nauplii are planktonic larvae
that move vertically in the water column in response to day/night illumination cycles.
Therefore, inefficient eyes would impair such migration and have severe consequences for
feeding and escape from predators.

Reduced pigmentation indicates that Cd downregulated the expression of genes
implicated in melanisation [71], particularly microphthalmia-associated transcription factor
(MITF) and tyrosinase, two genes that are under the sequential control of cAMP /protein
kinase A (PKA/CREB), mitogen-activated protein kinase (MAPK) and Wnt signalling [72].
It is intriguing that, in spiders, MITF also controls appendage regeneration, and that, in
the presence of Cd, partial depigmentation and anatomical defects were affected [71]. The
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findings of depigmented eyes and altered thoracopods in Artemia salina appear, therefore,
to be justified by a single altered developmental pathway.

Depigmentation may also explain the delay observed in the appearance of paired
eye buds. In summary, early buds were present but composed of only a few poorly
depigmented elements, and thus invisible to in toto observation. By stage L6/L7, the
ommatidia became more numerous, and consequently, the eyes became visible. Ongoing
transmission electron microscopy (TEM) investigations will provide details on pigment
appearance and distribution, and, possibly, on ommatidia disposition. In fact, in toto,
observations also indicated frequent disorganisation. In Artemia salina, paired-eye formation
is a complex process that requires the proliferation of neuronal stem cells and the expression
of synapsin-like proteins [73]. Cd interference with stem neural cell proliferation is a well-
known effect [74], mediated by p53, PI3K-AKT, MAPK, and NF-«B signalling pathways [75].

Of particular interest is the finding that cadmium delayed the resorption of embryonic
reserves and caused the formation of large yolk and lipid droplets. A parallel decrease
in naupliar length was observed, as expected, considering that Artemia salina is a typical
lecithotrophic species. The embryos and early nauplii rely on abundant reserves to sustain
early development [34], both for synthesising new tissues and for providing the necessary
energy. At hatching, the transparent lipid droplets and yellow yolk platelets are dispersed
throughout the body. Then, they gradually reduce in size, disappearing from the body wall,
the hindgut and, by the L3/L4 stage, also from the foregut [76]. Progressive consumption
triggers exogenous feeding during stage L3.

The evidence that Cd interfered with lipid resorption aligns well with the metal’s
ability to dysregulate genes and enzymes involved in lipid metabolism [77]. Oxidative
stress may be the leading cause, via peroxidation and mitochondrial dysfunction [78]. The
same goes for yolk. Peroxidation may have altered its lipo- and protein components, the
enzymes involved in degradation (cathepsin L/B) [79] or their expression [80].

Interestingly, in Cd-exposed nauplii, yolk globules persisted longer in the anterior gut,
the site at which most of the Cd is uptaken [36]. A possible explanation is that the anterior
enterocytes, exposed to greater levels, were damaged. In crustaceans, yolk is degraded
within the embryo’s cells, specifically in specialised organelles called yolk granules, which
function like lysosomes [81]. The analysis of the brush border confirms our hypothesis,
clearly demonstrating structural and molecular alterations at this level. Preliminary TEM
analyses also evidence areas of epithelial erosion, further confirming metal toxicity to
enterocytes, including possible interference with cell-to-cell adhesion [82]. Erosion explains
the significant change observed in the gut lumen content of the treated animals.

Electrophoretic analyses may reveal Cd-induced changes in protein expression pat-
terns, suggesting potential interference with developmental processes. So far, no band has
been identified. However, based on the literature, changes are expected in antioxidant
enzymes and Cd-chelating metallothioneins [47]. Caspases should also be upregulated to
eliminate damaged cells [83,84], while transcriptomic and metabolomic changes adapt the
nauplius to altered metabolic pathways [85,86].

5. Conclusions

In conclusion, Cd affects the development of Artemia salina nauplii by inducing ox-
idative stress and altered protein expression. The most evident consequence is a delay in
yolk resorption, resulting in interference with the larval metabolic pathways and reduced
growth. Minor alterations observed in thoracopod and paired-eye development would
probably interfere with naupliar fitness and survival in a natural, competitive environment.

The mechanisms of action need further clarification, as several aspects remain unclear.
Gaining a better understanding is crucial because crustacean larvae are a vital part of
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zooplankton, and any interference could lead to serious environmental impacts across the
entire food chain.

Author Contributions: Conceptualization, CM.M., B.A. and R.C.; methodology, R.P,, EP,S.P, C.E,
S.D.M., G.E, P.C. and P.V,; software, C.F,, S.D.M., P.C., G.F. and S.D.B.; validation, CM.M., B.A. and
R.C,; formal analysis, S.P., G.F. and 5S.D.M.; investigation, R.P., E.P. and S.D.B.; resources, C.M.M.; data
curation, CM.M,, B.A,, PV,, C.F. and R.C.; writing—original draft preparation, CM.M., C.F, G.E,
RP,EP,PC,SP and S.D.M,; writing—review and editing, CM.M., B.A., C.F. and R.C,; visualisation
and supervision, CM.M., B.A. and R.C,; funding acquisition, C.M.M. and R.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by grants provided by the Ministry of University and Research,
grant number 20204YRYS5-006, to Chiara Maria Motta and Rosa Carotenuto.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

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

References

1.

