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Abstract Zebrafish (Danio rerio) embryos and larvae were
selected to investigate the potential risk and aquatic toxicity of
a widely used pharmaceutical, naproxen. The acute toxicity of
naproxen to embryos and larvae was measured, respectively.
The histopathology was investigated in the liver of zebrafish
larvae after 8-day embryo-larvae exposure to naproxen. The
values of 96-h LCsy were 115.2 mg/L for embryos and
147.6 mg/L for larvae, indicating that zebrafish embryos were
more sensitive than larvae to naproxen exposure. Large suites
of symptoms were induced in zebrafish (D. rerio) early life
stages by different dosages of naproxen, including hatching
inhibition, lower heart rate, and morphological abnormalities.
The most sensitive sub-lethal effect caused by naproxen was
pericardial edema, the 72-h ECs values of which for embryos
and larvae were 98.3 and 149.0 mg/L, respectively. In addi-
tion, naproxen-treated zebrafish larvae exhibited histopatho-
logical liver damage, including swollen hepatocytes, vacuolar
degeneration, and nuclei pycnosis. The results indicated that
naproxen is a potential threat to aquatic organisms.
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Introduction

In recent years, the consumption of pharmaceuticals has in-
creased substantially throughout the world. Pharmaceuticals,
which are detected in surface water and occasionally in
groundwater (Ternes 1998; Heberer 2002; Zuccato et al.
2006) because of incomplete removal in wastewater treatment
plants, have become important pollutants of the aquatic envi-
ronment (Kiimmerer 2009). Many drugs have been presumed
to be persistent pollutants because their continual infusion into
the aquatic environment serves to sustain perpetual life cycle
exposure for aquatic organisms (Daughton and Ternes 1999).

As a non-steroidal anti-inflammatory drug (NSAIDs),
naproxen is used worldwide to reduce pain, inflammation,
and fever. Approximately, 3000 tons of naproxen was
produced during the year 2003 in the world (Zhang
2003). Naproxen is detected at concentrations ranging
from nanogram per liter to microgram per liter in the
environment (Tixier et al. 2003; Wang et al. 2010).
Despite being not intrinsically persistent (half-lives of
27 days), naproxen is considered to be a pseudo-
persistent compound in the aquatic environment due to
its huge production and consumption (Ternes 1998;
Isidori et al. 2005; Grenni et al. 2013). An investigation
showed that patients with preexisting medical conditions
(e.g., diabetes) appeared to have a significantly higher risk
for serious cardiovascular events associated with the long-
term treatment of naproxen (Huang et al. 2006). Naproxen
remains active after discharged to the environment and
may have adverse effects on any aquatic organisms by
interfering with their biological systems (Wiegel et al.
2004). Exposure to 0.1 pg/L of naproxen resulted in a
decrease in egg fertilization of on Florida flagfish
(Jordanella floridae) over one complete life cycle
(121 days; Nesbitt 2011). Differential protein expression
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was observed in gill tissue of zebrafish after a 14-day
exposure to naproxen at a concentration of 10 pg/L, indi-
cating that altered gene expression may occur in fish sub-
jected to environmentally realistic levels of naproxen ex-
posure (Adhikari 2012). Some studies focused on the
acute toxicity of naproxen on the invertebrate species
(Cleuvers 2003; Santos et al. 2010). Relatively low con-
centration (median effective concentration
(ECs50) =0.33 mg/L) of naproxen could inhibit the growth
population of crustaceans (Ceriodaphnia dubia) after ex-
posure for 7 days (Isidori et al. 2005). However, studies
of naproxen toxicity on aquatic vertebrate species are
scarce.

