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Abstract Amoxicillin (AMX) is an antibiotic that has
been added to the watch list of substances by the Euro-
pean Union, through the Water Framework Directive
(WFD; 2000/60/EC) and its daughter regulation (Deci-
sion 2018/840) for which monitoring data have to be
gathered with a possibility for future regulation. Previ-
ous studies have demonstrated that this antibiotic gen-
erates toxic effects, among which oxidative stress in
aquatic organisms is noteworthy. The aim of this study
was to evaluate the effect on embryonic development
and the teratogenic effects induced by AMX at environ-
mentally relevant concentrations in oocytes and embry-
os of Danio rerio. Furthermore, oxidative stress bio-
markers were evaluated at 72 and 96 hpf. The LCs,
was 14.192 ugL_l, EC5o was 7.083 ugL_l, and TI was
2.003. Biomarkers of cellular oxidation and antioxidant
enzymes were modified in a concentration-dependent
way with respect to the control group (p<0.05). The
main malformations identified were tail malformation,
pericardial edema, yolk sac malformation, scoliosis,
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pectoral fin absence, and no hatching. The results allow
us to conclude that AMX at environmentally relevant
concentrations is capable of inducing embryotoxic and
teratogenic effects and oxidative damage. This com-
pound represents a risk to aquatic organisms such as
Danio rerio.
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1 Introduction

In the last few years, there has been growing
concern about the release of organic compounds
of anthropogenic origin, known as emerging or-
ganic contaminants (EOCs), to the environment.
These EOCs include a diverse group of thousands
of chemical compounds, such as pharmaceuticals
and personal care products (PPCPs), pesticides,
hormones, surfactants, flame retardants, plasti-
cizers, and industrial additives. Metabolites and
intermediate degradation products of parent com-
pounds are also included (Farré et al., 2008).

The major concern about these compounds is their
impact on the water sources. In the case of pharmaceu-
ticals, even very low amounts can exhibit undesirable
effects in nontarget species. This is especially true for
pharmacological classes such as antibiotics and hor-
mones (Naidu et al., 2016).
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Antibiotics are widely used for human and veterinary
therapies, but in recent decades they have been used in
ever-increasing quantities (Danner et al., 2019; Wang
et al., 2020). According to a recent World Health Orga-
nization (WHO) study, the overall consumption of anti-
biotics ranged from 4.4 to 64.4 defined daily doses
(DDD) per 1000 inhabitants per day. In most countries
amoxicillin (AMX) and amoxicillin/clavulanic acid
were the most frequently consumed antibiotics (WHO,
2018). Despite their benefits, antibiotics have been re-
cently recognized as environmental pollutants in aquatic
environments, due to their potential adverse effects on
ecosystem and human health (Manaia, 2017; Wang
et al., 2020).

Among the antibiotics, AMX is widely consumed
worldwide, approximately 29.4% of total DDD in the
region of the Americas (WHO, 2018). It is a semisyn-
thetic penicillin class (3-lactam antibiotics) drug used in
the treatment and prevention of bacterial respiratory,
gastrointestinal, urinary, and skin infections in humans
and animals (Bush, 2003; Rao et al., 2011).

During its metabolization, it is excreted 80-90%
unchanged from the human body (Hirsch et al., 1998).
With its high recommended daily dose (750-2250 mg
day ") and its resistance to changes in forms during
excretion, amoxicillin is expected to be in greater pro-
portion than other PPCPs in the municipal wastewater,
in terms of both levels and frequency (Mutiyar & Mittal,
2013).

The presence of AMX in the environment, es-
pecially in surface waters, rivers, hospital waste-
water, effluents from waste stabilization ponds,
freshwaters, urban wastewater, and drinking water,
has been identified in many countries around the
world in continents such as Europe, Africa, and
Oceania. The identified concentrations of this an-
tibiotic range from 0.000001 to 11.99 (ugL™).
These findings confirm the ubiquitous presence of
this antibiotic in water bodies around the world
(Table 1).

It is well known that the metabolism of AMX has two
major products: amoxicilloic acid and amoxicillin piper-
azine-2,5-dione (DIKETO). These compounds do not
display antibiotic activity; however, the amoxicilloic
acid could have potential allergic properties (Reyns
et al., 2008).

