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Acute and chronic toxicity of the
benzodiazepine diazepam to the tropical
crustacean Mysidopsis juniae
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Abstract: Pharmaceuticals occur in the environment due to their excessive consumption
and the inefficiency of treatment plants to degrade, inactivate or remove them. Diazepam
(DZP) stands out as the most consumed benzodiazepine, and induces sedative effects
and reduces anxiety. Considering its potential appearance in several environmental
compartments, the aim of the present study was to determine the effects of DZP under
acute and chronic exposures on the mysid Mysidopsis juniae. Mortality was assessed
using an acute toxicity test and a LC_, of 3.7 = 0.5 mg:L'was derived. The mass and length
of the mysids was recorded in the chronic exposure to test for sublethal effects, and
concentrations of 0.25 and 0.5 mgL' of DZP affected mysids length and dry weight,
respectively. Although effect-inducing concentrations used in this study are above
environmentally relevant levels, the present study adds value to the limited available
data for DZP toxicity to marine organisms, and we have shown that M. juniae is the most

sensitive marine crustacean species tested thus far.
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INTRODUCTION

The fate and toxicity of emerging contaminants
to aquatic ecosystems has been receiving
increasing attention, particularly due to limited
knowledge about their environmental behavior
and action on non-target organisms. Wastewater
treatment plants are not effective at completely
degrading emerging contaminants, leading
to the potential contamination of aquatic
ecosystems (Fent et al. 2006, Suarez et al. 2008).
These chemicals have demonstrated a high
capacity to resist abiotic or biotic degradation,
which makes them persistent and harmful to
the environment, and in some cases leads to
microbial resistance (Redshaw et al. 2008).
Recently, the development of more sensitive
analytical techniques has demonstrated

the presence of emerging contaminants
in environmental samples. Among those,
pharmaceutical compounds have been detected
in the range of ng-L" to gL' (Fent et al. 2006) in
samples from surface waters (Kuster et al. 2009,
Lopez-Serna et al. 2012, Patrolecco et al. 2013),
drinking water (Zuccato et. al. 2000), groundwater
(Jones et al. 2001), effluent wastewater (Ven et al.
2004, Ferrer et al. 2010, Yuan et al. 2013), wetlands
(Andreu et al. 2016) and seawater (Rodriguez-
Navas et al. 2013).

Pharmaceuticals are designed to produce
effects in determinate biological systems for
which they are developed (Fent et al. 2006).
However, these compounds are found outside
of the systems for which they are developed,
such as aquatic environments. Therefore,
because they are capable of acting in biological
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systems it is necessary to understand the
effects of pharmaceutical compounds in non-
target aquatic organisms. Although the ability to
generate lethal effects on non-target organisms
has already been reported through exposure to
concentrations far from those encountered in
water (Henry et al. 2004, Quinn et al. 2008, Kim et
al. 2009), the identification of sublethal effects
is more notable because they may be induced
by concentrations close to those found in the
environment (Fent et al. 2006).

The benzodiazepines are a class of
pharmaceutical compounds with high
consumption around the world. They are
prescribed mainly to treat anxiety and combat
seizures in humans and animals (Shephard
1986, Calisto & Esteves 2009). Benzodiazepines
are depressants of the central nervous system.
The compounds act on GABA receptors by
promoting the ability of chloride to permeate
cells, which prevents repolarization and leads
to the inhibition of potential dissipation and
then neuronal inhibition (Mckernan et al. 2000).
Diazepam is the most consumed compound in
the group of benzodiazepines (Calisto & Esteves
2009), and is one of the three anxiolytics most
consumed in the world (INCB 2014). In Brazil,
it is estimated that 0.5% of the population is
dependent on this class of pharmaceuticals,
and diazepam is the most extensively prescribed
and consumed benzodiazepine in this country
(OBID 2007).

