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Abstract

In spite of its toxic effects, N-acetyl-p-aminophenol (APAP), also commonly known as
acetaminophen or paracetamol, is one of the most widely used analgesic and antipyretic
agents. It can be obtained without a medical prescription. To test the effect over the zebrafish
embryonic development, a Fish Embryo acute Toxicity (FET) test was carried out with
acetaminophen to establish the range of concentrations that cause a harmful effect on the
zebrafish development. Diminished pigmentation (in embryos treated from 0 h post-
fertilization) and blockage of melanin synthesis (in larvae treated from 72 h post-fertilization)
were detected, suggesting the involvement of this compound in the development of black
pigment cells as described recently for human epidermal melanocytes. Morphological
abnormalities such as aberrant craniofacial structures, pericardial edemas, and blood
accumulation were also found. All these effects could be due to higher levels of apoptotic
cells detected in treated embryos. Therefore, teratogenic effects of acetaminophen cannot be

ruled out, and its wide use should be taken with caution.

Keywords: acetaminophen; toxicity test; depigmentation; morphological abnormalities;

embryonic development.
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1. Introduction

The zebrafish (Danio rerio) has emerged as a popular vertebrate model in different areas of
research such as genetics, pharmacology and toxicology [1-6]. The zebrafish has several
features that make it attractive as an animal model. As an oviparous species, zebrafish has
external fertilization and development, which allows easy detection of morphological
alterations. The species show rapid growth, developing transparent embryos during the first
24-48 hours post-fertilization (hpf), with all main organs formed within 48-96 hpf, and they
have high egg yield with large embryos, short generation time and low maintenance cost [7—
9]. All these characteristics make the zebrafish embryos/larvae as a suitable model for
pharmacological tests and screening for potential adverse effect of drugs, particularly during

the developmental process [10-12].

N- acetyl-p-aminophenol (APAP, also commonly known as acetaminophen or paracetamol) is
one of the most widely used analgesic and antipyretic agents [13]. Its action is focused on
hypothalamic center, where acetaminophen regulates the temperature. In addition,
acetaminophen inhibits the synthesis of prostaglandins in the Central Nervous System (CNS),
blocking the generation of painful impulse at peripheral level [13—15]. The liver excretes the
acetaminophen alongside sulphate, glucuronic acid, and the cytochrome P450 [16,17]. Thus,
acetaminophen intoxication and/or overdose produce hepatic necrosis, which can cause renal

insufficiency, myocardial damage, and hematological alterations [18-20].

The Fish Embryo Acute Toxicity (FET) test was developed and registered by the
Organization for Economic Co-operation and Development (OECD) [21]. This test allows to
analyze the effect of different drugs on zebrafish embryos in a short period of time. The test
has a reduced cost and enables the analysis of a vast number of samples, which gives robust
statistic results [22]. Also, the 3Rs rule (Reduction, Refinement, and Replacement) is one of

the main objectives in animal experimentation, so using zebrafish embryos for toxicity test is
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desirable and useful [23,24]. In a previous study, the embryotoxic effects of acetaminophen
on the development of zebrafish were evaluated [10]. Acetaminophen induced anomalies at
different levels of development in a dose-dependent manner, causing impairment in the early
development, hatching, organogenesis, larval growth, tail and tail-fin formation,
pigmentation, and larval behavior and survival. Nevertheless, authors did not report a
profound cellular and molecular study, making superficial and descriptive observations on the
causes of all the disruptions. Besides, a metabolic activation D. rerio teratogenic assay
(mDarT) was developed for acetaminophen [25]. By this assay, authors observed a
concentration dependency for teratogenic effects (malformation of heart and tail) in embryos

exposed to the drug.

The neural crest (NC) is a transient, pluripotent stem cell population whose formation occurs
early in vertebrate development at the border of the developing neural tube. After closure of
the neural tube, NC cells (NCC) experience an epithelial-to-mesenchymal transition in order
to delaminate and migrate away [26]. NCC differentiate into a variety of derivatives,
including neurons and glia of the enteric, sensory, and autonomic nervous system, pigment
cells of skin, chromaffin cells, bone and cartilage of the face, endocrine cells, cardiac
structures, smooth muscle cells, and tendons [27]. Mutations in NC genes lead to disease in
humans, highlighting the importance of this cell population for human health. Animal models
faithfully recapitulate these defects demonstrating functional conservation. The soxE genes
encode Sry-related transcription factors and are expressed early in NC development as part of
the network of NC specifiers [28]. Zebrafish mutants have revealed specific roles for soxE
genes in development; sox9b is involved in craniofacial development [29] and sox10 in the
specification of all pigment cells, dorsal root ganglia, sympathetic and enteric neurons, and
glia [30-33]. Regarding melanocyte development, several studies have shown that sox/0 can

directly activate the expression of mitf (microphtalmia-associated transcription factor, the
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key master gene for melanocyte specification), when then promote the activation of
melanogenic enzymes [34-36]. However, in fish a decrease in sox/0) mRNA levels from 28
hpf onwards, involving a microRNA regulatory loop, is necessary to allow the expression of

melanogenic enzyme genes [37,38].