AMX has only recently been included in the
European Union watch list (through the Water
Framework Directive (WFD; 2000/60/EC) and its
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daughter regulation (Decision 2018/840)) as a tar-
get compound for monitoring its risk to the aquatic
environment (Loos et al., 2018). The importance
of their inclusion lies in the fact that it has been
identified as a substance potentially harmful for
the aquatic environment but for which monitoring
data has not been sufficient to establish their en-
vironmental risk.

Growth inhibition measurements on algae have
shown the high sensitivity of these organisms to antibi-
otics with low NOEC, measured at 3.1 ugL_1 for
clarithromycin (Yamashita et al., 2006) and at 0.78
ugLfl for amoxicillin (Andreozzi et al., 2004).

Detrimental effects on nontarget organisms, in-
cluding humans and plants, have also been ob-
served (Gomes et al., 2019; Lawrence et al.,
1996; Lowes et al., 2009), and aquatic ecosystems
are particularly prone to the toxic effects of anti-
biotics. AMX was toxic (through mortality) to
Tilapia nilotica fish and to Culex pipiens mosquito
larvae at concentrations up to 10 pugL ™' (Yasser &
Nabila, 2015).

Previous studies in our research group demon-
strate that the AMX generate oxidative stress,
genotoxicity, and cytotoxicity in Cyprinus carpio
(Elizalde-Velazquez et al., 2017; Orozco-
Hernandez et al., 2019). Our hypothesis that the
AMX is capable to induce alterations to embryonic
development and teratogenicity in D. rerio is sup-
ported by oxidative stress involved in the etiology
of defective embryo development (Guérin et al.,
2001).

Zebrafish embryos have been used for the eco-
toxicological assessment of metals, agrochemicals,
and pharmaceuticals, among other chemicals. Sev-
eral studies suggested that fish embryo toxicity
(FET) tests with zebrafish are as sensitive as a
toxicity test with adult fish (Lammer et al.,
2009). Many advantages of FET can be listed:
usage of a low volume of test solutions and,
consequently, low volume of wastes; test organ-
isms are easily obtained; and in a short period of
time, mortality and developmental responses are
assessed (de Oliveira et al., 2020).

The objective of this study was to evaluate the
effect on embryonic development, teratogenic ef-
fects, and oxidative damage induced by AMX at
environmentally relevant concentrations in oocytes
and embryos of Danio rerio.
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Table 1 Occurrence of AMX in different types of effluents and substrates in water bodies

Country  Water bodies Concentrations References
(ngl™
Ghana  Hospital wastewater and effluents from waste 0.003 Azanu et al. (2018)
stabilization ponds
France  River 0.068 Dinh et al. (2011)
UK Surface waters 0.039-0.245 Kasprzyk-Hordem et al. (2008)
Australia 0.2 Watkinson et al. (2009); Fatta-Kassinos et al.
(2011)
Brazil River 0.127 Kim et al. (2018)
Surface waters 0.017 Locatelli et al. (2011)
Tanzania Hospital wastewater, urban wastewater, freshwaters 11.99 Kaseva et al. (2008); Ebele et al. (2017)
Italy Wastewater treatment plants 0.0018-0.12 Andreozzi et al. (2004); Castiglioni et al.
(2005)
0.622 Zuccato et al. (2010)
Australia 0.03 and 0.05 Watkinson et al. (2007); Watkinson et al.
(2009)
Malaysia Drinking water 0.000001 Praveena et al. (2019)
Australia Hospital effluents and urban wastewater 0.9 and 1.67 Kasprzyk-Hordem et al. (2008)

2 Material and Methods
2.1 Test Substance

Amoxicillin trihydrate (6-[2-amino-2-(4-
hydroxyphenyl)-acetyl]amino-3,3-dimethyl-7-oxo0-4-
thia-1-azabicyclo[3.2.0]heptane-2-carboxylic acid
trihydrate) utilized in the study was purchased from
Tokyo Chemical Industry Co., Ltd. The purity of the
standard was 98%, C,¢H;9N305S-3H,0, with a molec-
ular weight of 365.40 (CAS number 61336-70-7).

