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ARTICLE INFO ABSTRACT

Edited by Paul Sibley The potential health risks associated with the pharmaceuticals released into the environment through effluents

from sewage treatment plants have become a major cause for concern. Owing to the lack of effective indicators,
monitoring the concentration of these pollutants in the aquatic environment is challenging. The aim of this study
was to assess the toxicity of a mixture of five pharmaceutical drugs (paracetamol, carbamazepine, diclofenac,
irbesartan, and naproxen) using the aquatic moss Fontinalis antipyretica as a bioindicator and bioaccumulator. We
examined the effects of the drug mixture on the cellular antioxidant system, chlorophyll content, and morpho-
logical traits of F. antipyretica. The plant was exposed for 5 months to three concentrations of the mixture,
including the environmental concentration (MX1), and 10- (MX10) and 100-times (MX100) the environmental
concentration. The results showed that only carbamazepine and irbesartan were accumulated by the species. The
bioconcentration level increased with exposure time, with the maximum uptake at the 4th month of exposure.
The increase in bioaccumulation with exposure time was more evident in plants exposed to MX100. Analysis of
the activity of antioxidant enzymes showed that superoxide dismutase (SOD, EC 1.15.1.1.) and catalase (EC
1.11.1.6.) were highly sensitive to the drug mixture. The activity of the enzymes was significantly higher in
plants exposed to MX100; however, the activity of guaiacol peroxidase (GPX, EC 1.11.1.7.) was not significantly
affected. Plants exposed to MX10 and MX100 had significantly lower total chlorophyll content and chlorophyll
a/b ratio compared with those of plants in the control group; however, photosynthetic activity was restored after
5 months of exposure. The morphological characteristics of F. antipyretica were less sensitive to the treatment
conditions.

Keywords:
Pharmaceuticals
Oxidative stress
Antioxidant enzymes
Glutathione
Chlorophyll

1. Introduction surface, ground, and drinking water (Heberer, 2002; Jorgensen et al.,
2000) at concentrations capable of causing detrimental effects to aquatic

Owing to the increase in the quantity of drugs used in modern so- organisms (Ebele et al., 2017). Among pharmaceuticals, carbamazepine

cieties, several studies have been conducted to determine the presence
of pharmacological substances in aquatic environments (Delépée et al.,
2004). Studies have shown that substances of pharmaceutical origin are
often not removed during waste water treatment and are also not bio-
degraded in aquatic environments (Daughton and Ternes, 1999; Ternes,
1998; Zwiener and Frimmel, 2000). These substances are present in

* Corresponding authors.

and diclofenac were detected at the highest frequency in aquatic envi-
ronments (Zhang et al., 2008).