The constant entry of contaminants of
different classes into receiving water bodies
makes it necessary to understand the interaction
between these xenobiotics and biota. In this
sense, ecotoxicological tests can evaluate the
action of a xenobiotic on organisms and how
their effects are manifested at various levels
of structural organization (Costa et al. 2008).
Usually these consist of standardized tests
in which organisms that are representative
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of biota are exposed to high concentrations
of the compound for a short amount of time
or at low concentrations over a long period
of time, providing acute and chronic toxicity
data, respectively (Costa et al. 2008). Such
assessments provide data for environmental
agencies to establish permissible limits of
chemical compounds in order to ensure the
environmental quality of ecosystems.

Some animals, especially invertebrates, are
being used as experimental models to assess the
effects of anthropogenic discharge on aquatic
ecosystems (Silva et al. 2017, Nilin et al. 2019).
Among them, marine crustaceans have been
studied to assess the impact of chemicals in
estuarine and marine environments (Figueirédo
et al. 2015), as these compartments can become
a final sink of effluents. Mysidopsis juniae
(Mysidacea) is a species of microcrustacean
that is important in trophic chains as it feeds
on phytoplankton and other microcrustaceans
(Domingues & Bertoletti 2006) and is a food
source for several fish species. This species has
been used in ecotoxicological tests because of
its ecological importance to the structure of
the aquatic food web and its higher sensitivity
to a wide range of xenobiotics than other test
organisms (Verslycke et al. 2004, Bif et al. 2013,
Gurgel et al. 2016, Silva et al. 2017, Nilin et al.
2019). In Brazil, the Brazilian Association of
Technical Standards has standardized an acute
toxicity test for M. juniae (ABNT 2011) and other
studies have indicated that this speciesis a good
candidate for chronic toxicity testing (Figueirédo
et al. 2016).

Therefore, the aim of the present study was
to investigate the effects of diazepam on the
survival and growth of the mysid M. juniae. We
performed two tests: 1) an acute toxicity test
to assess survival based on the standard from
ABNT (2011) and 2) a chronic toxicity test, based
on the protocol developed by Figueirédo et al.
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(2016), where survival, weight and length were
assessed.

MATERIALS AND METHODS

The drug Diazepam (anxiolytic drug, CAS No. 439-
14-5) was purchased from GERMED®. Diazepam
(DZP) was obtained as a commercial injectable
solution (5mg:mL") and dilutions of 0.625, 1.25,
2.5 and 5 mg-L" were made directly in seawater,
but we did not use any solvents.

Mysidopsis juniae were cultured in the
Laboratorio de Ecotoxicologia Marinha at
the Instituto de Ciéncias do Mar (LABOMAR).
The culture was maintained under controlled
conditions and kept in aquariums (10 L) with
filtered natural seawater (filter 0.8 um) and a
gender proportion of 15 males to 45 females.
Abiotic conditions were as follows: seawater
salinity at 35; photoperiod of 12h light/12h dark;
temperature of 25 = 2 °C; constant aeration.
Mysidopsis juniae were fed the microcrustacean
Artemia sp. enriched with fish oil (age: 72h) daily
(ad libitum).

Three acute toxicity tests were carried out
according to the ABNT protocol (ABNT 2011).
Ten juveniles M. juniae (6-8 days old) were
exposed in triplicate during 96 hours to four
concentrations of diazepam, plus a negative
control of filtered seawater. The organisms were
fed daily with Artemia sp. (age: 48h) ad libitum.
Every 24 hours the numbers of dead organisms
were counted and removed from the replicate
vials. Organisms were considered dead when
immobilized during the five seconds after gentle
mechanical stimulation. Physical and chemical
parameters (pH, salinity and dissolved oxygen)
were measured in the beginning and at the end
of the experiment. The test validation criteria
were based on the survival of the control, which
should be over 90%, and the sensitivity to zinc

DIAZEPAM TOXICITY TO A MARINE MICROCRUSTACEAN

as reference substance of known toxicity (ABNT
2011). Tests carried out with the Zinc sulfate
heptahydrate showed an average value of LC,
0.37 + 0.01 mg-L", which is within the acceptable
limits and therefore validate our subsequent
tests with DZP (Badard-Pedroso et al. 2002, ABNT
201, Figueirédo et al. 2016).