Zebrafish (Danio rerio) is an excellent vertebrate model
for assessing the toxicity of novel compounds, pollutants,
and pharmaceuticals due to its external fertilization, transpar-
ent embryos, rapid embryonic developmental cycle, and
large clutch sizes (Ali et al. 2011; Di Paolo et al. 2015;
Wernersson et al. 2015). Moreover, the zebrafish genome
is completely sequenced, which is 83 % identical to the
human gene (with one gap) (Allende et al. 1996).
Zebrafish liver resembles the mammalian liver on the mor-
phological and functional level (Hibiya et al. 1982).
Compared to zebrafish adults, zebrafish embryos can be rec-
ommended as an alternative model system, since it is con-
sidered not to perceive pain or other discomfort (Braunbeck
et al. 2005; Strahle et al. 2012). From a hepatotoxicity test-
ing perspective, the liver in the zebrafish embryos is fully
functioning with active drug metabolism at 72 h post-
fertilization (hpf) (Alderton et al. 2010). Some studies
showed that zebrafish embryos are suitable to detect human
hepatotoxicants (Jones et al. 2009; Amali et al. 2006;
Driessen et al. 2013). In the present study, the acute toxicity
and histopathological effects of naproxen were assessed
using the zebrafish embryos and larvae. The aims of this
study were to (1) determine the lethal and sub-lethal effects
and (2) explore the liver histopathological changes of
naproxen in the early life stages of zebrafish.

Materials and methods
Experimental chemicals

Naproxen ((S)-6-Methoxy-alpha-methyl-2-naphthaleneacetic
acid; CAS no. 22204-53-1) was purchased from Sigma-
Aldrich (USA). The stock solution of naproxen of
20,000 mg/L was prepared in acetone (CNW, China, HPLC)
and stored at 4 °C in darkness. Following initial range-finding
experiments, test solutions were prepared by dilution of the
stock solution with the final concentration not above 0.3 %
acetone (Hallare et al. 2006). Other chemicals used in this
study were of analytical grade.

Zebrafish maintenance and embryo collection

Sexually mature zebrafish (D. rerio) were kept in 25-L tanks
at a water temperature of 26.0 + 1.0 °C, a hardness of 250 mg/
L, a pH value of 7.5+ 0.5, and a dissolved oxygen concentra-
tion of 10.5+0.5 mg/L. A constant day to night rhythm (14/
10 h) was maintained. The fish were fed twice each day with
commercially frozen red mosquito larvae sterilized by UV
lamps. The day before a test was performed, male and female
adult fish (female/male ratio was 1/2) were stocked in a trans-
lucent plastic box (12 cm x 20 cm X 12 cm) with a mesh insert
(mesh size is 34 mm) to prevent the fish from eating their
eggs. Spawning and fertilization took place within 30 min
after the onset of light in the morning. The eggs were collected
in Petri dishes and rinsed several times with reconstituted
water (ISO 7346/3: 294 mg/L CaCl,-2H,0, 123 mg/L
MgS04-7H,0, 123 mg/LL NaHCO3;, and 5.5 mg/L KCl),
which had been ventilated to nearly 100 % oxygen saturation.
Healthy and normally developing embryos were selected
within 2 hpf for exposure tests. For valid experiments, eggs
were obtained only from spawns with a fertilization rate
higher than 90 %.

Acute toxicity tests on zebrafish
Embryonic acute toxicity test

The embryonic acute toxicity test was conducted following
the fish embryo toxicity (FET) test (OECD 2013) with some
modification. Test solutions with a naproxen concentration of
0, 10, 20, 50, 75, 100, 125, 150, 175, 200, and 240 mg/L were
made up using reconstituted water, designed on the basis of
pre-experiment data. For exposure of zebrafish embryos,
2.0 mL of these solutions and two fertilized eggs were trans-
ferred to individual wells of a 24-well microtiter plate. Twenty
wells in each plate contained four test concentrations evenly
and the other four wells filled up with 2.0 mL 0f 0.3 % acetone
were served as the control. Each test concentration was repli-
cated five times, with 10 embryos per replicate. The exposure
solution was renewed every 24 h to keep the appropriate con-
centration of drug and water quality. The embryos were incu-
bated under a temperature of 26.0 + 1.0 °C with a 14:10 light/
dark cycle and monitored at specific time points (8, 24, 48, 72,
96, and 120 h). Lethal and sub-lethal endpoints, including
lethality, heartbeat, hatching rate, and abnormality, were ob-
served and recorded with an inverted microscope (Nikon
TE2000-U).