2.2 Zebrafish Maintenance and Breeding

Wild-type 4-month-old zebrafish specimens (0.95 +
0.2 g in weight and 3.95 = 0.5 cm in length) free of
infection and disease symptoms were acquired from a
local fish farmer (Aquanimals, MX) following the re-
quirements cited in the Test Guideline No. 203 Fish,
Acute Toxicity Testing (OECD 2013). Fish were kept in
120-L vessels (loading capacity of 1 L of water per fish)
for 30 days prior the experiments with dechlorinated tap
water at 26 + 2 °C, pH ranging between 7.2 and 7.6,
oxygen saturation above 80%, and natural photoperiods
of 12-h dark and 12-h light. Specimens were fed with
commercial flake food (Tetramin®) two times a day
according to methodologies in Test Guideline No. 203

Fish, Acute Toxicity Testing (OECD 2013). After the
acclimation period, the breeding fish were separated by
sex and kept in separate tanks (that maintained the same
characteristics as the acclimation tanks for 1 week prior
to the mating of males and females, during which time
the brood zebrafish were fed with Tetramin® and sup-
plemented with Artemia sp. three times a day).

2.3 Collection of Eggs

For the production of eggs, three males and six
females (with visible gravity) of size 4—4.5 cm were
transferred from the stock population of breeding
fish the evening before an experiment. The organ-
isms were placed in breeding traps (4 x 4 mm mesh)
in separate tanks. For this purpose, the tanks
contained 12 L of water aerated, dechlorinated, and
reconstituted with commercial salts Instant Ocean®
at 9 mg L' On the morning of the next day, the
eggs were collected from the bottom of the tank
using a 2-mm-diameter plastic Pasteur pipette. The
eggs were washed with saline solution and observed
using a stereomicroscope. The eggs selected for the
study were in the middle blast stage and used im-
mediately for embryolethality and teratogenesis tests
(Beekhuijzen et al., 2015).
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2.4 Embryo AMX Exposure

To evaluate the AMX toxicity to embryonic develop-
ment alterations and teratogenic effects, the guidelines
established by the OECD were followed in their test
guideline Test No. 236: Fish Embryo Acute Toxicity
(FET) Test, 2013. Thirty embryos per triplicate were
randomly placed in environmentally relevant concentra-
tions (0.039, 1.746, 3.453, 5.160, 6.868, 8.575, 10.282,
and 11.990 pgL™") and in a control system (drug-free).
Exposures were performed in 24-well plates using 2 mL
of drug solution, and medium was not exchanged during
the experiment. Dead embryos, identified as coagulated
eggs or heart beating absence, were removed every 24 h.
The plates were maintained at a temperature of 27 + 1
°C and during natural photoperiods of 12-h dark and 12-
h light. At 96 hpf, surviving and dead embryos were
counted, and percentage of mortality calculated. Per-
centages were used to establish a dose-mortality curve
and to calculate median lethal concentration (LCsg). For
the embryolethality and teratogenesis tests, the experi-
ments were replicated in triplicate.

2.5 Embryo Survival Test

At 4-h post fertilization (hpf), embryos were randomly
assigned and placed in 24-well plates for each concen-
tration used. The concentrations of AMX used were
environmentally relevant considering the reported in
wastewater treatment plants, surface waters, rivers, and
urban wastewater lakes. The concentrations used were
0.039, 1.746, 3.453, 5.160, 6.868, 8.575, 10.282, and
11.990 ugL™'. For each concentration, 30 eggs were
placed in each well, and the experiment was performed
in triplicate (total=90 eggs). In addition, 30 embryos
were used as a control for each replica of the experiment
(total=90 eggs). After 96 hpf, the live, dead, and mal-
formed embryos were counted. Lethal concentration 50
(LCso) and effective concentration of malformation
(ECsom) were calculated. With the data obtained, a
figure was made to determine the rate of live and mal-
formed organisms.

2.6 Evaluation of Developmental Effects
Embryonic development was examined at selected time
points, namely 12, 24, 48, 72, and 96 hpf, and morpho-

logical characteristics of the embryos were evaluated
using a stereomicroscope. This evaluation was
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performed in each organism when compared with the
reference embryo, according to Kimmel et al., (1995).
Each embryo received a score for each of the factors to
be evaluated, which are the following: tail development,
eye development, somite formation, movement, heart-
beat, blood circulation, head-body pigmentation, tail
pigmentation, appearance of pectoral fin, buccal bump,
and hatching. For each abnormality or delay presented
in any of the characteristics to be evaluated, one unit was
subtracted from the score (Hermsen et al., 2011). Six
different categories of abnormalities were recorded in-
cluding pericardial edema, yolk sac malformation, tail
malformation, scoliosis, pectoral fin absence, and no
hatching. Those most representative deformities were
photographed for later description.