Wastewater treatment plants (WWTPs) are a gateway through which
human pharmaceuticals enter water bodies, while most veterinary
pharmaceutical residues are discharged directly into the ecosystem
(Zhang et al., 2008). There are limited studies on the effects of the
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potential impacts of these compounds on non-target aquatic organisms
(Pisa et al., 2015). Recently, the European Commission established
regulatory guidelines to assess the presence of pharmaceuticals in
aquatic environments (Directive 2013/39/EU). In 2007, PPCPs such as
diclofenac, iopamidol, musks, and carbamazepine were identified as
emerging pollutants. In 2018, ibuprofen, clofibric acid, triclosan,
phthalates, and bisphenol A were added to this list (EU Decision
2018/840). Over the years, scientist have relied heavily on spot sam-
pling followed by instrumental analytical measurements to determine
water quality and the type and concentration of pollutants (Allan et al.,
2006). These methods provide information about the concentrations of
different pollutants, such as heavy metals and organic compounds, in
water samples. However, data generated using this method reflect the
concentration of pollutants at the sampling time, but cannot be used to
determine the concentration of pollutants resulting from occasional or
intermittent pollution events (Greenwood and Roig, 2006). Moreover,
the detection of micropollutants in freshwater environment is difficult
because of the large number of contaminants and their rapid dilution
(Luo et al., 2014). However, occurrence and toxicity analyses of con-
taminants are difficult to perform (Soares et al., 2008). Occurrence
studies are limited by the large numbers of pollutants, most of which are
biologically degraded into active metabolites (Scheurer et al., 2012).
Sediments are also largely used to assess pollutants in aquatic ecosys-
tems, and it has been reported the adsorption and accumulation of some
contaminants in sediments (Ingerslev et al., 2001; Orlinski, 2002). The
major challenge in sediment monitoring is that adsorption and degra-
dation of pollutants differ according on the structure of deposits (Pou-
liquen et al., 1996). To overcome this challenge, several biological
models, including. algae, bryophytes, fish, mollusks, and
macro-invertebrates have been used to assess water quality. Autotrophs,
including phytoplankton and macrophytes, account for a large propor-
tion of the total biomass in freshwater environments (Greenberg et al.,
1992). Autotrophs are considered effective bioindicators of organic and
inorganic pollutants in aquatic environments (Brain et al., 2004; Ravera
and Riccardi, 1997; Sossey Alaoui and Rosillon, 2013). Among aquatic
plants, bryophytes, especially moss, are frequently used for freshwater
biomonitoring (Dazy et al., 2008; Figueira and Ribeiro, 2005).
Compared to vascular plants, bryophytes lack water-impermeable cuti-
cles and absorb nutriments through the leaf surface and not through the
roots (CENCI, 2001). Owing to the absence of stomata and tracheids, and
the presence of stratified leaf lamina, bryophytes are excellent bio-
accumulators of pollutants. Bryophytes can be used for pollution bio-
monitoring by determining the concentrations of pollutants in the
tissues (Markert et al., 1999; Samecka-Cymerman and Kempers, 2000),
and by examining the activities and concentrations of certain enzymes in
the bryophytes (Christmas and Whitton, 1998; Roy et al., 1992). Addi-
tionally, the effects of pollutants on the photosynthetic activities of
bryophytes, including chlorophyll content, could be used in pollution
biomonitoring (Dazy et al., 2008). The bryophyte Fontinalis. antipyretica
Hedw is widely distributed in Europe (Martins et al.,, 2004),
non-invasive, and has a long life-cycle (Debén et al., 2017), making it
suitable for biomonitoring over a long duration of time. Additionally,
F. antipyretica can easily be identified, sampled, and transplanted, and is
resistant to adverse environmental conditions (Siebert et al., 1996).
Several researches have demonstrated the suitability of F. antipyretica for
bioaccumulation of pharmaceuticals, including oxytetracycline, flume-
quine, and oxolinic acid (Delépée et al., 2004; Le Bris and Pouliquen,
2004), and bioaccumulation of metals in freshwater (Martinez-Carballo
et al., 2007; Roy et al., 1992, 1996).

This study aimed to examine the toxicity of five pharmaceutical drug
mixtures using F. antipyretica as a bioindicator and bioaccumulator
under experimental river (mesocosm) conditions.

In order to calibrate and validate predictive population level models
by combined chemical and biomarker analyses of some caged organisms
(a crustacean Gammarus fossarum a mollusk Dreissena polymorpha a
moss Fontinalis antipyretica and a fish species Gasterosteus aculeatus), a
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lotic mesocosm experiment was set up by French National Institute for
Industrial Environment and Risks (INERIS) (David et al., 2020). The
study was carried out in twelve 20 m long lotic channels.

Ecotoxicity studies under ecosystem conditions, such as those that
can be performed in mesocosms, are of considerable ecological rele-
vance, as complex inter-species interactions, interactions between or-
ganisms and environmental conditions can be examined. Thus, the
present study was developed to investigate the effect of the pharma-
ceuticals on the oxidative status, chlorophyll content and morphological
traits of F. antipyretica and to assess the possible use of these features as
biomarkers for freshwater quality assessment.