10.

11.

12.

13.

14.

WHO. Exposure to Cadmium: A Major Public Health Concern. Preventing Disease Through Healthy Environments
WHO/CED/PHE/EPE/19.4.3. 2019. Available online: https://www.who.int/publications/i/item/WHO-CED-PHE-EPE-
19-4-3 (accessed on 1 January 2025).

Eklof, K.; von Bromssen, C.; Huser, B.; Akerblom, S.; Augustaitis, A.; Braaten, H.E.V; De Vit, H.A.; Dirnbock; Elustonfo, T.;
Grandin, D.; et al. Trends in mercury, lead and cadmium concentrations in 27 European streams and rivers: 2000-2020. Environ.
Pollut. 2024, 360, 124761. [CrossRef]

Huang, Y.N.; Dang, E; Li, M.; Zhou, D.M.; Song, Y.; Wang, ].B. Environmental and human health risks from metal exposures
nearby a Pb-Zn-Ag mine, China. Sci. Total. Environ. 2020, 698, 134326. [CrossRef]

Irfan, M.; Liu, X.; Hussain, K.; Mushtagq, S.; Cabrera, J.; Zhang, P. The global research trend on cadmium in freshwater: A
bibliometric review. Environ. Sci. Pollut. Res. 2023, 30, 71585-71598. [CrossRef] [PubMed]

Mehouel, E; Fowler, S.W. A mini-review of toxicokinetics and toxicity of heavy metals in marine and freshwater fish. J. Hell. Vet.
Med. Soc. 2022, 73, 3561-3570. [CrossRef]

Vinanthi Rajalakshmi, K.S.; Liu, W.C.; Balamuralikrishnan, B.; Meyyazhagan, A.; Sattanathan, G.; Pappuswamy, M.; Kadanthottu,
S.J.; Kuppusamy, A.P; Lee, ] W. Cadmium as an endocrine disruptor that hinders the reproductive and developmental pathways
in freshwater fish: A review. Fishes 2023, 8, 589. [CrossRef]

Lee, JW.; Jo, A.H.; Kang, Y].; Lee, D.; Choi, C.Y; Kang, ].C.; Kim, ].H. Review of cadmium bioaccumulation in fish exposed to
cadmium. Toxics 2024, 13, 7. [CrossRef] [PubMed]

Barrento, S.; Marques, A.; Teixeira, B.; Carvalho, M.L.; Vaz-Pires, P.; Nunes, M.L. Accumulation of elements (S, As, Br, Sr, Cd, Hg,
Pb) in two populations of Cancer pagurus: Ecological implications to human consumption. Food Chem. Toxicol. 2009, 47, 150-156.
[CrossRef] [PubMed]

Lei, W.; Wang, L.; Liu, D.; Xu, T.; Luo, ]. Histopathological and biochemical alterations of the heart induced by acute cadmium
exposure in the freshwater crab Sinopotamon yangtsekiense. Chemosphere 2011, 84, 689-694. [CrossRef] [PubMed]

Gestin, O.; Lopes, C.; Delorme, N.; Garnero, L.; Geffard, O.; Lacoue-Labarthe, T. Organ-specific accumulation of cadmium
and zinc in Gammarus fossarum exposed to environmentally relevant metal concentrations. Environ. Pollut. 2022, 308, 119625.
[CrossRef] [PubMed]

Yan, L.J.; Allen, D.C. Cadmium-induced kidney injury: Oxidative damage as a unifying mechanism. Biomolecules 2021, 11, 1575.
[CrossRef] [PubMed]

Cheng, C.H.; Ma, H.L,; Deng, Y.Q.; Feng, J.; Jie, YK.; Guo, Z.X. Oxidative stress, cell cycle arrest, DNA damage and apoptosis in
the mud crab (Scylla paramamosain) induced by cadmium exposure. Chemosphere 2021, 263, 128277. [CrossRef] [PubMed]
Bian, X.; Gao, Y. DNA methylation and gene expression alterations in zebrafish embryos exposed to cadmium. Environ. Sci.
Pollut. Res. 2021, 28, 30101-30110. [CrossRef] [PubMed]

Knigge, T.; LeBlanc, G.A.; Ford, A.T. A crab is not a fish: Unique aspects of the crustacean endocrine system and considerations
for endocrine toxicology. Front. Endocrinol. 2021, 12, 587608. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ toxics14070609


https://www.who.int/publications/i/item/WHO-CED-PHE-EPE-19-4-3
https://www.who.int/publications/i/item/WHO-CED-PHE-EPE-19-4-3
https://doi.org/10.1016/j.envpol.2024.124761
https://doi.org/10.1016/j.scitotenv.2019.134326
https://doi.org/10.1007/s11356-021-13894-7
https://www.ncbi.nlm.nih.gov/pubmed/33877520
https://doi.org/10.12681/jhvms.25407
https://doi.org/10.3390/fishes8120589
https://doi.org/10.3390/toxics13010007
https://www.ncbi.nlm.nih.gov/pubmed/39853007
https://doi.org/10.1016/j.fct.2008.10.021
https://www.ncbi.nlm.nih.gov/pubmed/19010376
https://doi.org/10.1016/j.chemosphere.2011.03.023
https://www.ncbi.nlm.nih.gov/pubmed/21529889
https://doi.org/10.1016/j.envpol.2022.119625
https://www.ncbi.nlm.nih.gov/pubmed/35714792
https://doi.org/10.3390/biom11111575
https://www.ncbi.nlm.nih.gov/pubmed/34827573
https://doi.org/10.1016/j.chemosphere.2020.128277
https://www.ncbi.nlm.nih.gov/pubmed/33297221
https://doi.org/10.1007/s11356-021-12691-6
https://www.ncbi.nlm.nih.gov/pubmed/33586102
https://doi.org/10.3389/fendo.2021.587608
https://www.ncbi.nlm.nih.gov/pubmed/33737907
https://doi.org/10.3390/toxics14070609