The aim of the present study was to understand: (i) the toxicity and (ii) the effects of
acetaminophen on the embryonic development of zebrafish. Toxicity was estimated via an
acute toxicity test on zebrafish embryos; this test was used to establish the acetaminophen
toxic range for carrying out the subsequent analyses of its effect in morphological traits.
Several malformations as well as higher levels of apoptotic cells were detected in
acetaminophen-treated larvae. After morphological tests, a lack of black pigmentation and
aberrant craniofacial structures in treated embryos and larvae were observed. These results
suggest that the compound affects normal embryonic development as well as some NCC

derivatives and highlights the need for control in the use of acetaminophen.

2. Material and methods
2.1. Embryo production for the tests

The breeding stock of wild-type adult zebrafish was maintained under a photoperiod/light
cycle condition of 14 light hours (from 8h to 22h) and 10 darkness hours (from 22h to 8h) on
a recirculating water system. Water conditions were maintained at a constant 7-7.5 pH, 400-
600uS/cm conductivity and 26-28°C of temperature. Adult fish were fed three times each day,
first with Artemia sp. (at 9 h), then with Tetramind compound (Tetramind®, at 12 h) and
finally with Gemma Micro feed (Skretting, at 15 h). Individual fish used as breeders were also

fed again with Artemia sp. at 17 h in the afternoon. Fish were macroscopically free of
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apparent symptoms of disease and were not subjected to any pharmaceutical treatment for the

previous two months to the spawning.

Breeder fishes were separated by sexes in 3 L tanks. The mean number of individuals per tank
was seven. The day before obtaining the embryos, breeders were merged in a 10 L tank with a
spawning cage. Fertilized eggs were deposited in the cage, which was lined with marbles to
avoid their depredation by adult fish. Finally, these eggs were washed with autoclaved

osmosis water to maintain their quality.

2.2. Toxicity experiments

Pure commercial acetaminophen (Sigma-Aldrich, A5000, CAS number 103-90-2, San Luis,
MO, USA) was used for all the toxicity experiments. Dilutions were carried out using

autoclaved osmosis water.

All these experiments were performed according to OECD 236-2013 guidelines (Fish Embryo
Acute Toxicity Test). In each test, six increasing concentrations of acetaminophen (2.5, 3.5,
4.9,6.9, 9.6, and 13.4 mM) and a control with autoclaved osmosis water were used. Before
the exposure, all the embryos were carefully selected using a dissecting microscope. The type
of exposure regimen started from one-cell stage (0 hpf) up to the stage evaluated. All tests
were performed in triplicates using 24-well plates composed of 20 samples under treatment
and 4 samples used as internal control (total number of embryos treated at 0 hpf =7
concentrations (including negative control) x 3 replicates x 24 individuals = 504). The plates
were checked at 24, 48, 72, and 96 hpf to identify the surviving embryos in each stage of the

test and following OECD guidelines,.

All the experiments and protocols were approved by the Animal Care and Use Committee of
the University of Santiago de Compostela and the standard protocols of Spain (CEEA-LU-

003 and Directive 2012-63-UE).
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The lethal concentrations (LC) of acetaminophen necessary to kill the 10% (LC10), 25%
(LC25) and 50% (LC50) of zebrafish larvae at the end of the test were calculated following
the OECD 236-2013 test guidelines and implemented in the ToxRat Professional ver. 3.2.1
software (ToxRat® Solutions GmbH). The 95% confidence intervals (CI) for each LC value
were also calculated using the ToxRat software. Two-way ANOVA followed by pairwise
comparisons and Dunnett’s multiple comparison tests [39] were used to study the interaction
between concentration and time exposure. The significance level for all the statistic tests was
95% (a. = 0.05). All these analyses were performed using the SPSS Statistics v.24.0 software

(IBM).