2. Materials and methods
2.1. Pharmaceutical residues

Five emerging pharmaceutical substances were selected according to
their high concentrations in the Meuse river (Wallonia) (Nott and
Ronkart, 2018), persistence, diversity of action, and toxicity for this
study. These pharmaceutical substances were carbamazepine 98% (CAS
298464, alpha-aesar) (neuroleptic), acetaminophen (4-acet-
amidophenol) 98% (CAS 103902, VWR), diclofenac sodium salt (CAS
15307796, Sigma), naproxen sodium (CAS 26159342, VWR) (anti-in-
flammatory), and irbesartan (CAS 138402116, Sigma) (anti-hyperten-
sive). Fontinalis antipyretica was exposed to three concentrations of the
mixture of five pharmaceutical drugs, including the normal environ-
mental concentration (MX1), and 10- (MX10) and 100-times (MX100)
the environmental concentration. The normal environment concentra-
tion (Mx1) of the pharmaceuticals were based on the median concen-
trations of the test drugs in the Meuse River (Wallonia) (Nott and
Ronkart, 2018). This mixture contained 25 ng/L of carbamazepine, 25
ng/L of diclofenac, 25 ng/L of naproxen, 50 ng/L of irbesartan, and 100
ng/L of acetaminophen. The MX10 and MX100 mixtures contained 10
and 100 times the concentrations of MX1. The inlet of the mesocosm was
contaminated continuously throughout the study period. We monitored
the concentration of the mixture in each channel monthly at several
points (0, 5, and 19 m from the inlet of the water). The dosing system
and the analytical methods used in this study were according to the
procedures described by David et al. (2020).

2.2. Mesocosm experiment

The twelve channels (Fig. 1) consist of three replicates per treatment
(MX1, MX10, MX100) and control (Table 1). The mesocosms were set up
with artificial sediments, macrophytes, periphyton, and benthic and
pelagic invertebrates. More information on the mesocosm experiment
can be found in (David et al., 2020). We monitored the water temper-
ature every 10 min using two temperature sensors in each channel at 5
and 15 m from the inlet water at the surface and at 60 cm depth. The
study period was between March to October 2017. Physicochemical
parameters, such as pH, conductivity, and dissolved oxygen, were
measured weekly at 10 m from the water inlet and 35 cm depth in each
channel.

2.3. Bryophyte species

2.3.1. Collection and preparation

Fontinalis antipyretica is one of the most recognizable genera of
aquatic mosses, with large leaves. Fontinalis antipyretica occurs in both
still and flowing waters. The F. antipyretica plants used in this study were
collected from the Meuse River catchment basin in Wallonia (Galoux
et al., 2015; Sossey Alaoui and Rosillon, 2013). The sampling site is
located in environments with low anthropic pressure, without the effects
of major industrialization, urbanization, or intensive agriculture (Sossey
Alaoui and Rosillon, 2013). The physicochemical, hydromorphological,
and biological characteristics of the sampling site is stable, with limited
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Table 1

60 cm water depth
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Fig. 1. Overview of the lotic mesocosms (INERIS in France) (a) and lateral view of each channel(b) (INERIS, 2020).

Ccrtomnres

tap water

(a) Pharmaceutical parameters: Concentrations and average measured in situ for each pharmaceutical and mixture treatment averaged over exposure period. And b)
physicochemical parameters: Temperature °C (T), pH (PH), Dissolved oxygen (mg/L) (DO), Conductivity (uS/cm) (Con). Results are presented as mean + standard

deviation for three replicates taken from samples collected each month from May to September.

Mixture Mx1 Mx10 Mx100
Substances [Nominal] (ng [Measured] (ng % [Nominal] (ng [Measured] (ng % [Nominal] (ug [Measured] (ug %
L LY LY L LY L
a) Pharmaceutical parameters
Carbamazepine 25 26.5 105.9 250 229.5 91.8 2.5 2.2 88.1
Irbesartan 50 50.4 100.7 500 470.5 94.1 5 4.3 85.1
Diclofenac 25 20.6 82.3 250 179.1 71.6 2.5 1.7 69.2
Naproxen 25 21.1 84.4 250 191.9 76.8 2.5 1.9 78.0
Acetaminophen 100 51.6 51.6 1000 497.5 49.7 10 4.9 49.2
b) Physicochemical parameters measured
Control MX1 MX10 MX100
Mean SD Mean SD Mean SD Mean SD
T 19.03 1.68 18.52 1.83 18.718.74 1.88 18.37 3.77
PH 6.99 0.52 7.02 0.25 7.31 0.13 7.44 0.21
DO 9.06 1.75 8.76 1.93 9.49 1.72 9.2 1.47
Cond 521 23 555 66 557 71 602 102

human disturbance (Galoux et al., 2015). The bryophytes were cleaned
in tap water filtered through 5 mm filters and activated charcoal car-
tridges and then exposed to the pharmaceutical mixtures for 5 months in
the mesocosms.