2.7 Calculating of the Teratogenicity Index (TT)

To characterize the teratogenic potential of the test sub-
stance (AMX), the teratogenicity index (TI) which was
defined as the quotient of LCsy and ECsg, was calcu-
lated. If the TI was > 1, AMX was considered as
teratogenic and if it was < 1 as embryolethal, according
to criteria of Weigt et al. (2011).

2.8 Evaluation of Oxidative Stress

One gram of Danio rerio eggs were exposed to AMX
environmentally relevant concentrations (0.039, 1.746,
3.453, 5.160, 6.868, 8.575, 10.282, and 11.990 pgL™)
in systems prepared using six liters of water added with
the antibiotic and a control. After 72 and 96 h, the
embryos were homogenized in 1.5 mL of phosphate
buffer (PBS) at pH 7.4. Samples were centrifuged at
15,000 g for 15 min at 4 °C. Cell oxidation biomarkers
were determined: lipoperoxidation level (Buege & Aust,
1978), hydroperoxide content (Jiang et al., 1992), and
activity of antioxidant enzymes superoxide dismutase
(Misra & Fridovich, 1972) and catalase (Radi et al.,
1991). The experiments were replicated fivefold.

2.9 Statistical Analyses

For the embryolethality test, embryos were quantified at
each concentration. After 96 hpf, the live, dead, and
malformed embryos were counted and a maximum like-
lihood linear regression analysis was performed to cal-
culate lethal concentration 50 (LCsg) and effective con-
centration of malformation (ECsg,,) with their 95%
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confidence intervals (p<0.05). The Spearman-Karber
method trimmed was used (US-EPA software ver 1.5).
With the data obtained, a figure was made to determine
the rate of live and malformed organisms (Fig. 2) (IBM
SPSS Statics 26).

Embryotoxicity and teratogenicity were analyzed
using one-way analysis of variance (ANOVA), follow-
ed by Fisher’s LSD test. Significance was accepted
when p < 0.05, using StatPlus 6.2.2.0. The validity
criteria used in this study were principal two: the first
was that the fertilization rate was > 90%, and the second
was that the test was considered valid if the control
groups showed no > 10% of lethal teratogenic effects
at 96 hpf.

Oxidative stress biomarkers were examined using
one-way analysis of variance (ANOVA), followed by
Fisher’s LSD test with 95% confidence limit, to deter-
mine differences between means. StatPlus 6.2.2.0 was
used.

3 Results

3.1 Embryolethality and Teratogenicity Data Induced
by AMX

Table 1 shows the data on the percentages of mortality
and malformations of the D. rerio embryos exposed to
the different environmentally relevant concentrations of
AMX. The number of dead and malformed embryos
increases proportionally with the increase in concentra-
tion. The LCs, value was 14.192 pg L™" with confidence
intervals to 95% of [10.902-28.897] and the ECsq,,, was
7.083 ug L™ with confidence intervals to 95% [5.051—
8.658]. With these data the teratogenic index that was
2.003 was calculated. Weigt et al. (2011) established that
if the TI of a given substance is greater than 1, the
substance is teratogenic and if the TI is below 1, the
substance produces mainly embryolethal effects. Accord-
ing to these criteria, AMX was classified as teratogenic.

Figure 1 shows mortality increase for concentrations
from 0.039 to 11.990 ugL ™', reaching 26.7% and
58.9%, respectively. Mortality was identified by embry-
onic coagulation and a missing heartbeat.

In addition, Fig. 2 indicates that as the concentration
of AMX increases, the malformation rate also increases
while the survival rate decreases. Malformations were
observed in all the treatment groups during the exposure

70

50 -

40 -

Mortality (%)

30

20

10 I I I ]
0.000 2.000 4.000 6.000 8.000 10.000

Concentration (pugL™")
Fig. 1 Mortality of zebrafish embryos exposed to AMX

period in concentration-dependent relation. Some em-
bryos survived even with malformations.

In Fig. 3, normal, dead, and malformed embryos are
observed in each AMX concentration used in the exper-
iment. From the concentration of 0.039 pgL ™" to 3.453
ugL™" and from 5.160 to 8.575 ugL™', the embryos
presented a similar number of malformations. The num-
ber of normal embryos decreased proportionally as the
concentration of AMX. These data are consistent with
Fig. 5, where we can observe that at the highest AMX
concentration, a higher number of teratogenic alterations
were observed.