The protocol for the chronic bioassay was
followed as described by Figuéredo et al. (2016).
Five M. juniae (age <24 hours) were exposed
to diazepam in quadruplicate for 7 days (final
volume 250 mL) without media renewal or
aeration. For diazepam to present a half-life of
7.3 days, under light conditions, we decided not
to renew the medium (Calisto et al. 2011). The
tested concentrations were 0.125, 0.25, 0.5 and
1 mg-L" of diazepam in order to avoid mortality
in accordance with the acute test results. The
mysids were fed daily with Artemia sp. (age: 48h)
following the proportion of 20 nauplii/mysid in
the first 48 hours and 40 nauplii/mysid the next
5 days of exposure. Every 24 hours the number
of dead organisms were recorded and removed
from the vials. An organism was considered dead
when it was immobilized during five seconds
after gentle mechanical stimulation. Physical and
chemical parameters (pH, salinity and dissolved
oxygen) were measured at the beginning and
at the end of the experiment. At the end of the
experiment the body length and dry weight of all
mysids from each exposure concentration and
control were measured. The body length (from
the head to the end of the last segment) was
measured under a stereoscopic microscope as
described by Figueirédo et al. (2016). To obtain
weight measurements, the mysids were dried at
60°C for 24 hours in an oven, and then weighed
in an analytical balance (0.00001g). The test
validation criteria were based on the previous
paper on the development of the short-term
chronic toxicity test with M. juniae published by
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Figueirédo et al. (2016), including survival in the
control of over 80%.

The lethal concentration for 50% of the
population exposed (LC,) was calculated using
a Trimmed Spearman-Karber test (Hamilton
et al. 1970). This is a non-parametric method
wherein the LC,, and confidence interval are
calculated using the mortality data observed
in each concentration. In addition, the LC,, (i.e.
lethal concentration of 20% of the population
exposed) was estimated by the sigmoidal
equation: Y=max/(1+(x/(100—x))*(Cexp/LCX)b),
where Y isthe response, x is the percent lethality
(in this case 20%), C,, IS the concentration
exposure, LC is the lethal concentration for x%
of the population, and b is the slope.

LC,,and LC, values were presented as means
+ standard deviation of three independent
experiments. Length and dry weight data were
checked for normal distributions (Shapiro-
Wilk test) and analyzed by means + standard
deviation to infer significant differences between
treatments. Chronic data were subjected to a
one-way ANOVA followed by a Dunnet test
(o = 0.05) to identify differences between the
diazepam treatments and the control. The
lowest observed effect concentration (LOEC) and
non-observed effect concentration (NOEC) were
then derived. The results were analyzed using
the software GraphPad Prism 5.

RESULTS AND DISCUSSION

Currently, diazepam is found in aquatic matrices
(effluent, rivers and lakes), ranging from 0.88
pgl" to values below 1 ng-L" (Calisto & Esteves
2009). However, measured data for the marine
environment is still scarce, which is also
reflected in the limited toxicity data that are
available, especially for sublethal endpoints for
non-target organisms.
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In this study we observed both acute and
chronic effects on mysids when exposed to
diazepam. Figure 1 presents the dose-response
curve of the acute toxicity tests. The highest
concentration that was used in the experiment
induced an average of 76.6 + 1.96% mortality,
while the obtained LC, for diazepam was 3.7 +
0.5 mg-L", and the LOEC was 5 mg-L". Although
significant effects were observed, it is unlikely
that the same outcome would occur in the
environment because the concentrations found
in nature are below our tested range of mg-L"
and may not negatively affect aquatic organisms
(Calamari et al. 2003, Calisto & Esteves 2009,
Kosjek et al. 2012).