Toxics 2026, 14, 609 17 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

Liu, Y,; Chen, Q.; Li, Y,; Bi, L,; Jin, L.; Peng, R. Toxic effects of cadmium on fish. Toxics 2022, 10, 622. [CrossRef] [PubMed]
Motta, C.M.; Simoniello, P.; Di Lorenzo, M.; Migliaccio, V.; Panzuto, R.; Califano, E.; Santovito, G. Endocrine-disrupting effects of
copper and cadmium in the oocytes of the Antarctic Emerald rockcod Trematomus bernacchii. Chemosphere 2021, 268, 129282.
[CrossRef] [PubMed]

Bhardwaj, J.K.; Panchal, H.; Saraf, P. Cadmium as a testicular toxicant: A Review. J. Appl. Toxicol. 2021, 41, 105-117. [CrossRef]
[PubMed]

Pinto, G.L.; da Silva Castro, ].; Val, A.L. Copper and cadmium impair sperm performance, fertilization and hatching of oocytes
from Amazonian fish Colossoma macropomum. Chemosphere 2021, 266, 128957. [CrossRef] [PubMed]

Patel, H.R,; Patel, U.D.; Chauhan, ].M.; Humbal, B.R.; Patel, H.B. Developmental toxicity in zebrafish embryos exposed to single,
binary, and tertiary mixtures of Cd, Pb, and As. Toxicol. Environ. Chem. 2024, 106, 48-71. [CrossRef]

Hu, J.; Wang, W.X. Cadmium impacts on calcium mineralisation of zebrafish skeletal development and behavioral impairment.
Aquat. Toxicol. 2024, 273, 107033. [CrossRef] [PubMed]

Xu, Y.; Zhao, H.; Wang, Z.; Gao, H.; Liu, J.; Li, K;; Song, Z.; Yuan, C.; Lan, X.; Pan, C.; et al. Developmental exposure to
environmental levels of cadmium induces neurotoxicity and activates microglia in zebrafish larvae: From the perspectives of
neurobehavior and neuroimaging. Chemosphere 2022, 291, 132802. [CrossRef] [PubMed]

Di Paola, D.; Gugliandolo, E.; Capparucci, F.; Cordaro, M.; Iaria, C.; Siracusa, R.; D’Amico, R.; Fusco, R.; Impellizzeri, D.;
Cuzzocrea, S.; et al. Early exposure to environmental pollutants: Imidacloprid potentiates cadmium toxicity on zebrafish retinal
cell death. Animals 2022, 12, 3484. [CrossRef] [PubMed]

Fogliano, C.; Di Marino, S.; Avallone, B.; Trifuoggi, M.; Siciliano, A.; Galdiero, E.; Chianese, T.; Mastarntone, R.; Pacchini, S.; Piva,
E.; et al. Developmental toxicity of co-exposure of heavy metal and polystyrene microplastics in Xenopus laevis embryo. Sci.
Total Environ. 2025, 1006, 180903. [CrossRef] [PubMed]

Rocha, G.S.; Arcanjo, C.; de Palma Lopes, L.E; Coulaud, R.; Duflot, A.; Giusti-Petrucciani, N.; Forget-Leray, J.; Boulange-Lecomte,
C. Effects of copper and cadmium, isolated and combined, in the survival and behavior of Eurytemora affinis (Copepoda). Mar.
Pollut. Bull. 2025, 214, 117829. [CrossRef] [PubMed]

Bottjer, D.; Morales, C.E.; Bathmann, U. Trophic role of small cyclopoid copepod nauplii in the microbial food web: A case study
in the coastal upwelling system off central Chile. Mar. Biol. 2010, 157, 689-705. [CrossRef]

Wagqas, W.; Yuan, Y.; Ali, S.; Zhang, M.; Shafig, M.; Ali, W.; Chen, Y.; Xiang, Z.; Chen, R.; Ikhwanuddin, M.; et al. Toxic effects of
heavy metals on crustaceans and associated health risks in humans: A review. Environ. Chem. Lett. 2024, 22, 1391-1411. [CrossRef]
Pacheco, G.K.N.; Maldonado, N.S.S.; Alta, R.Y.P; Vitorino, H.A. Short exposure of Artemia salina to group-12 metals: Comparing
hatchability, mortality, lipid peroxidation, and swimming speed. Ecotoxicol. Environ. Saf. 2021, 213, 112052. [CrossRef] [PubMed]
Sarabia, R.; Del Ramo, J.; Varo, I.; Diaz-Mayans, J.; Torreblanca, A. Comparing the acute response to cadmium toxicity of nauplii
from different populations of Artemia. Environ. Toxicol. Chem. 2002, 21, 437—444. [CrossRef]