3.2 Malformations of D. rerio Embryos Exposed
to AMX

Figure 4 shows the averages of the scores obtained by
the embryos of D. rerio in each of the proven concen-
trations of AMX. The highest score obtained was in the

~~~~~ Survivalrate  --»- Malformation rate
0.039 pgL!
80
70
11.990 pgL! 60, 1.746 pgl!
F IS 30 ™
< E o)
e /40
74 30,
;2
] 10
10282 pel! & ¢ 0 » 3.453 pgL?
k kY
v":
N Wl 4':
g
8.575 pgL! 5.16 pgL!
6.868 pgL!

Fig. 2 Survival and malformation rate of zebrafish embryos ex-
posed to AMX
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Fig. 3 Effects on zebrafish embryos exposed to different AMX
concentrations

control since embryo development was normal. As the
AMX concentrations increased, the score decreased due
to all developmental alterations and teratogenic effects
observed (p<0.05). All decreases were statistically sig-
nificant with respect to the control score and at all
exposure times.

Figure 5 illustrates the frequency of the teratogenic
alterations observed in the embryos and larvae of
D. rerio exposed to the different proportions of the
industrial effluent. The most frequent were tail malfor-
mation, pericardial edema, yolk sac malformation, sco-
liosis, pectoral fin absence, and no hatching (Table 2).
The highest concentrations of AMX 10.282 pgL ™" and
11.990 gL' showed approximately 30-31% pectoral
fin absence and 37-39% no hatching. In contrast, the
lower concentrations of AMX 0.039 pgL™" and 1.746
ugL ™" showed approximately 7-10% pectoral fin ab-
sence and 14-16% no hatching.
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Exposure time (hpf)

Fig. 4 Concentration-response curves of AMX in Danio rerio
embryos
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3.3 Oxidative Damage and Antioxidant Defenses
Induced by AMX in D. rerio Embryos

Figures 6 and 7 show the biomarkers of cell oxidation
and antioxidation at 72 and 96 hpf. As can be seen, the
values of all biomarkers were increased with respect to
the control group and the exposure time in a statistically
significant manner and concentration dependent in
D. rerio embryos. Increases of up to approximately
88% (at 72 hpf) and 58% (at 96 hpf) were observed
for the hydroperoxides content (HPC) and 48% (at 72
hpf) and 49% (at 96 hpf) for the lipoperoxidation level
(LPX) with respect to the control groups (p<0.05). In the
case of antioxidant activity, increases of up to 105% (at
72 hpf) and 153% (at 96 hpf) and 541% (at 72 hpf) and
180% (at 96 hpf) were observed in the activities of the
superoxide dismutase (SOD) and catalase (CAT) en-
zymes relative to the control group (p<0.05). These
increases were time and concentration dependent in all
cases.

4 Discussion

Antibiotics are biologically active and can inhibit the
synthesis of proteins, nucleic acids, and cell walls
(Faghih et al., 2017; Ma et al., 2016) and can also inhibit
DNA replication and cell division (Sass & Brotz-
Oesterhelt, 2013; van Eijk et al., 2017). Antibiotics are
not completely removed after wastewater sewage treat-
ment, and therefore aquatic environments are continu-
ously exposed (Sinthuchai et al., 2016; Straub et al.,
2012). Low concentrations of antibiotics cause nontar-
get toxicity to aquatic organisms, but the effects in fish
are less often reported than in microorganisms (Fent
et al., 2006; Santos et al., 2010).

In the aquatic environment, few studies have reported
the effects of AMX in fish, probably because it is not
described as highly toxic in scientific literature (AMX
96h-LCso = 1000 mgL ™" for Oryzias latipes according
to Park and Choi (2008)). In a study made by Oliveira
et al. (2013), AMX caused premature hatching (48h-
ECso = 132.4 mgL™") and embryos of zebrafish present-
ed abnormal development. The most frequent
malformations were edemas and tail deformities. Al-
though acute toxicity studies show that lethal concen-
trations of AMX in nontarget species are higher than
1000 mg L' such as Daphnia magna, Moina
macrocopa, and Oryzias latipes (Kim et al., 2007,
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Fig, 5 Teratogenic 50.039 pgl-1 1.746 ngL-1 3.453 pgl-1 m5.160 pgl-1
malformations induced by m6.868 pgl-1 m8.575 pgl-1 m10.282 pgl-1 m11.990 pgl-1
exposure to AMX concentrations

Do rerio emorys No hching .

Pectoral fin absence