Table | summarizes toxicity data for
freshwater, estuarine and marine organisms to
DZP exposure. The EC,, (Effective Concentrations
50) or LC,, values of diazepam for freshwater
organisms are higher in comparison to mysids
(TableI). The crustacean species Daphnia magna
and D. pulex showed similar 24 h-EC_ values, 141
meg-L" and 11.9 mg-L", respectively (Calleja et al.
1994, Lilius et al. 1995), and the fish Gambusia
holbrooki showed 96 h-LC_, of 12.7 mg:L" (Nunes
et al. 2005). In general, freshwater species were
less sensitive than mysids, and showed L(E)C,,
values 3 times (cladocera and fish), 28 times
(fairy shrimp) and 2,700 times greater (rotifer)
than mysids (Table I). However, in the cnidarian
Hydra vulgaris polyp regeneration (chronic
effect) was inhibited at 10pg-L'(Pascoe et al.
2009).

Among the marine species tested, mysids
proved to be the most sensitive to diazepam
for both approaches (Table 1). Chronic toxicity
testing showed significant mortality only at the
highest tested concentration (Tmg:-L", Fig. 2a),
corresponding to 18.3 = 1.7% of the organisms
(One Way ANOVA, Fxy=14.7, p<0.05; Dunnet test,
p<0.05). Furthermore, diazepam significantly
affected both of the sublethal analyzed
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% Survival
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Figure 1. Survival of Mysidopsis juniae
(%) exposed for 96h to diazepam in
filtered seawater. Each data point
corresponds to the survival mean value
of each test/treatment carried out.
The line corresponds to the Trimmed
Spearman-Karber model applied to
derive the LC, .
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Figure 2. Effect of Diazepam on the survival (a), length (b) and dry weight (c) of the tropical mysid
Mysidopsis juniae after seven days of exposure. Data correspond to mean * standard deviation
from three independent experiments. (*) Indicates significant difference (p < 0.05).

An Acad Bras Cienc (2020) 92(1)

€20180595 5| 10



ALLYSON Q. DA SILVA et al.

DIAZEPAM TOXICITY TO A MARINE MICROCRUSTACEAN

Table I. Toxicity data of diazepam for non-target aquatic organisms. Endpoints are expressed as estimated LC_,

EC,, LC,, or LOEC*.

507

Toxicity data

Test species
P (mg.L")

Endpoint References

Freshwater organisms

Gambusia holbrooRi

12.7
(fish)
Streptocephalus proboscideus
1031
(crustacean)
Brachionus calyciflorus
. >9,994.0
(rotifer)
Daphnia magna 141
(crustacean) 43
Daphnia pul
p pulex 19
(crustacean)
Hydra vulgaris
Y g 10 pg.l’

(cnidarian)

Survival LC, Nunes et. al. 2005
Survival LC,, Calleja et. al. 1994
Survival LC, Calleja et. al. 1994
Immobility EC,, Calleja et. al. 1994
Immobility EC,, Lilius et. al. 1995
Immobility EC,, Lilius et. al. 1995
Polyp

Pascoe et al. 2009

Regeneration

Marine organisms

Tetraselmis chuii

16.5
(algae)

Artemia parthenogenetica 19

(crustacean) ’

Artemia salina
65.5
(crustacean)
. N 3.7
Mysidopsis juniae

5.0
(crustacean) 0.88
0.74
0.25

0.5

Growth IC,, Nunes et. al. 2005
Survival LC, Nunes et. al. 2005
Survival LC, Calleja et. al. 1994
Survival s, Present stud
LOEC /
Length LC,, Present study
Weight LC,, Present study
Length LOEC Present study
Weight LOEC Present study

*LC, and LC, - lethal concentration to 50% and 20% of organisms, respectively. EC_ - effect concentration to 50% of organisms.
IC,, inhibition concentration to 50% of organism. LOEC - lowest observed effect concentration.