2.3. Morphological studies

Morphological abnormalities (e.g. malformation of spine or yolk sac, pigmentation, blood
accumulation) were tested for embryos treated at 0 hpf at concentrations under 2.5 and 4.9
mM (see results section). Negative controls exclusively reared with osmosis water were
included. For all the different tests, embryo and larvae images were taken over a 1.5% (w/v)
agar plate using an AZ-100 Nikon fluorescence stereomicroscope (Nikon), with 40X

augments and compared with those taken for controls at the same stage.

2.4. Acridine Orange stainings

Forty-eight hpf live drug-treated and control embryos were manually dechorionated and
stained with the vital dye Acridine Orange (Sigma-Aldrich, A6014-10G, CAS number 10127-
02-3, San Luis, MO, USA) as previously described [40]. The in vivo staining was repeated
two times in a total of 50 embryos. To perform a comparative analysis, fluorescent pictures
were taken with an AZ-100 Nikon fluorescence stereomicroscope (Nikon) with the same
exposure time (14.7 ms). Imaging analysis for quantification was performed with QuantiFish

software (https://zenodo.org/record/1182791; 2017).
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2.5. Melanin quantification and black pigment cell counting

Several concentrations of acetaminophen (2.5, 4.9, and 6.9 mM) were prepared. There were
two types of exposure regimen: one group received exposure starting from 0 hpf until
collection (24, 48, 72, and 96 hpf) and the other group from 72 hpf until collection (96, 120,
144, and 168 hpf). Twenty embryos from each stage and group were manually dechorionated
and used to measure melanin levels as previously described [38,41]. Results were obtained
and processed from five independent experiments for each condition. For melanocyte counts,
ten larvae of the group that received exposure starting from 0 hpf were analyzed at 48 and 72
hpf under the microscope. Black pigment cells from the lateral stripe were counted in the tail

alongside the yolk extension for each condition and controls.
2.6. Alcian blue staining

Five days post-fertilization larvae exposed to different concentrations from 0 hpf or 72 hpf
were fixed in 4% (w/) paraformaldehyde (PFA) in phosphate-buffered saline 1X (PBS) with
0.1% (vv) Tween-20 (PBT 1X), and washed four times in PBT 1X. The protocol was
performed as detailed elsewhere [42]. Pictures of cartilage-staining larvae were taken with an
AZ-100 Nikon fluorescence stereomicroscope (Nikon). Cranial cartilages measurements were
taken as reported [43,44], using the ImageJ software (National Institutes of Health, Bethesda,

MD, USA) [45].
2.7. RT-qPCR assays

Total RNA from 10 embryos (controls and embryos exposed from 0 hpf to 4.9 mM of
acetaminophen) was obtained using TRIZOL® Reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. Purified RNA was incubated with RQ1 DNAse
(Promega, Madison, WI, USA) and retro-transcribed with Revert Aid RT enzyme (Thermo

Scientific, Waltham, MA, USA) and oligo(dT) primer. Quantitative PCR (qPCR) reactions
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were performed using four different RNA purifications and three independent experiments
using a Stratagene Mx3005P (Agilent Technologies, Santa Monica, CA, USA) and standard
temperature protocol. Primer sequences were as follows: dcf forward,
TCTTCCCACCTGTGACCAAT; dct reverse, ACATAGCCGGTCTGTTGTCC; mitfa
forward, CTGGACCATGTGGCAAGTTT; mitfa reverse, TGAGGTTGTGGTTGTCCTTCT;
sox9b forward, GGACATCGGCGAGCTGAGCA; sox9b reverse,
CTGGAGAACCCTGCACCGGC; sox10 forward, AAAACACTGGGGAAGCTGTG,; sox10
reverse, ACGTGGCTGGTACTTGTACT. Predicted PCR products span at least one intron to
ensure amplification solely from the cDNA and not from genomic DNA. Efla and factin
were used as endogenous control for normalization analysis [46]. Data were analyzed using

qBase software version 2.2 and ¢-student tests were employed as indicated.

3. Results
3.1. Toxicity tests

Embryos from 0 hpf were exposed to several concentrations of acetaminophen (2.5, 3.5, 4.9,
6.9, 9.6, and 13.4 mM) until analysis (24, 48, 72, and 96 hpf). All ANOVA tests found
significant differences for acetaminophen concentration (F = 347.346, P < 0.001), time (F =
374.651, P <0.001), and their interaction (F = 106.354, P < 0.001) (Table 1). Dunnet tests
showed significant differences (P punner's test 1. < 0.001) between the control and the three
highest concentrations (i.e. 6.9, 9.6, and 13.4 mM) while no differences (P Dunnet’s test (I-J)
>0.010) were found for the three lowest concentrations (2.5, 3.5, and 4.9 mM). Significant
pair-wise differences were also found between the exposure times (P < 0.001), except for the
pair 0 h and 24 h (Dunnet’s test (I-J)=|1.9|, P = 0.252). Therefore, the survival percentage

was constant until 24 h of exposure, where survival reduction started for all the treatments in
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a similar way until 96 hpf. LC10, LC25, and LC50 values were 4.393 (95% Interval

Confidence = 1.879 — 5.647), 5.353 (3.120 — 6.728), and 6.668 (95% Interval Confidence =
4.958 —9.039), respectively. Thus, two different acetaminophen concentrations included in
the LC10 interval which had no significant mortality differences with negative controls (i.e.