Scoliosis I I.

Yolk sac malformation I-

Pericardial edema Il

Tail malformation F I-

Park & Choi, 2008). There are some studies that refer
that this antibiotic can cause acute toxicity at lower
concentrations such as Synechococcus leopoliensis
(1.56 ugL™") (Busto et al., 2020) and Spirodela
polyrhiza (0.089 ugL™) (Singh et al., 2018). This was
one of the reasons why we decided to work with rele-
vant amoxicillin concentrations (0.039 to 11.990 ugL_l)
since these are present in bodies of water and these are
the indication of the presence of this antibiotic in the
world. Our study shows that exposure to AMX for 96 h
induces pectoral fin absence and no hatching (ECs,, =
7.083 pgL ™), like most frequent malformations. One of
the possible reasons for the disparity in EC50m found

0 50 100 150 200
Number of malformations

between Oliveira’s study and our results is that AMX
may have a hormesis effect. Some human and veterinary
antibiotics are capable of inducing hormesis in plants
(Agathokleous et al., 2018). Also the results obtained in
our study could be related to the ability of AMX at
concentrations of 0.039 and 1.67 ugL™' to induce
genotoxic and cytotoxic effects in species such as
Cyprinus carpio, since these effects are often related to
embryotoxic and teratogenic effects (Orozco-Hernandez
et al., 2019).

The above findings make it evident that literature
studies on the effect of AMX on aquatic flora and fauna
are scarce, in addition to the fact that there are significant

Table 2 Mortality and malformation data in embryos of Danio rerio exposed to AMX

AMX concentration Number of embryos exposed Mortality Malformations

(ngL™h (%) (%)

0 90 0 0

0.039 90 26.7 28.9

1.746 90 289 35.6

3.453 90 31.1 47.8

5.160 90 37.8 55.6

6.868 90 46.7 60.0

8.575 90 50.0 68.9

10.282 90 52.2 77.8

11.990 90 58.9 81.1
LCso = 14.192 ECso = 7.083
CI=[10.902-28.897] CI=[5.051-8.658]
TI=2.003
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Fig. 6 Cell oxidative biomarkers, hydroperoxide content (HPC), and lipid peroxidation (LPX) in Danio rerio embryos exposed to AMX

differences using different bioindicators and endpoints
of evaluation, so it is necessary to conduct further stud-
ies to clarify the toxic effects and mechanisms of action
of this antibiotic.

Inhibition hatching was already described to kana-
mycin and a mixture of (3-diketone antibiotics (Song
etal., 2010; Wang et al., 2013). The hatching process is
based on a combination of chemical, osmotic, and me-
chanical (muscular) mechanism (Denucé, 1985;
Yamagami, 1981). Different toxic mechanisms could
justify hatching delay in fish embryos, resulting from
inhibition of the hatching enzyme chorionase, osmotic
disturbances interfering with the activity of the hatching
enzyme, and/or inability of the emerging larvae to break
the egg shell (Dave & Xiu, 1991; Hallare et al., 2005).

Other malformations observed were tail malforma-
tion, pericardial edema, yolk sac malformation, and
scoliosis.

25

SOD (UI/mg protein)

Time (hpf)

In zebrafish, the heart is the first organ to develop and
function; hence, it appears to be a primary target for
developmental toxicity. The occurrence of pericardial
edema is an indicator of abnormal cardiac development
(Hill et al., 2005). Pericardial edema may also be an
indicator of osmotic or metabolic dysfunction (Hill
et al., 2004). Some results suggest that yolk sac edema
can inhibit the supply of nutrients to the heart, resulting
in pericardial edema (Mu et al., 2013). In a study con-
ducted by Chowdhury et al. (2020), AMX was able to
reduce zebrafish body length and alter the yolk sac by
increasing its length and decreasing its height.

Spine deformities (such as scoliosis) might be the
consequence of dysregulated Wnt signaling or de-
creased collagen in the spine column (Celik et al.,
2012). Spine deformities might also be linked to calcium
and phosphorus ion depletion or deregulation, which are
necessary for the normal development of zebrafish
(Muramoto, 1981).

® control ®0.039 pgL-1 ®1.746 pgL-1 = 3.453 ugl-1 ®5.160 pgL-1
56868 ugl-1 W8575pgl-1 ®10.282 pglL-1m11.990 pgl-1
1800
*
1600
1400
1200
1000
800

600 |

CAT (mM H,0,/mg protein)

400

200

0

Time (hpf)

Fig. 7 Activity of antioxidant enzymes, superoxide dismutase (SOD), and catalase (CAT) in Danio rerio embryos exposed to AMX