2.4. Oxidative stress analysis

To determine the stress response of F. antipyretica to the three mix-
tures, we examined the superoxidase dismutase (SOD, EC 1.15.1.1),
catalase (CAT, EC1.11.1.6), and guaiacol peroxidase (GPX, EC1.11.1.7)
activity of the plants. These enzymes are usually the first line of defense
against oxidative stress (Bleuel et al., 2005). We weighted 2 g of
F. antipyretica (green parts) samples and crushed in a mortar placed on
ice. Thereafter, the samples were suspended in 10 mL 80% (v/v) phos-
phate buffer, at solid to solvent ratio of 1:10 (w/v). After 24 h of
maceration the supernatants were filtered through a Whatman GF/F
glass microfiber filter (0.7 um). The resulting suspension was centri-
fuged at 15,000 x gfor 10 min at 4 °C and supernatant stored at — 80 °C
until enzymes analyses.

All methods presented in this section were optimized (with regard to
experimental conditions) before being assigned to our samples. Hence,
amended protocols are presented below with references to the original
papers.

SOD (EC 1.15.1.1) activity was measured based on the inhibition of
nitro blue tetrazolium photoreduction in the presence of riboflavin
(Dhindsa et al., 1981). Determination of the activity and purification of
the enzyme were according to the methods of (Dazy et al., 2008;
Qiu-Fang et al.,, 2005). The reaction medium (final volume: 1 mL)
contained 100 uL of methionine (130 mM), 100 uL of riboflavin (600
IM), 100 uL. of NBT (22.5 mM), 100 pL of plant extract and 600 uL

containing 125 mM potassium phosphate buffer (pH 7.8; containing
3 mM MgSO4, 3.1 mM EDTA and 2% polyvinylpolypyrrolidone). The
reaction was initiated by placing the tubes below two 15 W fluorescent
lamps for 15 min. The reaction was terminated by keeping the tubes in
dark for 10 min. A control reaction was performed without plant extract
and replaced with an equal volume of buffer and the reaction was
measured spectrophotometrically at 560 nm. One unit of enzyme ac-
tivity was defined as the quantity of enzyme that reduced the A560 of
control by 50%.

Catalase (CAT, EC1.11.1.6) was determined according to the
methods of (Claiborne, 1985), using HyO5 as substrate. The reaction
mixture (final volume: 1 mL) contained 100 uL. of Hy05 (100 mM),
100 pL of plant extract, and 125 mM potassium phosphate buffer (pH
7.0). The disappearance of HyO, was evaluated by measuring the
decrease in absorbance at 240 nm (molar extinction coefficient:
s = 36/mM per cm). CAT activity was determined by calculating the
quantity of HyO, dissociated and reported in enzyme units per gram of
fresh weight of the moss species.

To determine the GPX (Guaiacol: HyO5 oxidoreductase, EC 1.11.1.7)
activity of the plants, we used 1 mL of final mixture containing 100 pL
plant extract, 100 pL guaiacol (22 mM), 100 pL. H02 (100 mM) and
125 mM potassium phosphate buffer (pH 7.0). The enzyme activity was
measured by monitoring the increase in absorbance at 470 nm (extinc-
tion coefficient of 26.6/mM per cm) during polymerization of guaiacol
(Fielding and Hall, 1978). Three replicates per treatment were used for
the oxidative assay.