2.5 mM and 4.9 mM) were used for morphological studies.

3.2. Morphological abnormalities

Gross morphological abnormalities such as pericardial blood accumulation, pericardial and
peritoneal edema, and spinal abnormalities (e.g.cifosis) were observed in embryos treated
with 2.5 and 4.9 mM of acetaminophen from 0 hpf until 24, 48, 72, and 96 hpf (Fig. 1). Thus,
these abnormalities were more difficult to identify in 13.4 mM treatments because they
presented high mortality at early stages where anomalies had not manifested yet. The most
important abnormality was the edema (both pericardial and peritoneal), which was observed
even in the treatment with the lowest acetaminophen concentration (i.e. 2.5 mM) at the end of

the test (96 hpf) (Table 2).

In zebrafish, acetaminophen treatment results in significant affections of tail fin development
by apoptosis [10,25]. To explain the described malformations, we used Acridine Orange
staining to see and quantify apoptotic cells in whole-mount 4.9 mM acetaminophen-treated
embryos (Fig. 2A-C). At 48 hpf, treated embryos displayed significantly higher levels of
apoptosis than controls all along the body region (Fig. 2D; N=50, *P < 0.0001). Besides, a
greater number of apoptotic nuclei were observed in the tail fin of drug-exposed specimens
(compare Fig. 2B’ with 2C’), as was previously reported [10]. These observations could

explain the morphological phenotypes observed with drug treatment.

3.3. Effects of acetaminophen in neural crest derivatives

10
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Zebrafish pigmentation is characterized by the presence of melanocytes, iridophores, and
xanthophores, three different kinds of pigment cells derived from NCC [47]. Embryos
exposed from 0 hpf to different concentrations (2.5, 3.5, 4.9, 6.9, and 9.6 mM) of
acetaminophen showed no black pigmentation along the spinal column, yolk sac, head, and
eyes (data not shown). To address the mechanisms underlying the observed phenotype in
black pigment cell, melanin levels in controls as well as embryos treated with 2.5, 4.9, and 6.9
mM of pure acetaminophen from 0 hpf were measured at different developmental stages (Fig.
3A), following an established protocol [38,41]. All three concentrations showed significantly
decreased levels of melanin when compared to controls at 48, 72, and 96 hpf, whereas

differences in melanin levels based on drug concentration were undetectable (Fig. 3C).

Black pigment cells in zebrafish larvae at two developmental stages were counted to
determine the impact of acetaminophen treatment on the number of melanocytes (Fig. 3A). A
significant decrease in the number of black pigment cells in the lateral stripe alongside the
yolk sac extension of embryos treated from 0 hpf with 2.5 and 4.9 mM of acetaminophen was
observed (Fig. 3E-F). The reduction in the number of black pigment cells reinforced previous
observations of melanin measurements as well as recently published cell culture results [48],
suggesting a pigmentation problem due to defects in melanin synthesis and cell survival.
When comparing all these results, the effect of acetaminophen on melanin production were
not concentration-dependent, but the effect on cell number was. This observation could be
attributable to the way the experiments were developed. Since melanin quantification were
performed within a group of 20 embryos, this could have masked the concentration effects
evidenced by counting black pigment cells individually. Additionally, it should be noted that
melanin levels were measured in whole-mount specimens, whereas the counting of black

pigment cells was performed in a portion of larvae tails.

11
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Melanocytes showing black pigment melanin are evident by 25 hpf in zebrafish embryos [47].
At 72 hpf, larvae would have developed an important amount of black pigment cells, so we
decided to test melanin levels in larvae from this stage. Larvae at 72 hpf were incubated with
2.5 and 4.9 mM of acetaminophen and melanin was measured at 96, 120, 144, and 168 hpf
(Fig. 3B). From 120 hpf onwards, melanin levels were significantly reduced compared to the
controls (Fig. 3D), suggesting an effect of acetaminophen in novel NCC differentiation and
melanin synthesis. All these results suggest that acetaminophen treatment was affecting black
pigment cell survival and melanin synthesis, regardless of the time-point at which the

embryos or larvae came in contact with the compound.