Larvae acute toxicity test
Acute exposure of the larvae was conducted following the

method performed by Giari et al. (2012), with some modifi-
cation. Test solutions contained a series of naproxen dosages

@ Springer



18834

Environ Sci Pollut Res (2016) 23:18832—-18841

(0, 10,20, 50, 75,100, 125, 150, 175 mg/L) and were made up
using reconstituted water. For exposure of zebrafish larvae,
10.0 mL of these solutions and 10 newly hatched larvae
(hatching less than 1 h) that had not been exposed to naproxen
during the embryonic development were transferred to indi-
vidual wells of a six-well plate. Four wells in each plate
contained four test concentrations evenly, and the other two
wells filled up with 10.0 mL of 0.3 % acetone were served as
the control. Each test concentration was replicated three times.
The exposure solution was renewed every 24 h to keep the
appropriate concentration of drug and water quality. The lar-
vae were incubated under a temperature of 26.0 + 1.0 °C with
a 14:10 light/dark cycle. During the experiment, larvae were
not fed, and dead individuals were removed immediately. The
absence of heartbeat and/or immobility and/or absence of res-
piration movement and/or lack of reaction mechanism stimu-
lus could be used to determine the death of larvae (OECD
1998). The lethal rate and malformation rate of larvae were
examined microscopically at specific time points (24, 48, 72,
96, and 120 h) for all treatment and control groups.

Histopathological examination
Embryo-larvae exposure test

Zebrafish embryos within 2 hpf were collected to be ex-
posed to naproxen for 8 days in accordance with OECD
guidelines no. 212 (fish, short-term toxicity test on embryo
and sac-fry stages). Based on the acute toxicity results, 10,
50, 75, and 100 mg/L naproxen solutions were prepared
using reconstituted water. Of these solutions with 10 fertil-
ized eggs, 10.0 mL was transferred to individual wells of a
six-well plate. Four wells in each plate contained four test
concentrations evenly, and the other two wells filled up with
10.0 mL of 0.3 % acetone served as the control. Each test
concentration was replicated five times. The six-well plates
were stored in an incubator at 26.0+ 1.0 °C under a 14:10
light/dark photoperiod. The exposure solution was renewed
every 24 h to keep the appropriate concentration of drug and
water quality. During the 8-day exposure test, no feeding
was provided, and dead individuals were removed immedi-
ately. After exposure for 5 and 8 days, larvae from the
embryo-larvae exposure test were collected for histopatho-
logical analysis, respectively.

Histopathological measurements

Of each test group, four randomly selected larvae were fixed
in Bouin solution, consisting of 15 volumes picric acid
(Aldrich, USA), five volumes formaldehyde (Aladdin,
China), and one volume pure acetic acid (CNW, China) and
stored at 4 °C. Samples were dehydrated and embedded ac-
cording to the following procedure: rinsing in 50, 75, 85, 95,
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and 100 % ethanol (CNW, China) for 15 min three times,
respectively, infiltration with paraffin. Serial sections of
5-um thickness were prepared on a microtome (Leica
RM2016, China), and mounted on slides. Slides were
deparaffinized, rehydrated, stained with hematoxylin and eo-
sin (H&E) staining kit (Beyotime, China), dehydrated and
covered with a glass coverslip. For each fish, the histology
of liver was qualitatively described after observation with an
inverted microscope (Nikon TE2000-U).

Statistical analysis

All statistical analysis was undertaken using SPSS 19.0 soft-
ware. Data were expressed as the mean = standard deviation
(SD). Differences were determined by one-way analysis of
variance (ANOVA) with a Dunnett’s post hoc test, and the
significance was set at P <0.05. For acute toxicity tests, the
median lethal concentration (LCso) and ECs, values with
95 % confidence intervals for naproxen were calculated by
concentration-response regression using probit analysis.

Results

Lethal effects of naproxen

Naproxen had lethal ability to zebrafish embryos and larvae.
The LCs, values of naproxen to zebrafish embryos and larvae
at the different time points are shown at Table 1. According to
the 96-h LCs, values, embryos were more sensitive to
naproxen exposure compared to larvae.

