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ABSTRACT. Chromium (Cr) is an element present in nature in mineral form. It has a dual effect, both as an
essential micronutrient and a carcinogenic agent depending on its chemical form and concentration. It is present
in various environmental matrices such as water, soil, and air, coming from natural and anthropogenic sources,
and causes harmful effects on biota, ecosystems, and even human beings. This study's objective was to evaluate
chromium toxicity and teratogenicity in zebrafish embryos of Danio rerio exposed to chromium through the D.
rerio teratology assay (DarTA) test by evaluating spine malformations. To this end, the chromium toxicity curve
was calculated from zebrafish embryos exposed to potassium dichromate (K.Cr.O-), and the probit test was
used to establish the mean lethal concentration (LCsg) and three subtoxic concentrations LCgs, LCi25, and LCe 25
to evaluate the teratogenicity. The results showed that potassium dichromate was statistically positive for the
teratogenic effect at the three highest concentrations evaluated. Potassium dichromate exposure causes abnormal
embryonic development and teratogenic effects, including severe heart defects in zebrafish embryos. Therefore,
we conclude that potassium dichromate is toxic to the zebrafish developmental stages. The finding that
potassium dichromate is teratogenic in zebrafish embryos suggests that this metal should be tested and evaluate
potential risk in mammalian systems.
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INTRODUCTION

Chromium (Cr) is considered a hazardous element and
is listed among the eight most common heavy metal
pollutants by the USA Environmental Protection
Agency (USEPA 2010). This element is a group 1
carcinogen classified by the International Agency for
Research on Cancer (IARC 1990). Chromium is a
naturally occurring element found in several environ-
mental matrices (water, soil, and air). It is released to
the environment in its hexavalent form [Cr (V1)], from
natural and anthropogenic sources (Velma et al. 2009),
such as metal processing, tannery facilities, chromate
production, pigments, and batteries (OECD 2004,
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USEPA 2010). The oxidation states range from [Cr
(-1D] to [Cr (+V1)], the most predominant being the
trivalent (111) and hexavalent (V1) stages (Valko et al.
2005, Lushchak et al. 2008, USEPA 2010). Trivalent
state of chromium [Cr (I11)] being a non-toxic form is
not considered as an environmental pollutant, but
hexavalent chromium [Cr (VI)] due to its potential to
be readily absorbed by the cell, is more toxic and is a
matter of concern (WHO 2003, Guertin 2005, Shaw et
al. 2019).

Chromium is frequently used as a chemical model
in ecotoxicological studies and as a reference toxicant
(OECD 2004). Previous studies demonstrated that
chromium could induce histological and morphological
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alterations in organs (Begum et al. 2006, Mishra &
Mohanty 2008), developmental effects (ATSDR 2000),
genotoxicity (Shaw et al. 2019), metabolism alterations
(Begum et al. 2006, Oner et al. 2008), and DNA
damage (Qi et al. 2000, De Lemos et al. 2001, Normann
et al. 2008). To understand the action mechanisms and
toxicological effects of chemical compounds, the
application of biological tests has been widespread
(Bambino & Chu 2016). Biological tests provide
baseline information that can be used to assess the risks
of chemical agents to the body under various exposure
conditions (Rinkwitz et al. 2011, Zada et al. 2014). In
this context, zebrafish Danio rerio provide an ideal
model to study these effects.

Zebrafish has been extensively studied, described,
and used as a model organism in ecotoxicology to
assess the effects of chemicals and their risk to the
environment (Kimmel et al. 1990, Domingues et al.
2010). The zebrafish characteristics, such as external
fertilization, rapid embryonic development (Zhang et
al. 2003, Lieschke & Currie 2007), and optical
transparency, have made it a model of research
allowing to study their morphological endpoints
including developmental (evaluating anomalies and
delays of embryo development) (Hill et al. 2005,
Oliveira et al. 2009, Domingues et al. 2010, Yang et al.
2011, Li et al. 2014, Van Houcke et al. 2015). Their
high sensitivity allows the identification of a potential
hazard. It provides information on the toxic and
teratogenic effects of chemicals (Zhu et al. 2004,
McCollum et al. 2011), being an important tool in risk
prevention (Domingues et al. 2010, Pica-Granados et
al. 2011, Howe et al. 2013). Zebrafish provides
technical and scientific advantages that allow it to be
considered an appropriate model for detecting toxicity
in embryonic development.