Acetaminophen-treated larvae showed defects in head formation; therefore, we studied the
craniofacial development by Alcian Blue staining (Fig. 4A). For all concentration treatments,
defects in craniofacial development were detected, with defects becoming more aberrant at
higher concentrations that do not allow a quantification analysis (Fig. 4B-G). Malformations
were principally detected in lower mandible cartilages affected by 3.5 mM treatment (Fig.
4D), while the ethmoid plate and trabeculae appeared stained until 6.9 mM treatment (Fig.
4F). Meckel’s cartilage and lower jaw were barely detectable at 4.9 mM treatment (Fig. 4E)
and ceratobranchial arches 1-5 were difficult to distinguish in all concentration treatments
(Fig. 4B-G). The progressive worsening of the phenotype from anterior to posterior arches
may reflect the time course of cartilage differentiation, which progresses in an anterior-to-
posterior wave [49]. The 2.5 mM treatment was the only one that could be quantified against
the controls. This concentration treatment caused significant shortening in the lengths of
Meckel (M), ceratohyal (CH) and hyosymplectic-palatoquadrate (PQ) cartilages (Fig. 4H,
N=25). The Meckel area (defined as the area of triangle shaped by Meckel cartilages), the
distance between ceratohyal cartilages joint and the lateral fins, and the cranial distance

(measured as the distance from the anterior-most M to the lateral fins) also showed significant

12
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reductions (Fig. 4H, N=25). Moreover, the angle formed by the ceratohyal cartilages was
significantly more acute than in controls (Fig. 41, N=25). These defects could be attributed to
the observed increase in apoptotic cells during embryonic development. Besides, it is worth
noting that all these structures are among the NCC derivatives, suggesting that compound
treatment could affect NCC normal development and craniofacial structures in a dose-

dependent manner.

Almost all-cranial cartilages had been developed in zebrafish larvae during the hatching
period in zebrafish (48-72 hpf) [49]. By 72 hpf, the cranial cartilage differentiation process is
completed and is followed by cell proliferation, new condensations and joints of the former
ones [50]. The study of affectations over these pre-formed craniofacial structures when
incubated with pure acetaminophen from 72 hpf was also carried out. Larvae at 72 hpf were
incubated with 2.5 and 4.9 mM of acetaminophen, fixed at 120 hpf, and stained with Alcian
Blue (Fig. 5A). Again, defects in craniofacial development were detected in both cases, with
defects becoming more aberrant at 4.9 mM concentration (compared Fig. 5B with 5C-D).
Malformations were principally detected in lower mandible cartilages; the ceratobranchial
arches 3—5 were difficult to distinguish while the ethmoid plate and trabeculae appeared
normal (Fig. 5C-D). Both treatments were quantifiable against controls, causing significant
shortening of ceratohyal (CH) and hyosymplectic-palatoquadrate (PQ) cartilages lengths (Fig.
5E, N=25). The distance between the joints of ceratohyal cartilages and the lateral fins, and
the cranial distance also showed significant reductions (Fig. SE, N=25). However, the Meckel
length and area (Fig. SE), as well as the angles formed by the Meckel and ceratohyal
cartilages, were not significantly disturbed (not shown). These results suggest that although
craniofacial cartilage had already been differentiated by 72 hpf, the 48h treatment with

acetaminophen (from 72 to 120 hpf) affected enlargement, condensation, and joints formation

13
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during zebrafish larvae development. Besides, these effects seem to be predominant in the

posterior cartilages, the ones that formed at the later stages of craniofacial development [49].

To further explain the abnormalities observed in NCC derivatives, we considered if the
expression of NC marker genes could be affected by acetaminophen treatment. Thus, the
expression of sox9b and sox/0 in embryos treated from 0 hpf with 4.9 mM of acetaminophen
were examined by RT-qPCR at different developmental stages. Sox9b expression decreased
significantly in acetaminophen-treated embryos at 24 hpf (Fig. 6A), thus reinforcing the
presence of craniofacial phenotypic abnormalities. Conversely, sox (0 expression was
significantly enhanced at the two stages analyzed (from 15 to 24 hpf; Fig 6B). To further
explain the increase in sox/0) mRNA levels, the expression of other genes involved in
melanocyte differentiation, such as mitfa and dct (dopachrome tautomerase, enzyme involved
in melanin biosynthesis) were also analyzed. The expression of mitfa was significantly
diminished in acetaminophen-treated embryos at 48 hpf (Fig. 6C) and a significant reduction
of dct mRNA was detected in treated embryos at both 24 and 48 hpf (Fig. 6D). Taking this
into account, results suggest that the pale phenotype observed in acetaminophen-treated
embryos could be due to sox/0 up-regulation and, consequently, dct down-regulation. Our
data indicate that acetaminophen treatment affects the relative abundance of NC marker
genes, such as sox9b and sox/0 mRNAs, and thus its downstream associated effectors thus
could be responsible for the craniofacial and pigmentation anomalies during zebrafish

development.