Embryonic developmental effects of naproxen

Hatching rate

For embryos in the solvent control, 10 and 20 mg/L

naproxen groups, the hatching rates were above 80 % at
72 hpf and almost all the surviving embryos hatched at

Table1 LCs, value of naproxen to zebrafish living stages using probit

analysis

Stages LCso (mg/L) 95 % confidence ”
limit (mg/L)

Embryo

24 h 147.2 133.5-158.8 0.9994

48 h 143.1 130.1-157.0 0.9982

72 h 135.4 122.2-149.3 0.9975

96 h 115.2 102.0-128.9 0.9951

Larvae (96 hpf post-hatch)

96 h 147.6 131.5-172.8 0.9907
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Fig. 1 The hatching rate of zebrafish embryos exposed to different
concentrations of naproxen for each observation time. Asterisks indicate
significant difference between treatments and control for a given time
period (P <0.05)

96 hpf (Fig. 1). Compared to the control, the hatching
rates of embryos exposed to 50 mg/L naproxen were sig-
nificantly reduced at 72 hpf (P <0.05). However, no sig-
nificant hatching inhibition was observed at 96 and
120 hpf, which indicated that naproxen delayed the hatch-
ing of zebrafish embryos. After exposure to 75 and
100 mg/L of naproxen, the hatching rates were 18 and
4 % at 72 hpf, respectively. The hatching of embryos
was accomplished at 120 hpf, and the final hatching rates
were up to 64 and 36 %, which were significantly lower
than that of the control. As the zebrafish embryos without
hatching were dead at 120 hpf, the high lethality was
inferred to induce the lower hatching rates.

Heart rate

For the control group, average heart rate (48 hpf) of
zebrafish embryos was 124+ 10 beats/min. The heart rates
reduced with the increasing drug concentration and were
significantly inhibited in embryos of the 100 and 125 mg/
L exposure group compared with those of the control group
(P<0.05; Fig. 2).

Teratogenic effects

Naproxen induced a suite of morphological abnormalities
during the embryonic development. The frequently ob-
served abnormalities were pericardial edema, yolk sac
edema, and hemagglutination (Fig. 3a). The most sensi-
tive sub-lethal effect caused by naproxen was pericardial
edema, which appeared at a concentration of 20 mg/L,
and the rate of occurrence increased with an increasing
drug concentration (Fig. 4). The percentage of
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Fig. 2 The average heart rate of zebrafish embryos exposed to different
concentrations of naproxen after 48-h exposure. Asterisks indicate
significant difference from the control (P <0.05)

abnormality was from nearly 10 % at a concentration of
20 mg/L to 62 % at a concentration of 100 mg/L after
72-h exposure. However, the rate of pericardial edema
reduced after exposure to 125 mg/L of naproxen. Since
the mortality increased at this exposure concentration,
there were less zebrafish embryos to observe. Other ab-
normalities caused by naproxen were weak pigmentation,
hemorrhage, yolk condensation, and trunk abnormalities
including without somites, tail not detached, axial malfor-
mation, and tail twisting (Fig. 3b). As is shown in
Table 2, the 72-h ECsq values of zebrafish embryos are
pericardial edema (98.3 mg/L) <hemagglutination
(120.7 mg/L) <yolk sac edema (122.9 mg/L).

For the larvae acute toxicity test, sub-lethal effects were
observed when the exposure concentration was not lower than
75 mg/L, including pericardial edema, yolk sac edema, and
axial malformation (Fig. 3c). Pericardial edema was the most
sensitive sub-lethal effect, the rate of which increased with
increasing naproxen concentrations, showing a dose-
response relationship (Fig. 5). The percentage of pericardial
edema was from nearly 6.7 % at a concentration of 75 mg/L to
66.7 % at a concentration of 175 mg/L after 72-h exposure.
The 72-h ECs, values with their 95 % confidence intervals of
naproxen for pericardial edema were 149.0 mg/L (131.6—
177.3) for larvae (Table 2).