In the present study, the D. rerio teratology assay
test (DarTA) (Nagel 2002, Gaytan et al. 2008) was used
to assess the toxicity and zebrafish embryos
teratogenicity. DarTA is a test that evaluates, at
different concentrations, the teratogenic effect of
chemicals during embryonic development, recording
morphological abnormalities such as malformation in
the spine, operculum, fin, and cardiac alterations (yolk
sac edema and pericardial edema) (Nagel 2002, Gaytan
et al. 2008, Weil et al. 2009, Weigt et al. 2010).
Therefore, this study's objective was to evaluate the
toxicity and teratogenicity in zebrafish embryos of D.
rerio exposed to chromium through the DarTA test.

MATERIAL AND METHODS

Bioassay

One hundred fifty zebrafish Danio rerio were
maintained at the Biological Research Center of the

Autonomous University of Hidalgo State, Mexico,
acclimated for two weeks, and kept into a 70-L tank at
a temperature of 27 + 1°C; provided with the optimal
physicochemical conditions for fish development. The
tank was equipped with a 100 w automatic heater and a
10 w Aqualet’® filter with a capacity of 480 L h'
(Rivera 2006). Fishes were kept under 12 h light
photoperiod and 12 h of darkness (Gaytan et al. 2008).
During the maintenance period (3 weeks), they were
fed three times a day with dry food, adding commercial
food flakes (Lomas®) with a raw protein content of
43%, 5% raw fat, 3% raw fiber, and 200 mg kg™
vitamin C. Uneaten food was removed three times a day
to avoid contamination with fungi and protozoa
(Oberamm 2000). Healthy adult male and female fishes
(3:2 ratio, respectively) were placed ina 40 L spawning
tank equipped with a maternity mesh. Forty-eight males
and 32 females were maintained to induce spawning
according to a maximal embryo production method
(Westerfield 2007). The fertilized embryos were
transferred into a clean crystallizer to avoid contami-
nation by adult feces and food remains (Gaytan et al.
2008). The embryos were then staged according to
Kimmel et al. (1995) under a stereoscopic microscope
and removed any unfertilized or dead embryos.

Toxicity test

Potassium dichromate (K.Cr,O7) (JT Baker, CAS
number 7778-50-9) was used as the source of
chromium. Stocks solutions (10 g L) were prepared by
dissolving potassium dichromate in water, and test
solutions were obtained by diluting the stock. Toxicity
tests were designed according to Gaytan et al. (2008).
Ten concentrations of potassium dichromate (0.00625,
0.0125, 0.025, 0.0375, 0.050, 0.0565, 0.0625, 0.075,
0.0875 and 0.1 mg L™) were chosen to evaluate the
toxicity of potassium dichromate, and determine the
mean lethal concentration (LCsp). Three groups of
zebrafish embryos (n = 30) were exposed to each
potassium dichromate concentration. The test ran for 72
h until the embryos hatched, and the percentage of
mortality per concentration were calculated. Mortality
data were analyzed by using the probit test, and the
LCso was established.

Teratogenicity test

In this study, 72 h LCsp of potassium dichromate was
established as the highest experimental concentration to
evaluate teratogenic effects without the toxicity of
potassium dichromate obscuring these effects
(Gonzalez 2005, Rivera 2006, Gaytan et al. 2008).
Median lethal concentration served as a criterion for
selecting three experimental subtoxic concentrations
(LCgzs, LC125, LCé25), which were set up to evaluate the
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potassium dichromate effect on zebrafish embryos
teratogenicity.