4. Discussion

Since the 1980’s, the use of zebrafish as vertebrate animal model has boomed due to its
previously reported properties [8,51] and its suitability for many toxicity tests [1,10,52—-55].
During FET toxicity tests, all embryos incubated with 13.4 mM of acetaminophen from 0 hpf

14
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died at 96 hpf. When embryos were exposed to 9.6 mM, only 5% survived at the end of the
experiment. A recent study analyzing the protective role of the heptametoxyflavone isolated
from the weed Sphaeranthus amaranthoides showed the important effect of acetaminophen
toxicity on zebrafish embryos exposed from 0 hpf, although 100% mortality rate was reached
at 72 hpf at a concentration of 10 mM of compound [56]. Embryos exposed from 72 hpf were
more resistant to higher concentrations of acetaminophen treatments than embryos exposed
from 0 hpf. The explanation for this may be that hepatocytes are formed at 32 hpf and liver is
functional at 72 hpf [57]. Therefore, 72 hpf larvae are capable of metabolizing drugs [58],
suggesting that acetaminophen is metabolized and eliminated before causing fish death.
Similar to toxicity tests, zebrafish has also been used to evaluate teratogenic embryo
alterations [25,59]. In this study, all embryos exposed to acetaminophen showed
morphological alterations, including depigmentation, pericardial blood accumulation,
pericardial and peritoneal edemas, and craniofacial and spinal abnormalities (Fig. 1 and Table
2). It is known that this kind of alterations are produced by teratogenic effects [60]. Similar
spinal abnormalities have been found when zebrafish embryos are exposed to the teratogenic
compounds, chrome trioxide (CrO;) and mercury chloride (HgCl,) [25,61,62]. Teratogenic
antiepileptic drugs caused similar edemas in zebrafish embryos [63]. Peritoneal and
pericardial edemas can be consequences of toxin accumulation, which disturbs
osmoregulation system, leading to abdominal and pericardial hyperhydration [64,65]. Heart
and tail malformations were also identified in zebrafish embryos subjected to mDarT assays
with acetaminophen in combination with a mammalian metabolic activation system [25]. All
these malformations could be explained by the increase in apoptotic cells observed in treated

embryos of zebrafish (Fig. 2).

Congenital abnormalities (i.e. those present at birth) are the cause of many childhood deaths

and pediatric hospitalizations, with environmental teratogenic factors (e.g. drugs, viruses,
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physics, and chemical pollutants, etc.) being an important cause for these abnormalities [66].
Acetaminophen is the most used analgesic and antipyretic agent for patients who cannot
receive opioids or non-steroidal anti-inflammatory drugs (NSAIDs). Moreover,
acetaminophen can be obtained without a medical prescription [15]. This compound was
initially considered as totally safe in therapeutic doses [67-69], even during pregnancy [70].
However, recent studies have described different teratogenic effects caused by
acetaminophen, such as the development of asthma in children at early ages [71,72], changes
in the endocrine system causing cryptorchidism in children, or alterations in the nervous
system leading to attention deficit hyperactivity [13,73,74]. Therapeutic doses in humans are
10-15 mg/Kg of weight (representing a concentration of 0.93-1.39 mM for an individual of 70
Kg), while doses of 150 mg/Kg (13.9 mM) are considered potentially toxic [68]. These doses
would be within the concentration range used in the present study, considering that

acetaminophen concentration within embryos could be lower than those of treatments.