Toxicity of naproxen in embryo-larval stages of zebrafish
Survival rate

As shown in Fig. 6, no mortality was observed for the
control during the 8-day exposure of embryo-larval

zebrafish to naproxen. After the short-term exposure, the
survival rates were 90 and 50 % at the test concentration
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Fig.3 a Embryo with pericardial
edema (PE) and yolk sac edema
(YSE) after 72-h exposure to
naproxen at the concentration of
50 mg/L (a); Embryo with PE and
YSE after 72-h exposure to
naproxen at the concentration of
75 mg/L (b); Embryo with PE,
hemagglutination (HE), and YSE
after 72-h exposure to naproxen at
the concentration of 100 mg/L (c);
Embryo with PE, HE, and YSE
after 72-h exposure to naproxen at
the concentration of 125 mg/L
(d). b Abnormalities of embryos
exposed to naproxen at specified
time points. ¢ Weak pigmentation
at 48 h; b PE without somites
(woS) and tail not detached at

48 h; ¢ hemorrhage (H) at 72 h; d
yolk condensation (YC) at 72 h; e
PE, HE, and YSE at 72 h; faxial
malformation (AM) at 96 h; g
axial malformation (AM) at 96 h;
h tail twisting (TT) at 120 h. ¢ i
Abnormalities of larvae exposed
to naproxen at specified time
points. a Normal larva at 48 h; b
normal larva at 72 h; ¢ PE and
axial malformation (AM) at 48 h;
d PE, YSE, and AM at 72 h; e
AM at 72 h
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Fig. 4 Rate of embryos pericardial edema (PE), yolk sac edema (YSE),
and hemagglutination (HE) caused by different dosage of naproxen at
72 hpf. Asterisks indicate significant difference from the control
(P<0.05)
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of 10 and 50 mg/L, respectively. When the test concen-
trations were up to 100 and 75 mg/L, the survival rate was
zero after exposure for 6 and 8 days, respectively.

Hepatic histopathology

Livers of zebrafish exhibited histopathological changes fol-
lowing naproxen treatment compared to the control
(Fig. 7a). After 5-day exposure, there were some morpho-
logical alterations in the higher concentration (75, 100 mg/
L) exposure groups (Fig. 7b, c¢), in which swelling of hepatic
cells and hepatocellular vacuolar degeneration were ob-
served and cell borders became obscure. Particularly, nuclei
pycnosis occurred at the concentration of 100 mg/L.
Exposure to 10 mg/L naproxen for 8 days elicited a little
hepatocellular vacuolar degeneration and nuclei pycnosis
(Fig. 7d), while relatively worse phenomenon was observed
in the 50 mg/L group (Fig. 7¢). Hepatic lesions became
much more severe in 75 mg/L group (Fig. 7f), in which
nuclei pycnosis was observed along with concomitant hepa-
tocyte necrosis and cytolysis.
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Table 2 Toxicity of naproxen to i

zebrafish early stages expressed Endpoints ECso (mg/L) ?5 % confidence ”

as median effective concentration limit (mg/L)

(ECs) for different endpoints

using probit analysis Embryos
72-h pericardial edema 98.3 80.1-129.0 0.9496
72-h yolk sac edema 122.9 98.1-187.6 0.9230
72-h hemagglutination 120.7 98.3-175.6 0.9529
Larvae (72 hpf post-hatch)
72-h pericardial edema 149.0 131.6-177.3 0.9701

Discussion

Although many studies indicate that the widespread occur-
rence of naproxen was in low-level concentrations (ng/
L—ug/L) in the aquatic environment (Peng et al. 2008), chron-
ic exposures and the potential for some pharmaceuticals to
bioaccumulate may lead to deleterious effects in aquatic or-
ganisms (Cleuvers 2004). In this study, the values of 96-h
LCs were 115.2 mg/L for embryos and 147.6 mg/L for lar-
vae, indicating that zebrafish embryos were more sensitive to
naproxen than larvae. The 72-h ECs, values for pericardial
edema of embryos and larvae were 98.3 and 149.0 mg/L,
respectively, which also demonstrated a higher tolerance of
larvae to naproxen. Many previous studies have reported that
aquatic embryos showed stronger sensitivity than adults and
juveniles when exposed to some organic chemicals, such as
formaldehyde and 3,4-dichloroaniline (Ton et al. 2012; Zhu
etal. 2013). The factors, which determine the sensitivity of the
toxic strength on embryos and larvae, still need to be studied,
and one possible factor is the chemicals’ capacity to permeate
the embryonic membrane (Embry et al. 2010). The embryonic
membrane contains several hydrophilic groups such as car-
boxyl, amino, sulfate, phosphate, amide, and
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Fig. 5 Rate of larvae pericardial edema (PE) caused by different dosage
of naproxen at 72 hpf. Asterisks indicate significant difference from the
control (P <0.05)