Albarano, L.; Ruocco, N.; Lofrano, G.; Guida, M.; Libralato, G. Genotoxicity in Artemia spp.: An old model with new sensitive
endpoints. Aquat. Toxicol. 2022, 252, 106320. [CrossRef] [PubMed]

Nour, H.E.; Garoub, M.M. Pollution status and ecological risks of metals in coastal seawater of Red Sea and Gulf of Aqgaba. Ecol.
Environ. Conserv. 2024, 30, 389-397. [CrossRef]

Sarabia, R.; Varé, I.; Amat, F; Pastor, A.; Del Ramo, ].; Diaz-Mayans, J.; Torreblanca, A. Comparative toxicokinetics of cadmium in
Artemia. Arch. Environ. Contam. Toxicol. 2006, 50, 111-120. [CrossRef] [PubMed]

Motta, C.M.; Fogliano, C.; Trifuoggi, M.; Toscanesi, M.; Raggio, A.; Di Marino, S.; Venditti, P.; Fasciolo, G.; Avallone, B.; Carotenuto,
R. Polystyrene microplastic interferes with yolk reserve utilisation in early Artemia salina nauplii. Toxics 2025, 13, 700. [CrossRef]
[PubMed]

Gunasekara, R.A.; Casteleyn, C.; Bossier, P.; Van den Broeck, W. Comparative stereological study of the digestive tract of Artemia
franciscana nauplii fed with yeasts differing in cell wall composition. Aquaculture 2012, 324-325, 64—69. [CrossRef]

Jaeckle, W.B. Variation in the size, energy content, and biochemical composition of invertebrate eggs: Correlates to the mode of
larval development. In Ecology of Marine Invertebrate Larvae, 1st ed.; CRC Press: Boca Raton, FL, USA, 2020; pp. 49-77.

Fogliano, C.; Carotenuto, R.; Agnisola, C.; Motta, C.M.; Avallone, B. Impact of benzodiazepine delorazepam on growth and
behaviour of Artemia salina nauplii. Biology 2024, 13, 808. [CrossRef] [PubMed]

Jennings, J.R.; Rainbow, P.S. Accumulation of cadmium by Artemia salina. Mar. Biol. 1979, 51, 47-53. [CrossRef]

Vanhaecke, P.; Persoone, G.; Claus, C.; Sorgeloos, P. Proposal for a short-term toxicity test with Artemia nauplii. Ecofoxicol.
Environ. Saf. 1981, 5, 382-387. [CrossRef] [PubMed]

Hannas, B.R.; Das, P.C.; Li, H.; LeBlanc, G.A. Intracellular conversion of environmental nitrate and nitrite to nitric oxide with
resulting developmental toxicity to the crustacean Daphnia magna. PLoS ONE 2010, 5, e12453. [CrossRef] [PubMed]

Fasciolo, G.; Napolitano, G.; Aprile, M.; Cataldj, S.; Costa, V.; Ciccodicola, A.; Di Meo, S.; Venditti, P. Hepatic insulin resistance
in hyperthyroid rat liver: Vitamin E supplementation highlights a possible role of ROS. Antioxidants 2022, 11, 1295. [CrossRef]
[PubMed]

https:/ /doi.org/10.3390/ toxics14070609


https://doi.org/10.3390/toxics10100622
https://www.ncbi.nlm.nih.gov/pubmed/36287901
https://doi.org/10.1016/j.chemosphere.2020.129282
https://www.ncbi.nlm.nih.gov/pubmed/33360142
https://doi.org/10.1002/jat.4055
https://www.ncbi.nlm.nih.gov/pubmed/32876350
https://doi.org/10.1016/j.chemosphere.2020.128957
https://www.ncbi.nlm.nih.gov/pubmed/33218723
https://doi.org/10.1080/02772248.2024.2406191
https://doi.org/10.1016/j.aquatox.2024.107033
https://www.ncbi.nlm.nih.gov/pubmed/39084117
https://doi.org/10.1016/j.chemosphere.2021.132802
https://www.ncbi.nlm.nih.gov/pubmed/34752834
https://doi.org/10.3390/ani12243484
https://www.ncbi.nlm.nih.gov/pubmed/36552404
https://doi.org/10.1016/j.scitotenv.2025.180903
https://www.ncbi.nlm.nih.gov/pubmed/41232283
https://doi.org/10.1016/j.marpolbul.2025.117829
https://www.ncbi.nlm.nih.gov/pubmed/40101600
https://doi.org/10.1007/s00227-009-1353-4
https://doi.org/10.1007/s10311-024-01717-3
https://doi.org/10.1016/j.ecoenv.2021.112052
https://www.ncbi.nlm.nih.gov/pubmed/33631635
https://doi.org/10.1002/etc.5620210229
https://doi.org/10.1016/j.aquatox.2022.106320
https://www.ncbi.nlm.nih.gov/pubmed/36206704
https://doi.org/10.53550/EEC.2024.v30i01.070
https://doi.org/10.1007/s00244-005-7026-5
https://www.ncbi.nlm.nih.gov/pubmed/16237493
https://doi.org/10.3390/toxics13080700
https://www.ncbi.nlm.nih.gov/pubmed/40863975
https://doi.org/10.1016/j.aquaculture.2011.10.014
https://doi.org/10.3390/biology13100808
https://www.ncbi.nlm.nih.gov/pubmed/39452117
https://doi.org/10.1007/BF00389030
https://doi.org/10.1016/0147-6513(81)90012-9
https://www.ncbi.nlm.nih.gov/pubmed/7297475
https://doi.org/10.1371/journal.pone.0012453
https://www.ncbi.nlm.nih.gov/pubmed/20805993
https://doi.org/10.3390/antiox11071295
https://www.ncbi.nlm.nih.gov/pubmed/35883786
https://doi.org/10.3390/toxics14070609