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In summary, these results demonstrate that AMX
interferes with the normal development. It could be
because AMX by acting as a hapten, leads to the acti-
vation of T-cell clones against penicillin-specific immu-
noglobulins, which bind to AMX antigens forming
complexes that activate the immunoallergic response
(Aldini et al., 2006, 2008; Kormoczi et al., 2001; Oettl
& Stauber, 2007). Immune cell function is related to
reactive oxygen species (ROS) production, but exces-
sive amounts of ROS can become a source of tissue
damage by attacking different cellular components and
causing cell death by oxidative stress (Aderem &
Underhill, 1999).

Teratogenic effects on the spine, tail, yolk sac,
and heart were observed at concentrations lower than
those causing lethality, indicating that AMX is a
teratogen.

Several bactericidal agents, such as [3-lactams, quin-
olones, and aminoglycosides, can induce ROS genera-
tion, which are highly damaging molecules that can
inhibit most functions of oxygen-respiring cells
(Kohanski et al., 2010).

The generation of oxidative stress induced by AMX,
demonstrated by some authors, can alter the integrity of
biomolecules such as lipids, proteins, and DNA, as well
as being associated with disorders in organisms which
could affect fertility, health, and the life cycle of fish, as
has been demonstrated by Theodorakis et al. (2000), and
provoking genotoxicity (Anlas & Ustuner, 2016) and
cytotoxicity.

There is evidence that oxygen plays a key role in the
metabolism of embryos and is critical in early embry-
onic development. Reactive oxygen species (ROS) have
vital signaling functions and intervene in numerous
physiological processes in the developing organism.
During embryogenesis, ROS control cell division and
the maturing of oocytes as well as the implantation and
formation of blastocysts. When ROS are not duly regu-
lated, they tend to generate oxidative stress and conse-
quently embryotoxicity. Therefore, the antioxidant de-
fense plays a vital role in the protection of organisms in
formation, since pro-oxidant agents could elevate the
concentration of ROS and induce oxidative damage in
oocytes, mitochondrial alterations, depletion of the ATP
content, DNA damage, lipoperoxidation, apoptosis,
and/or a delay in the entire embryonic development
process (Paskova et al., 2011).

In this study, we corroborated that AMX can induce
oxidative stress in zebrafish embryos in a concentration-

dependent manner. Moreover, at 72 and 96 hpf, this
antibiotic at all concentrations tested was capable to
increase the level of cell oxidative biomarkers (LPX
and HPC) with respect to the control group (p<0.05).

In 2007, a novel mechanism was proposed whereby
bactericidal antibiotics (such as [3-lactam) induce bacte-
rial cell death. This mechanism involves the production
of hydroxyl radicals and was reported to depend on
metabolism-related NADH depletion, the tricarboxylic
acid (TCA) cycle, the electron transport chain, damage
of iron sulfur clusters in proteins, and stimulation of the
Fenton reaction (Dwyer et al., 2007; Kohanski et al.,
2007).

Reactive oxygen species (ROS) play a significant
role in embryonic development. ROS modulate signal-
ing pathways that promote differentiation, proliferation,
and apoptosis (Dennery, 2007). Excess ROS lead to
oxidative stress and the perturbation of redox-sensitive
signaling pathways, some of which are associated with
dysmorphogenesis (Ozolins & Hales, 1997). During
mid-organogenesis, a period when the embryo is under-
going rapid cellular growth and differentiation leading
to major structural changes, ROS may play an important
role in mediating teratogenic insult (Schlisser et al.,
2010).

ROS contributes to embryonic maldevelopment by
modifying redox-sensitive signaling pathways critical to
development. During organogenesis, oxidative stress
posttranslationally modified redox-regulated transcrip-
tion factors with subsequent changes in gene expression
in the embryo (Dennery, 2007).

Our results of embryolethality show that the
malformations in the zebrafish embryos were more fre-
quent at higher concentrations of AMX.

Two recent studies carried out by our group demon-