Once the LCsp and subtoxic concentrations were
established, the teratogenic effect was evaluated using
the spinal damage biomarker (Gaytan et al. 2008). For
this, 450 embryos were used per concentration at
approximately 2-4 h post-fertilization (hpf); only the
fertilized eggs were selected and distributed in 15 glass
bottles of 125 mL, with 30 embryos per concentration
(Rivera 2006). Each bottle contained 100 mL of
K2Cr207 solution, corresponding to the proximal
concentrations of LCsp, LCzs, LCi25 LCs2s and a
control bottle of 450 embryos in water free of
contaminant. Exposure to the chemical compound
lasted 72 h post-fertilization (hpf) until the embryos
hatched. The observation should be made at the time of
hatching, being more evident in the spine's alterations
at the end of the embryogenesis (Gaytan et al. 2008).
Subsequently, the fish's development was observed
directly in Petri dishes using a stereoscopic microscope
equipped with a 40x auxiliary lens. Two thousand two
hundred and fifty embryos were analyzed, and the
frequencies of malformations were counted and identi-
fying as early and late according to the expression time.

Frequency analysis of malformations

For the evaluation of malformations, we classified the
biomarker of spinal damage, which consists of dividing
the organism's body into three zones to identify the
damage: cephalic, central, and caudal (Fig. 1). The
types of malformations are classified according to time
as early (spiral, caudal spiral, square, hook, and absence
of body) or late (simple, double, multiple, curves,
caudal fin). Morphological alterations at the heart level
were pericardial edema, and yolk sac edema was also
recorded (Gonzalez 2005, Rivera 2006, Gaytan et al.
2008).

Statistical analysis

Probit analysis was used to determine the median lethal
concentration (LCsg), calculated using the probit test, to
analyze the relationship between a stimulus (dose) and
the response (death) (IBM Corp. 2017). An »? test was
carried out on the malformation frequency data to
identify significant differences between treatments, and
a correspondence analysis was carried out to determine
the association between the type of malformations and
the concentrations.

RESULTS

In the present study, zebrafish Danio rerio embryos
were exposed to several concentrations of K.Cr,O7 for

Figure 1. Division of the body of Danio rerio according

to the classification of the vertebral column biomarker.
Photo by M.A. Sanchez-Olivares.

72 h. The percentage of mortality increased as the
concentration of potassium dichromate administrated
increased (Table 1). The probit test calculated LCsp as
0.065 mg L and estimated the 95% confidence limit as
0.056 t0 0.073 mg L. Fromthe LCs0(0.065 mg L), three
teratogenesis experimental subtoxic concentrations
were obtained; LCps (0.047 mg L1, LC125 (0.037 mg
L1, and LCg.5 (0.018 mg L™). According to the y?test,
the concentrations 0.037, 0.047, and 0.065 mg L*
showed significant differences (P < 0.001) concerning
the control group, confirming the teratogenic effect of
the compound (Table 2).

The correspondence analysis explained 85.01% of
the cumulative variance in the first two dimensions; D1
and D2 explained 52.10 and 32.91%, respectively.
Figure 2 details the combination of dimensions 1 and 2,
and four defined groups can be observed. The first
association corresponds to samples LCzs, double, and
multiple. The second, to samples LC125, LCe 25, Simple,
curved, absence of the body, and spiral. The third
association corresponds to samples LCs and hook. The
fourth association corresponds to the square samples,
caudal fin, caudal spiral, and H2O control, due to the
low frequency of these types of malformations asso-
ciated with the control group.

Comparing the expression time, late malformations
expressed during the embryo hatching process were
more frequent than early malformations expressed in
the early stages of embryonic development (Fig. 3).
Potassium dichromate caused an increase in malfor-
mation frequency in zebrafish embryos, showing a
dose-response relationship. Figure 4 shows the types of
early malformations, which are expressed in the early
stages of embryonic development: these are: a) embryo
without malformations, b) hook: the fry has a fold in the
central or caudal area giving a hook-like appearance,
c) spiral: a spiral twist in the body of the fry, d) spiral
flow: a twist in the flow zone, e) square: a lateral or
dorsal double in the central zone, at an angle of 90°,
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Table 1. Dose-response values were obtained from a 72-days test with zebrafish Danio rerio embryos exposed to different
concentrations of potassium dichromate. n: number of embryos, SD: standard deviation.