parameters, body length and dry weight,
suggesting that although the chemical was not
lethal it impaired the mysids’ growth. Effects on
M. juniae body length were observed at 0.25 mg-L"
(One Way ANOVA, Fx,y=289, p<0.05; Dunnett test,
p<0.05; Fig. 2b), while dry weight was significantly
affected at 0.5 and 1 mg-L" (One Way ANOVA,
Fx,y=51, p<0.05; Dunnett test, p<0.05; Fig. 2¢). In

the control, the average body length of M. juniae
was 2.44 + 0.03 mm, while in concentrations 0.25,
0.5 and 1 mg.L", the observed reduction was of
9.8%, 17.2% and 20.5%, respectively. Dry weight
was reduced by 25.5% and 27.6% at 0.5 and 1
mg-L", respectively. The estimated EC,, values
were 0.88 + 011 mg-L" for length and 0.73 + 0.43
meg-L" for dry weight, suggesting an equivalent
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sensitivity for both parameters to DZP, but with
a better reproducibility of the data when length
was considered. In a previous work with this
methodology, Figuerédo et al. (2016) showed that
the sensitivity of endpoints is hardly dependent
on the chemical tested, while for zinc, dry weight
was the most sensitive endpoint, for nickel,
survival was the most sensitive parameter.
Herein DZP affected mysids length and dry
weight at concentrations 4 and 2 times lower,
respectively, than it affects survival.

Several morphological, physiological or
behavioral changes in aquatic organisms have
been highlighted due to DZP exposure. Pascoe
et al. (2009) kept polyps of the cnidarian Hydra
vulgaris at concentration of 10 pg-L" of diazepam
for 72 hours and observed a reduction of their
regenerative capacity. In addition, Lorenzi et al.
(2016) observed a decrease in the number of
eggs produced by the temperate freshwater fish
Pimephales promelas when exposed to 10 pg-L
of diazepam, although this was not statistically
significant.

Fish have also shown some changes in
behavioral responses. Gebauer et al. (2011)
noted that the ability of Danio rerio to remain
in groups was affected. Shoal cohesion suffered
a decrease after 8 minutes of exposure to
a concentration of 0.2 mg-L" of diazepam.
Moreover, diazepam increases the time of
permanency of D. rerio (Gebauer et al. 2011)
and Lepomis gibbosus (Brandao et al. 2013) in
a light compartment. This type of behavior in
the environment could facilitate the predation
of these fish. As diazepam was designed to act
on the human GABA receptors in the central
nervous system, it is expected that it can
affect other organisms such as crustaceans
and fish that share the conserved GABA
receptors. Despite morphological differences,
crustaceans and fish both suffer from chronic
effects of diazepam through its modification of
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ecologically important behaviors and potential
to affect individual fitness (Brodin et al. 2014). In
fishes, diazepam causes changes in swimming
patterns (Bencan et al. 2009) and in crustaceans
it increases the chances of being preyed upon
(Rivetti et al. 2016). Diazepam may cause a
decrease in the ability of mysids to capture
food, which can be seen through a decrease in
weight.

The toxicity of diazepam to non-target
organisms may be related to the octanol-water
partition (logK ) coefficient value. The logK_,
coefficient value is a measure of lipophilicity for
several compounds and reflects the interaction
of the chemical compound with lipids (Lin and
Sandler 1999). When a logK,, is above 172, the
chemical compound may interact with the fatty
acid membranes, and potentially cross them
(Kasim et al. 2004). Diazepam presents a logK_
2.85, thus indicating its lipophilic characteristics
(Stuer-Lauridsen et al. 2000).

Looking at the toxicity data available for
marine species (in particular the NOEC of M.
juniae for length), and applying a potential
safety factor of 100 (a value that is not overly
conservative) we found a predicted no-effect
concentration (PNEC) for diazepam of 2.5 pgL".
When analyzing the value of the risk quotient (RQ
=Measured Environmental Concentration / PNEC)
based on the criteria recommended by Blair et
al. (2013) it is evident that diazepam represents
a low risk for the aquatic environment. However,
it is important to consider the interaction with
the sediment/sand fraction that can accumulate
and be a source to the biota, since diazepam
has a considerable affinity to these matrices (Lin
et al,, 2011).

We have shown that diazepam causes acute
and sub-lethal effects in M. juniae. Although
the concentrations that we tested are not
often found under environmental conditions,
it is interesting to assess whether ecologically
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relevant concentrations will be able to generate
some kind of change in mysids, for example
in biochemical or physiological parameters. In
addition, the results motivate us to understand
the effects of diazepam on other marine
organismes, since studies are still scarce.
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