strated that (1) AMX at concentrations of 10 ngL_1 and
10 pugL™' generated an increase in the levels of
lipoperoxidation, hydroperoxide content, and
carbonylated protein content, as well as superoxide dis-
mutase, catalase, and glutathione peroxidase in the
brain, kidney, and gills of Cyprinus carpio (Elizalde-
Velazquez et al., 2017) and (2) AMX in environmental-
ly relevant concentrations, 0.039 gL' and 1.67 pgL ™",
was capable of generating genotoxic alterations and
cytotoxic effects in blood cells of the common carp
(Orozco-Hernandez et al., 2019).

The redox stress component of antibiotic lethality is
hypothesized to derive from alterations to multiple core
aspects of cellular physiology and stress response
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Table 3 Main malformations in embryos of zebrafish identified by exposure to AMX at different concentrations

Concentration

ng L1 12hpf 24 hpf 72 hpt

Control

0.039 pgL™

1.746 pgL™!

3.453 pgL!

5.160 pgL™

6. 868 pgL”
Concentration

ng L 12 hpf

TM: tail malformation, PE: pericardial edema; YSM: yolk sac malformation; S: scoliosis;
WPF: Whitouth pectoral fin ; HR: hatching retardation
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activation. Specifically, this component includes alter-
ations to central metabolism, cellular respiration, and
iron metabolism initiated by drug-mediated disruptions
of target-specific processes and resulting cellular dam-
age (Dwyer et al., 2014).

Hatching is one of the important steps in embryogen-
esis (Yumnamcha et al., 2015). Embryo development
rate is related to hatching (Dave & Xiu, 1991). These
changes in hatching rate may be due to the toxic effect by
ROS generate in the chorion. We think that this is related
to the inhibition of important enzymes in the hatching
process such as chorionase (Haendel et al., 2004).

ROS increases the oxidation of polyunsaturated fatty
acids (Blahova et al., 2013). LPX has increased depend-
ing on AMX concentration. The results show that LPX
correlates with changes in antioxidant levels (SOD and
CAT).

Antioxidant enzymes such as SOD and CAT play a
vital role in protecting the cells from oxidative stress. In
the present study, SOD and CAT activity was found to
be dramatically increased in AMX-treated embryos than
that in the control.

AMX demonstrates toxicity in development. The
development of many enzyme activities such as alkaline
phosphatase (AKP), acid phosphatase (ACP), and anti-
oxidant response are also affected by antibiotics (Zhou
et al., 2018).

Increased amount of ROS can cause apoptosis during
embryogenesis (Khazaei & Aghaz, 2017; Shi & Zhou,
2010). The apoptosis signal was detected as the result of
the chemical toxic effect. Continuation of apoptosis
signaling leads to lipid peroxidation and cellular death
(Fulda et al., 2010; Weinberg et al., 2016).

Finally, a greater TI value is associated with a toxic
agent that produces wide separations between the mal-
formation and lethality dose-response curves. It is possi-
ble to have a toxic agent that causes severe malformations
but not mortality; conversely, a potentially developmen-
tal toxic chemical can be so lethal that malformations are
not observed (Reimers et al., 2004). AMX is a drug
classified as pregnancy category B by the FDA, but our
study showed little greater than 2 of TI value.

5 Conclusions
The data obtained in this study (LCsq = 14.192 ng_1

and ECso = 7.083 pgL ") showed a teratogenic index of
2.003, showing that AMX is an antibiotic that can

generate embryotoxicity and teratogenicity. AMX at
environmentally relevant concentrations 0.039-11.990
ugL ™! is capable of inducing alterations to embryonic
development and teratogenic effects in oocytes and
embryos of zebrafish (Danio rerio). The main
malformations identified were tail malformation, peri-
cardial edema, yolk sac malformation, scoliosis, pecto-
ral fin absence, and no hatching (Table 3). Embryo
malformations may be caused by reactive oxygen
species—induced oxidative stress. The results allow us
to conclude that AMX at environmentally relevant con-
centrations is capable of inducing embryotoxic and ter-
atogenic effects and this compound represents a risk to
aquatic organisms.
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