Pigmentation in the zebrafish embryos starts around 25 hpf in the retinal epithelium and is
extended to the skin afterwards [47]. Reduced pigmentation in zebrafish embryos had been
previously described in the presence of acetaminophen (3.3 x 10 mM), with a dose-
dependent decrease of pigment distribution in the retinal epithelium and skin cells [10].
However, these authors did not quantify the observations nor describe the metabolic route(s)
involved in this process. Another study carried out using human epidermal melanocytes had
shown that acetaminophen concentrations > 2.0 mM inhibits melanization in these cells by
reducing tyrosinase activity and decreasing their melanin content [48]. In our study, a
reduction in melanin concentration as well as absence of black pigment cells was observed in
treated zebrafish larvae at concentrations between 2.5 and 6.9 mM, values included in the
range analyzed by Wrzesniok et al. (2016) [48] (from 2.0 to 20.0 mM). However, we

observed a higher decrease in the percentage of melanin detected between controls and drug-
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treated larvae at 48, 72, and 96 hpf. Treatment of cells with acetaminophen at concentrations
of 2.0 and 20.0 mM decreased in melanin content to 93% and 89%, respectively. Though, 4.9
mM treated larvae showed a decrease in melanin content of 83.9, 65.1, and 60.3% through
development (at 48, 72, and 96 hpf, respectively). All these observations might suggest that in
the whole embryo the treatment sffects not only the pathway of melanin synthesis but also the
development of black pigment cells. Besides, the results demonstrated that larvae treated from
72 hpf are unable to increase their melanin levels, suggesting a blockage in black pigment cell
differentiation and/or melanin synthesis. Although acetaminophen could also act in a similar
way in zebrafish melanocytes, i.e. avoiding the metabolization of tyrosine necessary for the
production of melanin [75], the alterations detected in the expression of genes involved in
melanocyte specification and differentiation reinforce the notion that NC development is
notably affected. Interestingly, effects on craniofacial development had not been reported to
date. Here, we noted that craniofacial anomalies observed in acetaminophen-treated larvae are
dose-dependent and sox9b expression is reduced in treated embryos. Moreover, craniofacial
structures are also affected when larvae of 72 hpf are treated with acetaminophen, indicating
that the compound affects the proliferation, composition, and joint formation of differentiated
cranial NCC. In particular, we gathered data suggesting that acetaminophen treatment affects
NCC specification and differentiation processes, principally by modifying the expression of

soxE genes and impacting their derivatives.

Zebrafish is a good model for analyzing health risk in humans. In the present study we
corroborated that acetaminophen affects embryonic development with some morphological
and teratogenic effects. Further, our results support an influence of this compound on the
development of zebrafish pigmentation and craniofacial structures. Studies based on NC gene

expression analysis lead us to suggest an acetaminophen effect in NCC specification and
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differentiation. Future studies focused on acetaminophen (even their metabolites) will be

necessary to improve the knowledge about the toxicity of this globally used compound.
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Figure legends

Figure 1. Representative pictures of abnormalities caused in zebrafish embryos exposed from
0 hpf to different acetaminophen concentrations until 24, 48, 72, and 96 hpf. Arrows indicate
the malformations produced: (A) pericardial edema, (B) spinal abnormalities and (C)

pericardial blood accumulation.

Figure 2. (A) Scheme of experimental procedure. Apoptosis analysis on 4.9 mM
acetaminophen treated-embryos (C) compared with control ones (B) at 48 hpf. (B’ and C’)
Amplifications from original pictures of tail fin regions. (C) Graph showing the integrity
intensity values of acridine orange images, statistically significant difference was found

unpaired t-test, *p < 0.0001).
p p

Figure 3. (A-B) Scheme of experimental procedure. (A) Embryos at 0 hpf were selected and
incubated with different acetaminophen concentrations until collected for melanin detection
(at 24, 48, 72, and 96 hpf; 20 embryos each timepoint) or black pigment cell counting (at 48
and 72 hpf; 10 embryos each timepoint). (B) Embryos at 72 hpf were selected and incubated
with different acetaminophen concentrations until collected for melanin detection (at 96, 120,

144, and 168 hpf; 20 embryos each timepoint). (C) Levels of melanin in controls and embryos
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treated from O hpf with different acetaminophen concentrations (2.5, 4.9, and 6.9 mM)
measured at 24, 48, 72, and 96 hpf (+S.E.M., n=5). Statistically significant differences were
found at 48, 72, and 96 hpf (ANOVA, post-hoc Tukey test, *p<0.0001). (D) Levels of
melanin in controls and larvae treated from 72 hpf with different acetaminophen
concentrations (2.5 and 4.9 mM) measured at 96, 120, 144, and 168 hpf (+S.E.M., n=5).
Statistically significant differences were found at 120, 144, and 168 hpf (ANOVA, post-hoc
Tukey test, *p<0.0001). (E-F) Number of melanocytes in the lateral stripe of the posterior
trunk in controls and embryos treated from 0 hpf with different acetaminophen concentrations
(2.5 and 4.9 mM) counted at 48 and 72 hpf. Statistically significant differences were found as
indicated (+S.E.M., n=3; ANOVA, post-hoc Tukey test, *p<0.0001). Pictures alongside each

graph are representative for each condition.