hydroxyimidazole (Bhainsa and D’Souza 2008; Yan and
Viraraghavan 2003). Naproxen contains several hydrophilic
groups including carboxylic acid. Therefore, the polar groups
of naproxen and those present in the embryonic membrane
would interact in solution. Li et al. (2007) indicated that
chemicals must have interacted with the cell membrane to
penetrate the cell and affected the function of the target bio-
molecule before inducing toxicity. On the other hand, the
presence of solvents, such as DMSO, might decrease the bar-
rier function of the chorion and make an influence via in-
creased availability of chemicals inside the chorion
(Braunbeck et al. 2015). However, the effects of solvents ac-
etone on membranes are rarely reported. From the compre-
hensive lethal and sub-lethal results, the embryo stage is iden-
tified as the most sensitive period in the acute toxicity test for
naproxen.

The acute lethal effects of naproxen to other aquatic organ-
isms are shown in Fig. 8. The values of 96-h LCs, for
zebrafish embryos and larvae were higher than 96-h LCs, of
freshwater planarians (Dugesia japonica) (Li 2013) and cni-
darians (Hydra attenuata) (Quinn et al. 2008), 48-h LCs of
cladocera (Daphnia longispina), 24-h LCsy of protozoa
(Paramecium caudatum) (EI-Bassat et al. 2012), rotifers
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Fig. 6 Cumulative zebrafish embryo-larvae survival rate over 8 days.
Each data point reflects a change in percent survival rate for a specific
concentration of naproxen on the day it was observed
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Fig. 7 Liver histopathology of zebrafish after exposure to different
dosage of naproxen. Photomicrographs of liver sections (5 pm) stained
with hematoxylin and eosin. a Livers from control group; b livers from
zebrafish after 5-day exposure to 75-mg/L naproxen; ¢ livers from
zebrafish after 5-day exposure to 100-mg/L naproxen; d livers from

(Brachionus calyciflorus), and crustaceans (Thamnocephalus
platyurus) (Isidori et al. 2005), and lower than the fish
Lepomis macrochirus and rainbow trout (Oncorhynchus
mykiss) (Rodriguez et al. 1992). Thus, naproxen seems to be
more toxic to aquatic invertebrates than aquatic vertebrates,
and zebrafish is a relatively sensitive species compared to
other fish. It is unclear why there is a large difference in
naproxen toxicity levels between vertebrates and
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Fig.8 The LCsq values for naproxen to different aquatic organisms (data
were from five papers published between 1992 and 2013, and the
references were given in the second paragraph of the discussion part)
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zebrafish after 8-day exposure to 10-mg/L naproxen; e livers from
zebrafish after 8-day exposure to 50-mg/L naproxen; f livers from
zebrafish after 8-day exposure to 75-mg/L naproxen. Pyknotic nuclei
(arrow), swelling of hepatic cells (oval), and hepatocellular vacuolar
degeneration (asterisks) were observed

invertebrates, but it may be attributed to physiological differ-
ences between the taxa or to differences in the respective
mechanism of naproxen toxicity. A possible explanation is
that the appearance and evolution of liver might have im-
proved the detoxification of naproxen.