Toxics 2026, 14, 609 18 of 19

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Motta, C.M.; Califano, E.; Scudiero, R.; Avallone, B.; Fogliano, C.; De Bonis, S.; Raggio, A.; Simoniello, P. Effects of cadmium
exposure on gut villi in Danio rerio. Int. J. Mol. Sci. 2022, 23, 1927. [CrossRef] [PubMed]

Motta, C.M.; Rosati, L.; Creti, P.; Montinari, M.R.; Denre, P.; Simoniello, P.; Fogliano, C.; Scudiero, R.; Avallone, B. Histopathological
effects of long-term exposure to realistic concentrations of cadmium in the hepatopancreas of Sparus aurata juveniles. Aquat.
Toxicol. 2024, 268, 106858. [CrossRef] [PubMed]

Fogliano, C.; Carotenuto, R.; Panzuto, R.; Spennato, V.; De Bonis, S.; Simoniello, P.; Raggio, A.; Avallone, B.; Agnisola, C.;
Motta, C.M. Behavioral alterations and gill damage in Mytilus galloprovincialis exposed to an environmental concentration of
delorazepam. Environ. Toxicol. Pharmacol. 2023, 97, 104030. [CrossRef] [PubMed]

King, W.G.; Rodriguez, ]. M.; Wai, C.M. Losses of trace concentrations of cadmium from aqueous solution during storage in glass
containers. Anal. Chem. 1974, 46, 771-773. [CrossRef]

Massee, R.; Maessen, EJ.M.].; De Goeij, ].].M. Losses of silver, arsenic, cadmium, selenium and zinc traces from distilled water
and artificial sea-water by sorption on various container surfaces. Anal. Chim. Acta 1981, 127, 181-193. [CrossRef]

Lind, Y,; Engman, J.; Jorhem, L.; Glynn, A.W. Cadmium accumulation in liver and kidney of mice exposed to the same weekly
cadmium dose continuously or once a week. Food Chem. Toxicol. 1997, 35, 891-895. [CrossRef] [PubMed]

Blust, R.; Baillieul, M.; Decleir, W. Effect of total cadmium and organic complexing on the uptake of cadmium by the brine shrimp,
Artemia franciscana. Mar. Biol. 1995, 123, 65-73. [CrossRef]

Kukavica, B.; Davidovi¢-Plavsi¢, B.; Savié, A.; Dmitrovi¢, D.; Sukalo, G.; Purié-Savi¢, S.; Vudi¢, G. Oxidative stress and
neurotoxicity of cadmium and zinc on Artemia franciscana. Biol. Trace Elem. Res. 2023, 201, 2636—2649. [CrossRef] [PubMed]
Zhan, J.; Sun, T.; Wang, X.; Wu, H.; Yu, J. Meta-analysis reveals the species-, dose-and duration-dependent effects of cadmium
toxicities in marine bivalves. Sci. Total Environ. 2023, 859, 160164. [CrossRef] [PubMed]

Pinto, R.; Zanette, J. Integrative ecotoxicity evaluation of Cd, Cu, Zn and Ni in aquatic animals reveals high tolerance of Artemia
franciscana. Chemosphere 2023, 341, 140059. [CrossRef] [PubMed]

Gajbhiye, S.N.; Hirota, R. Toxicity of heavy metals to brine shrimp Artemia. J. Indian Fish. Assoc. 1990, 20, 43-50.

Choong, G.; Liu, Y.; Templeton, D.M. Interplay of calcium and cadmium in mediating cadmium toxicity. Chem. Biol. Interact. 2014,
211,54-65. [CrossRef] [PubMed]

Jayasekara, S.; Drown, D.B.; Sharma, R.P. Tolerance to cadmium and cadmium-binding ligands in Great Salt Lake brine shrimp
(Artemia salina). Ecotoxicol. Environ. Saf. 1986, 11, 23-30. [CrossRef] [PubMed]

Sprague, J.B. Effects of cadmium on freshwater fish. In Cadmium in the Aquatic Environment; John Wiley & Sons: Hoboken, NJ,
USA, 1987; 288p.