Concentration

Mortality

(mg L) n  Mortality % Mean + SD
0.1 90 88 93.33 29.67 £12.5
0.0875 90 78 82.22 27.67 £13.32
0.075 90 63 65.56 22.67 +10.97
0.0625 90 49 50.00 16.33+£14.74
0.0565 90 48 48.89 16.00 £ 12
0.05 90 42 42.22 14.00 £ 13.75
0.0375 90 45 45.56 15.33+9.61
0.025 90 36 35.56 12.00+9
0.0125 90 24 22.22 8.00£9.14
0.00625 90 14 11.11 4.67 £7.23
Control 90 4 4.44 1.33+£2.31

Table 2. Frequency of malformations observed in treatments with potassium dichromate. n: number of embryos; SD:
standard deviation; H: hook, Sp: spiral, CS: caudal spiral, Sq: square, Abs: absence of body, S: simple, D: double, M:
multiple, C: curve, CF: caudal fin. *y?test corrected by X;*!; (+) positive.

Concentration

Malformations in the spine

1 n Mean+ SD Early Late
(mg Lo H Sp CS Sq As S D M ¢ cF 'oul
LCso (0.065)* 450 84+79 12+ 3+ 1+ 1+ 7+ 21+ 3+ 5+ 21+ O 74+
LCys (0.047)* 450 7.1x7.2 0 2+ O 0 4+ 17+ 7+ 14+ 17+ O 61+
LCi25 (0.037)* 450 35+28 2+ 0 0 0 2+ 7+ 3+ 5+ 6+ 0 24+
LCs.25 (0.018) 450 16+28 o 1 0 o0 1 9 0 2 3 0 16
Control H,O 450 0 0o 0 0 0 O 0 0 O 0 0 0
Total type of malformations 14 6 1 1 14 54 13 26 47 0 175

f) absence of body: the fry lacks some part of the body
and is still alive.

Figure 5 shows the types of late malformations that
are expressed during the embryo hatching process: a)
no malformation: a healthy fry is observed, b) simple:
the fry has a fold, either lateral or dorsal, ¢) doubles: the
fry has two folds, either lateral or dorsal, in different
areas of the body, d) multiple: the fry has three or more
folds in different areas of the body, either lateral or
dorsal, e) curves: the fry has a lateral curvature, which
causes the fry to swim in a circle, f) caudal fin: the fry
has a small fold in the caudal fin.

DISCUSSION

This research evaluated the toxicity and teratogenicity
of chromium in zebrafish (Danio rerio). Embryos
mortality was dependent on the potassium dichromate
concentrations, indicating that potassium dichromate
has a lethal effect on zebrafish embryos. The 72 h LCso
value in this experiment was 0.065 mg L. According

to the main test results, embryos exposed to 0.018 and
0.047 mg L presenting five and six types of spine
malformations, respectively. Embryos exposed to
0.047 and 0.065 mg L, showing six to nine types of
spine malformations, and presented a high incidence of
pericardial and yolk sac edemas.