Regarding ascorbate peroxidase (APX) and (E) glutathione reductase
(GR) and polyphenol oxidase (PPO) enzymes, some samples related to
100X concentration were tested and no effect was found.
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2.5. Photosynthetic pigments

To assess the impact of the three mixtures on the vitality and phys-
iology of the species, we measured the chlorophyll content of the moss
samples. Chlorophyll was extracted according to method of Holden
(1975), which involved maceration of the plant in acetone. The pro-
cessing of the samples was done as follows: 1 g of moss samples were
cold ground in a mortar with 20 mL of 80% acetone and approximately
100 mg of calcium bicarbonate (CaCOs3). Thereafter, the resulting so-
lution was filtered and placed in black boxes to avoid oxidation of the
chlorophylls by light. The absorbance was then measured spectropho-
tometrically using an Ultrospec 7000 UV-visible dual beam spectro-
photometer (GEHealthcare, Chicago, IL, USA) at 663 and 645 nm after
calibration of the machine with the 80% acetone control solution. The
chlorophyll content of plants exposed to the water channels was calcu-
lated using the equation (Arnon, 1949).

2.6. Bioaccumulation

2.6.1. Sample preparation

Homogenized moss samples (2 g) were transferred to 15 mL poly-
propylene centrifuge tubes containing 50 uL of Irbesartan-d4 (internal
standard) (IS) solution, and allowed to stand for 15 min. Thereafter,
5 mL of acetonitrile was used to extract the pharmaceuticals and pre-
cipitate proteins. The sample was then shaken at room temperature for
15 min and centrifuged at 4650 x g for 5 min

The extract was loaded into an Oasis HLB cartridge (preconditioned
with 3 mL of methanol and 3 mL of water) under vacuum to obtain a
flow rate of about 1 mL/min.

The cartridge was then rinsed with 3 mL ultra-pure water and
vacuum-dried to remove excess water. Finally, the retained components
were eluted with 3 mL of methanol. The eluate was evaporated to dry-
ness under a gentle stream of nitrogen in a water bath set at 40 °C. The
pellet was then resuspended in 1 mL ACN/water (10:90, v/v). The
extract was centrifuged at 11,500 x g for 5 min at 20 °C. The clear su-
pernatant was stored in a vial prior to UHPLC-MS/MS analysis.

2.6.2. Liquid chromatography-mass spectrometry analysis

Liquid chromatography and mass spectrometry analysis were per-
formed according the procedures described by Schmitz et al. (2018)
using Acquity UHPLC system (Waters, Milford, MA, USA). Chromato-
graphic separation was done by injecting 20 uL of reconstituted extract
on an Acquity UPLC HSS T3 column (150 x 2.1 mm, 1.7 um particle
size, Waters). Detection was carried out with a Waters Acquity TQ mass
spectrometer (Waters, Manchester, UK) equipped with an electrospray
ionization source operating in the positive (ESI+) ionization mode. We
used MassLynx 4.1 and TargetLynx 4.1 (Waters) for data acquisition.
Matrix matched calibration curves ranging from 1 ug/kg to 100 pg/kg
were constructed using fresh moss. For residue determination, their
corresponding deduced similar were used as internal standards.

2.6.3. Bioaccumulation factor

We calculated the bioaccumulation factor (BAF) (L/kg) of the mix-
tures for chemical risk assessment. This is the concentration of pollut-
ants in the tissues of an organism (mg/kg) divided by the concentration
of pollutants in the surrounding medium (mg/1) (Fu et al., 2009). The
dosing system and the analytical methods used in this study were ac-
cording to the procedures described by David et al. (2020).

Based on the European risk assessment framework, compounds with
BAF > 2000 are considered bioaccumulative, while compounds with
BAF > 5000 are considered highly bioaccumulative (EC TGD, 2004).
The same criterion (BAF > 5000) is also used by other governments
(USEPA, 1976).
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2.7. Measurement of morphological traits

During the 5-month exposure period (May to September), ten stems
were randomly sampled from each channel monthly for morphological
assay. We measured the following morphological traits for each sample:
stem length (SL), leaf length (LL), leaf width (LW), and number of
branches (NB).