Avallone, B.; Cerciello, R.; Creti, P,; Pizzoleo, C.; Scudiero, R.; Tizzano, M.; Panzuto, R.; Simoniello, P.; Montinari, M.R.; Motta,
C.M. Long-term exposure to cadmium: Pathological effects on kidney tubule cells in Sparus aurata juveniles. Aquat. Toxicol. 2017,
193, 201-209. [CrossRef] [PubMed]

Pestana, J.L.; Novais, S.C.; Norouzitallab, P.; Vandegehuchte, M.B.; Bossier, P.; De Schamphelaere, K.A. Non-lethal heat shock
increases tolerance to metal exposure in brine shrimp. Environ. Res. 2016, 151, 663-670. [CrossRef] [PubMed]
Nufiez-Hernandez, D.; Camacho-Jiménez, L.; Leyva-Carrillo, L.; Peregrino-Uriarte, A.B.; Valenzuela-Soto, E.M.; Gémez-Jiménez,
S.; Gonzales-Rios, H.; Yepiz-Plascencia, G. Expression of p53 isoforms in response to two levels of hypoxia and effects of p53
knockdown in glyceraldehyde-3-phosphate dehydrogenase in the white shrimp Litopenaeus vannamei. Aquac. Res. 2021,
52,2313-2323. [CrossRef]

He, X.; Chen, M.G.; Ma, Q. Activation of Nrf2 in defence against cadmium-induced oxidative stress. Chem. Res. Toxicol. 2008,
21, 1375-1383. [CrossRef] [PubMed]

Lin, Y,; Sui, L.C.; Wu, RH.; Fu, H.Y;; Xu, J.].; Qiu, X.H.; Chen, L. Nrf2 inhibition affects cell cycle progression during early mouse
embryo development. J. Reprod. Dev. 2018, 64, 49-55. [CrossRef] [PubMed]

Li, Y;; Yang, H.; Liu, N.; Luo, J.; Wang, Q.; Wang, L. Cadmium accumulation and metallothionein biosynthesis in cadmium-treated
freshwater mussel Anodonta woodiana. PLoS ONE 2015, 10, e0117037. [CrossRef] [PubMed]

Soegianto, A.; Charmantier-Daures, M.; Trilles, J.P.; Charmantier, G. Impact of cadmium on the structure of gills and epipodites of
the shrimp Penaeus japonicas (Crustacea: Decapoda). Aquat. Living Resour. 1999, 12, 57-70. [CrossRef]

Liu, X,; Jiang, H.; Ye, B.; Qian, H.; Guo, Z.; Bai, H.; Gong, ].; Feng, J.; Ma, K. Comparative transcriptome analysis of the gills
and hepatopancreas from Macrobrachium rosenbergii exposed to the heavy metal Cadmium (Cd2+). Sci. Rep. 2021, 11, 16140.
[CrossRef] [PubMed]

Pukié¢-Cosi¢, D.; Barali¢, K.; Javorac, D.; Djordjevic, A.B.; Bulat, Z. An overview of molecular mechanisms in cadmium toxicity.
Curr. Opin. Toxicol. 2020, 19, 56-62. [CrossRef]

Freeman, J.A. Epidermal cell proliferation during thoracic development in larvae of Artemia. J. Crustac. Biol. 1986, 6, 37-48.
[CrossRef]

Kangarloei, B.A.; Agh, N.; Mertens, J.; Beladjal, L. Locomotor activity in Branchipus schaefferi (Fischer, 1834) (Branchiopoda:
Anostraca) under thermal variation. Nauplius 2021, 29, €2021029. [CrossRef]

https:/ /doi.org/10.3390/ toxics14070609


https://doi.org/10.3390/ijms23041927
https://www.ncbi.nlm.nih.gov/pubmed/35216042
https://doi.org/10.1016/j.aquatox.2024.106858
https://www.ncbi.nlm.nih.gov/pubmed/38325058
https://doi.org/10.1016/j.etap.2022.104030
https://www.ncbi.nlm.nih.gov/pubmed/36455838
https://doi.org/10.1021/ac60342a024
https://doi.org/10.1016/S0003-2670(01)83974-X
https://doi.org/10.1016/S0278-6915(97)00068-9
https://www.ncbi.nlm.nih.gov/pubmed/9409629
https://doi.org/10.1007/BF00350324
https://doi.org/10.1007/s12011-022-03352-x
https://www.ncbi.nlm.nih.gov/pubmed/35831694
https://doi.org/10.1016/j.scitotenv.2022.160164
https://www.ncbi.nlm.nih.gov/pubmed/36395852
https://doi.org/10.1016/j.chemosphere.2023.140059
https://www.ncbi.nlm.nih.gov/pubmed/37673183
https://doi.org/10.1016/j.cbi.2014.01.007
https://www.ncbi.nlm.nih.gov/pubmed/24463198
https://doi.org/10.1016/0147-6513(86)90026-6
https://www.ncbi.nlm.nih.gov/pubmed/3956429
https://doi.org/10.1016/j.aquatox.2017.10.025
https://www.ncbi.nlm.nih.gov/pubmed/29096093
https://doi.org/10.1016/j.envres.2016.08.037
https://www.ncbi.nlm.nih.gov/pubmed/27619211
https://doi.org/10.1111/are.15083
https://doi.org/10.1021/tx800019a
https://www.ncbi.nlm.nih.gov/pubmed/18512965
https://doi.org/10.1262/jrd.2017-042
https://www.ncbi.nlm.nih.gov/pubmed/29249781
https://doi.org/10.1371/journal.pone.0117037
https://www.ncbi.nlm.nih.gov/pubmed/25647043
https://doi.org/10.1016/S0990-7440(99)80015-1
https://doi.org/10.1038/s41598-021-95709-w
https://www.ncbi.nlm.nih.gov/pubmed/34373575
https://doi.org/10.1016/j.cotox.2019.12.002
https://doi.org/10.1163/193724086X00703
https://doi.org/10.1590/2358-2936e2021029
https://doi.org/10.3390/toxics14070609