Figure 4. (A) Scheme of experimental procedure. Embryos at 0 hpf were selected and
incubated with different acetaminophen concentrations until collected for Alcian Blue
staining at 120 hpf. (B-G) Alcian Blue staining of head cartilages from control (B), 2.5 mM
(C), 3.5 mM (D), 4.9 mM (E), 6.9 mM (F), and 9.6 mM (G) of representative 5-dpf larvae
(treated from 0 hpf). (H) Bar graph showing the quantification, in arbitrary units (AU) and
+S.E.M., of craniofacial parameters measured in 5-dpf control and larvae treated from 0 hpf
with 2.5 mM of acetaminophen (two-tailed statistical t-test; *p<0.001). Representative
pictures over the graph illustrate the measurements taken. Meckel length: distance between
Meckel cartilage and ceratohyal cartilages joint; Meckel area: area of the inner triangle
defined by the Meckel cartilage; CH length: length of ceratohyal cartilage; PQ length: length
of palatoquadrate+hyosymplectic cartilages; CH distance: distance between ceratohyal
cartilages joint and lateral fins (white dashed line); Cranial distance: distance between the
most anterior Meckel and lateral fins (white dashed line). (H) Bar graph showing the

quantification of Meckel and ceratohyal cartilage angles and +S.E.M. in 5-dpf control and
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larvae treated from 0 hpf with 2.5 mM of acetaminophen (two-tailed statistical t-test;
*p<0.001). (I) Bar graph showing the quantification, in arbitrary units (AU) and +S.E.M., of
craniofacial parameters measured in 5-dpf control and larvae treated from 72 hpf with 2.5 or
4.9 mM of acetaminophen (two-tailed statistical t-test; *p<0.001). (J-L) Alcian Blue staining
of head cartilages from control (J), 2.5 mM (K), and 4.9 mM (L) of representative 5-dpf

larvae (treated from 72 hpf). All larvae in ventral views, cephalic to the left.

Figure 5. (A) Scheme of experimental procedure. Embryos at 72 hpf were selected and
incubated with different acetaminophen concentrations until collected for Alcian Blue
staining at 120 hpf. (B-D) Alcian Blue staining of head cartilages from control (B), 2.5 mM
(C), and 4.9 mM (D) of representative 5-dpf larvae (treated from 72 hpf). All larvae in ventral
views, cephalic to the left. (E) Bar graph showing the quantification, in arbitrary units (AU)
and +S.E.M., of craniofacial parameters measured in 5-dpf control and larvae treated from 72

hpf with 2.5 or 4.9 mM of acetaminophen (two-tailed statistical t-test; *p<0.001).

Figure 6. Relative levels of mRNA amount of sox9b (A), sox10 (B), mitfa (C), and dct (D)
genes in embryos treated from 0 hpf with 4.9 mM acetaminophen; bars represent values
measured at each developmental stage normalized to the amount of the corresponding mRNA
measured in controls at 15, 24, and 48 hpf (+S.E.M., n=4; two-tailed statistical t-test;

*p<0.05).
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713 Table 1. Two-way ANOVAs (concentration and time of exposure) results for FET test.

Factor Sum of squares Freedom Square F Sig.
type 111 degrees mean

Concentration 26299.048 6 4383.175 347.346 0.000

Time of exposure 18910.952 4 4727.738 374.651 0.000

Concentration * Time of exposure 32205.714 24 1341.905 106.340 0.000
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715  Table 2. Morphological abnormalities present in embryos treated from 0 hpf with concentrations of 2.5 and 4.9 mM of acetaminophen.

Morphological abnormality Time of exposure

Treatment

Control 25mM 49mM
(N=6) (N=6) (N =6)

Edema (pericardial/peritoneal)
Blood accumulation

Spinal abnormalities

72 h
96 h
72 h
96 h
72 h
96 h

00%) 0(0%) 6(100%)
0(0%) 5(83%) 6 (100 %)
00%) 0(0%) 3(50%)
000%) 0(0%) 0(0%)
00%) 0(0%) 4(67%)
000%) 0(0%) 4(67%)
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Highlights

- Acetaminophen is a widely used analgesic and antipyretic agent

- Acetaminophen effect was tested during the development of zebrafish embryos

- Depigmentation and blockage of melanin synthesis was detected in treated embryos
- Cranial malformations and higher levels of cell death were found in treated embryos
- Acetaminophen affects specification and differentiation of neural crest cells
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