In this study, potassium dichromate is associated
with damage in the spine and skeletal system of
zebrafish embryos. Following Sfakianakis et al. (2006),
some of the most common deformities can be located
in the vertebral column. Among the malformations
induced in zebrafish embryos exposed to potassium
dichromate include spinal curvature and skeletal
deformities being the most pronounced. In the early
embryonic development stages (early malformations),
the first contact with the potassium dichromate showed
severe malformations such as hook, spiral, caudal
spiral, square, and body absence. The presence of this
type of abnormalities occurs between the cephalic and
central zones, compromising the survival of the
embryos; in contrast to malformations occurring in the
late stages of embryonic development (late malformations)
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extended exposure periods that induce more severe
abnormalities, corroborating this study's findings.
Jezierska et al. (2009) mention that the initial
embryonic development period after fertilization is the
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0.5 mm

Figure 4. Early malformations in zebrafish (Danio rerio) embryos. PO: pericardial edema, YSO: yolk sac edema,
C: cyclops. a) Embryo with normal development, b) hook malformation with yolk sac edema, c) spiral malformation with
yolk sac edema, d) spiral malformation with pericardial edema, e) squadron malformation with pericardial edema cyclops
and absence of fins, f) absence of body malformation with pericardial edema and edema of the yolk sac.

most sensitive to metal exposure. Metals affect the
embryos causing alterations during the organogenesis
stage, inducing different malformations and mortality
in embryos.

The malformations recorded in this study were
reported in other studies using different chemical
compounds such as mercury chloride (HgCly)
(Gonzalez 2005, Rivera 2006, Gaytan et al. 2008), and
non-steroidal  anti-inflammatory drugs (NAIDS)
(Rodriguez-Anaya 2016). Our findings demonstrated
that Cr (VI) caused damage in the spine and skeletal
system in zebrafish embryos in the present study. In
contrast, Gad (2014) established that chromium is a
potent teratogen and primarily affecting the bone
formation and Coban et al. (2013) suggest that Cr (VI)
increases deformities in fish tissue. These effects and
the anomalies observed can be attributed to inhibition
of DNA synthesis as a result of excessive levels of
chromium (Kusch et al. 2007, Boglione et al. 2013,

Sfakianakis et al. 2015), causing dysregulation of
matrix metalloproteinases (MMPs) (Hillegas et al.
2008), which are critical for normal zebrafish
embryonic development.

In addition to spine malformations, pericardial
edema and yolk sac edema were common
malformations in zebrafish embryos exposed to
potassium dichromate. This aspect is of particular
interest. It is a piece of clear evidence that potassium
dichromate can affect the heart development of
zebrafish embryos. Many studies in zebrafish have
been reported that pericardial edema and yolk sac
edema are common malformations in embryos exposed
to different toxicants (Hill et al. 2005, Raldua et al.
2008, Ghobadian et al. 2015). Chemical compounds
can decrease zebrafish embryos' heartbeats and cause
pericardial edema (Yu et al. 2011). These edemas are
often associated with leaks in the endothelial vessels
and usually result in cardio-vascular dysfunctions
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Figure 5. Late malformations in zebrafish Danio rerio embryos. PO: pericardial edema, YSO: yolk sac edema. a) Embryo
with normal development, b) single malformation, ¢) double malformation with yolk sac edema and pericardial edema,
d) multiple malformations with pericardial edema, €) curved malformation, f) malformation in fin with yolk sac edema.

(Hallare et al. 2005). The yolk sac's abnormal develop-
ment is likely to result in an impaired nutritional supply
of zebrafish embryos (Raldia et al. 2008). These
deformities in evaluating teratogenic effects represent
an association since they usually occur in these studies
of exposure to contaminants.

CONCLUSIONS

The effects of chromium on zebrafish Danio rerio
embryos were assessed using the DarTA test. This
study demonstrated that chromium exposure causes
abnormal embryonic development and teratogenic
effects, including severe heart defects in zebrafish
embryos. Therefore, we conclude that potassium
dichromate is toxic to the developmental stages of
zebrafish. The finding that potassium dichromate is
teratogenic in zebrafish embryos suggests that this
metal should be tested and evaluate potential risk in
mammalian systems. The present study results enriched
our knowledge of potassium dichromate's influence on

zebrafish embryonic development and provided the
opportunity to understand chromium's mechanism of
action. At the same time, this information may be taken
into account in the development or modification of
environmental strategies considering that heavy metals
may appear in different environmental matrices from
different sources and may cause adverse effects, as
presented in this research.
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