Toxics 2026, 14, 609 19 of 19

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Capriello, T.; Grimaldi, M.C.; Cofone, R.; D’Aniello, S.; Ferrandino, I. Effects of aluminium and cadmium on hatching and
swimming ability in developing zebrafish. Chemosphere 2019, 222, 243-249. [CrossRef] [PubMed]

Papa, V.; Wannenes, E; Crescioli, C.; Caporossi, D.; Lenzi, A.; Migliaccio, S.; Di Luigi, L. The environmental pollutant cadmium
induces homeostasis alteration in muscle cells in vitro. J. Endocrinol. Investig. 2014, 37, 1073-1080. [CrossRef] [PubMed]
Gonzalez, P.; Baudrimont, M.; Boudou, A.; Bourdineaud, J.P. Comparative effects of direct cadmium contamination on gene
expression in gills, liver, skeletal muscles and brain of the zebrafish (Danio rerio). Biometals 2006, 19, 225-235. [CrossRef] [PubMed]
Avallone, B.; Agnisola, C.; Cerciello, R.; Panzuto, R.; Simoniello, P.; Creti, P.; Motta, C.M. Structural and functional changes in the
zebrafish (Danio rerio) skeletal muscle after cadmium exposure. Cell Biol. Toxicol. 2015, 31, 273-283. [CrossRef] [PubMed]
Ahmad, S.; Shukla, S.; Mishra, A.; Kasherwani, D.; Swami, V.P; Shukla, S. Effect of cadmium chloride on general body colouration
and chromatophores of stinging catfish, Heteropneustes fossilis (Bloch). J. Appl. Nat. Sci. 2018, 10, 655-660. [CrossRef]
Avallone, B.; Crispino, R.; Cerciello, R.; Simoniello, P.; Panzuto, R.; Motta, C.M. Cadmium effects on the retina of adult Danio
rerio. Comptes Rendus Biol. 2015, 338, 40-47. [CrossRef] [PubMed]

Chen, Y,; Wang, J.; Tao, T.; Yang, Z.; Zhang, H.; Yu, N.; Liu, Z. Insecticides and cadmium impair programmed appendage
regeneration in Pardosa pseudoannulata: Mechanisms and regulatory dysfunction. Environ. Pollut. 2025, 384, 126914. [CrossRef]
[PubMed]

D’Mello, S.A; Finlay, G.J.; Baguley, B.C.; Askarian-Amiri, M.E. Signaling pathways in melanogenesis. Int. J. Mol. Sci. 2016,
17,1144. [CrossRef] [PubMed]

Wildt, M.; Harzsch, S. A new look at an old visual system: Structure and development of the compound eyes and optic ganglia of
the brine shrimp Artemia salina Linnaeus, 1758 (Branchiopoda, Anostraca). J. Neurobiol. 2002, 52, 117-132. [CrossRef] [PubMed]
Luo, H.; Song, B.; Xiong, G.; Zhang, B.; Zuo, Z.; Zhou, Z.; Chang, X. Cadmium inhibits neural stem/progenitor cells proliferation
via MitoROS-dependent AKT/GSK-3$3/ 3-catenin signaling pathway. J. Appl. Toxicol. 2021, 41, 1998-2010. [CrossRef] [PubMed]
Deng, P.; Ma, Q.; Xi, Y.; Yang, L.; Lin, M.; Yu, Z.; Chen, C.; Zhou, Z. Transcriptomic insight into cadmium-induced neurotoxicity in
embryonic neural stem/progenitor cells. Toxicol. Vitr. 2020, 62, 104686. [CrossRef] [PubMed]

Bartolomaeus, T.; Quast, B.; Koch, M. Nephridial development and body cavity formation in Artemia salina (Crustacea:
Branchiopoda): No evidence for any transitory coelom. Zoomorphology 2009, 128, 247-262. [CrossRef]

Liu, Z.; Lv, W.; Huang, Y.; Fan, B.; Li, Y.; Zhao, Y. Effects of cadmium on lipid metabolism in female estuarine crab, Chiromantes
dehaani. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2016, 188, 9-16. [CrossRef] [PubMed]

Pan, Y.X.; Luo, Z.; Zhuo, M.Q.; Wei, C.C.; Chen, G.H.; Song, Y.F. Oxidative stress and mitochondrial dysfunction mediated
Cd-induced hepatic lipid accumulation in zebrafish Danio rerio. Aquat. Toxicol. 2018, 199, 12-20. [CrossRef] [PubMed]

Qiao, Y.; Wang, J.; Mao, Y.; Liu, M.; Song, X.; Su, Y.; Wang, C.; Zheng, Z. Identification and molecular characterization of Cathepsin
L gene and its expression analysis during early ontogenetic development of kuruma shrimp Marsupenaeus japonicus. Acta
Oceanol. Sin. 2017, 36, 52-60. [CrossRef]

Guo, L,; Li, Z,; Hou, C.; Xu, J. Heat shock protein and cathepsin B genes play important roles in cadmium stress response in
whitefly Bemisia tabaci. Sci. Total Environ. 2026, 1010, 181162. [CrossRef] [PubMed]