The heart is the first functional organ formed in zebrafish,
and heart rate is an important toxicology endpoint in the fish
embryo test (Glickman and Yelon 2002; OECD 2013). In the
present study, the heart rates of embryos significantly reduced
after exposure to 125 and 175 mg/L of naproxen. The most
sensitive acute embryo and larval stage sub-lethal endpoint
appeared to be pericardial edema. Similarly, David and
Pancharatna (2009) found that 10-100 pg/L of ibuprofen
could cause lower heart rate and pericardial edema in
zebrafish embryos. Non-steroidal anti-inflammatory drugs
are acting by inhibition of either cyclooxygenase enzymes
(COX), cyclooxygenase-1 (COX-1), or cyclooxygenase
(COX-2) involved in the synthesis of different prostaglandins
from arachidonic acid (Prescott and Yost 2002). Both cDNAs
of zCOX-1 and zCOX-2 were widely expressed during devel-
opment of zebrafish, and zCOX-1 was evident in the embry-
onic vasculature (Grosser et al. 2002). In zebrafish, COX-1-
derived prostaglandins are demonstrated to be necessary for
segmentation, and pharmacological inhibition zCOX-1 activ-
ity leads to effects in heart formation and shortening of
intersomitic vessels (Cha et al. 2005, 2006). Naproxen
showed both high COX-1 and COX-2 inhibitory activity
(Hecken et al. 2000). Therefore, it can be inferred that the
lower heart rate, pericardial edema, and teratogenic effects
induced by naproxen might be attributed to the inhibition of



Environ Sci Pollut Res (2016) 23:18832—-18841

18839

COX, which is the rate-limiting enzyme for the synthesis of
prostaglandins. In addition, heart abnormalities could also re-
sult from the yolk sac edema. During the embryonic develop-
ment of oviparous fish, embryos use endogenous yolk nutri-
ents previously accumulated in the oocyte (Raldua et al.
2008). Yolk sac impairment might block nutrient supply dur-
ing embryonic development, thus, the heart function would be
affected by energy limitation (Kodde et al. 2007). This is also
a potential for pericardial edema.

The liver is the site of a major portion of metabolism and
detoxification of contaminants (Treinen-Moslen 2001;
Stancova et al. 2015), and also a critical target for
xenobiotic-induced toxicity (Driessen et al. 2013).
Histopathology indicated that the larval zebrafish liver is par-
ticularly sensitive to naproxen. Obvious hepatic reactions in
zebrafish early stages were observed after exposure to
naproxen for 8 days at concentrations of 10 and 50 mg/L,
including swelling of hepatic cells, hepatocellular vacuolar
degeneration, nuclei pycnosis, and obscure cell borders,
which can be interpreted as signs of an activated stress status
of fish which mobilize their energy storage and modify the
structure of their organelles related to the need of intensified
detoxification capacities (Triebskorn et al. 2004). In this study,
abnormalities were not observed when the exposure concen-
tration was lower than 75 mg/L in the larvae acute toxicity test
at 72 hpf, which might be correlated with the metabolism and
detoxification of naproxen in the liver. However, hepatocyte
necrosis and cytolysis were observed after exposure to 75 mg/
L for 8 days. Abnormalities, including pericardial edema, yolk
sac edema, and axial malformation that occurred when the
exposure concentration was above 75 mg/L, might be due to
the hepatocyte necrosis and loss of detoxification function. All
zebrafish were dead after 6 days in the 100 mg/L exposure
group, indicating that hepatic lesions became more severe
with increasing naproxen concentrations, and more abnormal-
ities were induced to cause death when detoxification capabil-
ity was exceeded.

Conclusion

In summary, the results demonstrated that waterborne expo-
sure to naproxen could induce a large suite of negative influ-
ences on zebrafish over embryo and larval stages, including
hatching inhibition, lower heart rate, and increased malforma-
tion. According to the LCs, and ECs( values in the zebrafish
acute toxicity test, embryos showed stronger sensitivity than
larvae when exposed to naproxen. The most sensitive acute
embryo and larvae stage sub-lethal endpoint seems to be peri-
cardial edema. In addition, short-term exposure to naproxen
led to apparent pathological liver damage in zebrafish larvae.
However, since the concentrations of naproxen in the aquatic
environment are much lower than the concentrations used in

this study, it is likely that chronic effects in the long-term
exposure would be further studied to improve the environ-
mental risk assessment of naproxen.
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