Perona, R.; Bés, ].C.; Vallejo, C.G. Degradation of yolk in the brine shrimp Artemia. Biochemical and morphological studies on
the involvement of the lysosomal system. Biol. Cell 1988, 63, 361-366. [CrossRef] [PubMed]

Prozialeck, W.C.; Lamar, P.C. Cadmium (Cd2+) disrupts E-cadherin-dependent cell-cell junctions in MDCK cells. Vitr. Cell. Dev.
Biol. Anim. 1997, 33, 516-526. [CrossRef] [PubMed]

Martinez, M.; Ramo, ].D.; Torreblanca, A.; Pastor, A.; Diaz-Mayans, J. Cadmium toxicity, accumulation and metallothionein
induction in Echinogammarus echinosetosus. J. Environ. Sci. Health Part A 1996, 31, 1605-1617. [CrossRef]

Peng, X.; Lin, J.; Zhu, Y.; Liu, X.; Zhang, Y.; Ji, Y.; Yang, X.; Zhang, Y.; Guo, N.; Li, Q. Cadmium-induced apoptosis in chicken
spleen cells is associated with activation of caspase-3 and caspase-9. Ecotoxicol. Environ. Saf. 2015, 115, 94-102.

Yang, H.; Wang, Z.; Wang, ].; Lv, B.; Wu, Z,; Tian, J.; Yang, ]. Cadmium-induced oxidative stress and transcriptome changes in the
wolf spider Pirata subpiraticus. Sci. Total Environ. 2021, 785, 147364. [CrossRef] [PubMed]

Lin, H.; Wei, Y,; Huang, J.; Lu, Q.; Zhu, S; Qin, J.; Su, S.; He, T. Acute effects of mercury on brine shrimp: First evidence
highlighting the molecular mechanism through integrated transcriptome and metabolomic analysis. Ecotoxicol. Environ. Saf. 2025,
303, 118795. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ toxics14070609


https://doi.org/10.1016/j.chemosphere.2019.01.140
https://www.ncbi.nlm.nih.gov/pubmed/30708158
https://doi.org/10.1007/s40618-014-0145-y
https://www.ncbi.nlm.nih.gov/pubmed/25149082
https://doi.org/10.1007/s10534-005-5670-x
https://www.ncbi.nlm.nih.gov/pubmed/16799861
https://doi.org/10.1007/s10565-015-9310-0
https://www.ncbi.nlm.nih.gov/pubmed/26715392
https://doi.org/10.31018/jans.v10i2.1758
https://doi.org/10.1016/j.crvi.2014.10.005
https://www.ncbi.nlm.nih.gov/pubmed/25528674
https://doi.org/10.1016/j.envpol.2025.126914
https://www.ncbi.nlm.nih.gov/pubmed/40754158
https://doi.org/10.3390/ijms17071144
https://www.ncbi.nlm.nih.gov/pubmed/27428965
https://doi.org/10.1002/neu.10074
https://www.ncbi.nlm.nih.gov/pubmed/12124750
https://doi.org/10.1002/jat.4179
https://www.ncbi.nlm.nih.gov/pubmed/33977565
https://doi.org/10.1016/j.tiv.2019.104686
https://www.ncbi.nlm.nih.gov/pubmed/31614173
https://doi.org/10.1007/s00435-008-0082-4
https://doi.org/10.1016/j.cbpc.2016.06.002
https://www.ncbi.nlm.nih.gov/pubmed/27276547
https://doi.org/10.1016/j.aquatox.2018.03.017
https://www.ncbi.nlm.nih.gov/pubmed/29604498
https://doi.org/10.1007/s13131-017-0983-5
https://doi.org/10.1016/j.scitotenv.2025.181162
https://www.ncbi.nlm.nih.gov/pubmed/41371037
https://doi.org/10.1016/0248-4900(88)90127-x
https://www.ncbi.nlm.nih.gov/pubmed/3224215
https://doi.org/10.1007/s11626-997-0094-2
https://www.ncbi.nlm.nih.gov/pubmed/9282312
https://doi.org/10.1080/10934529609376445
https://doi.org/10.1016/j.scitotenv.2021.147364
https://www.ncbi.nlm.nih.gov/pubmed/33957595
https://doi.org/10.1016/j.ecoenv.2025.118795
https://www.ncbi.nlm.nih.gov/pubmed/40763513
https://doi.org/10.3390/toxics14070609

	Introduction 
	Materials and Methods 
	Maintenance and Treatment of Artemia salina 
	Evaluation of Cadmium Concentration 
	Hatching Test 
	Mortality 
	Growth Test 
	Phenotypic Analyses 
	Oxidative Stress in 5-dph Nauplii 
	Histological Analyses 
	Protein Analysis by SDS-PAGE 
	Real-Time PCR 
	Chemicals and Reagents 
	Statistical Analyses of Data 

	Results 
	Cadmium Concentration in Water and Nauplii 
	Effects of Cadmium on Naupliar Oxidative Stress 
	Effects of Cadmium on Hatching, Mortality and Growth 
	Teratogenic Effects of Cadmium on Nauplii 
	Effects of Cadmium on Lipid Reserve 
	Effects of Cadmium on Gut Epithelium 
	Effects of Cadmium on Protein Pattern and hsp26 and hsp60 Expression 

	Discussion 
	Conclusions 
	References