2.8. Statistical analysis

Data obtained from the study were analyzed using SAS v8.2 software.
Three replicates of each sample were performed with the exception of
the morphological features where the measurements were carried out on
ten plants for each sample. The data were subjected to two-way analysis
of variance (ANOVA), and means were compared using Tukey’s HSD test
(p < 0.05). Residual normality and homogeneous variance were
assessed and confirmed using Levene’s test and by residual plots (re-
sidual normal quantile plot, residual by row plot, residual by predicted
plot and studentized residuals plot). Nonparametric analysis was per-
formed if the results of Levene’s test showed that the variance was not
equal (p > 0.05). The means of each tested concentration was also
compared to the control using Dunnett’s test (alpha = 0.05). The effect
of exposure duration (5 months) of the mixtures on the morphology and
oxidative stress status of the plants was examined using generalized
linear model (GLM) (McCullagh, 2018). The response variable modeled
using GLM followed a normal distribution pattern.

In some instances, a large variability was observed among channels
of the same test condition. A linear mixed model (LMM) was then used to
analyze the effect of the channel and study duration on the response
variables. Compared with the fixed-effects models, LMM takes into ac-
count that there could more than one source of random variability in
data (Bentsen and Klemetsdal, 1991). In addition to test conditions,
random variability may exist across the channel for each tested condi-
tion. The proliferation of plants may vary between channels, which
could affect the physicochemical conditions. Therefore, we considered
variation between channels for more effective analysis. Owing to a high
variability of chlorophyll content during the study period, we used the
random coefficients model (RC) (Muthén and Curran, 1997) to examine
the effect of the mixtures and study duration on the chlorophyll content
of the plants. This was done by including the measurement time as a
covariate in the model, with a corresponding slope (De Leeuw and Kreft,
1986). It is plausible that the slope may vary with the channel; therefore,
it might be useful to model a separate intercept and slope for each
channel in the study. Akaike’s information criterion AIC (Akaike, 1973)
and the Bayesian information criterion BIC (Schwarz et al., 1978) were
used to select the best model.

3. Results
3.1. Pharmaceutical and physicochemical concentrations in water

The concentrations of carbamazepine, naproxen, diclofenac, and
irbesartan were within the normal levels in freshwater habitats; how-
ever, the concentration of acetaminophen was not within the normal
level. The concentrations of the five pharmaceuticals at 5 m and 19 m
depths along each channel and for each condition ranged between 60%
and 100% of the target concentrations throughout the study period.
However, the concentration of acetaminophen ranged between 0% and
50% (Table 1a). Time and water inlet distance significantly affected the
concentrations of carbamazepine, acetaminophen, and naproxen. There
was a significant decrease in the concentrations of carbamazepine,
acetaminophen, and naproxen with an increase in water inlet distance.
The concentration of carbamazepine in water was mostly below the
detection level or at 5% of the target level.

There were no significant differences (p > 0.05) in the physico-
chemical characteristics of the channels (Table 1b). The mean
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temperature was approximately 18.4 °C, with a standard deviation of
0.64 °C, while the mean conductivity was 552.5 uS/cm, with a standard
deviation of 31 pS/cm. The mean concentration of dissolved oxygen
(DO) 9.2 mg/1, with a standard deviation of 0.33 mg/1.

3.2. Effects of the pharmaceutical mixtures on oxidative stress indices of
F. antipyretica

The oxidative stress response of F. antipyretica to the drug mixtures
are shown in Fig. 2. There was a significant increase in the activities of
CAT, SOD and GPX, with an increase in the concentration of the mixture
compared with that of the control (Fig. 2a—c). However, CAT and SOD
were more sensitive to the mixtures than did GPX, exhibiting a dose
dependent response.

The maximum concentration was recorded in the third month and
decreased thereafter. The responses of CAT and SOD were strongly
correlated (r > 0.8; p < 0.05). The R? values for catalase and SOD were
71% and 92%, respectively. The preliminary ANOVA showed that the
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effects of both treatment and study duration were significant (p < 0.05).

3.3. Effects of the pharmaceutical mixtures on chlorophyll content

There was a significant decrease (p < 0.05) in the chlorophyll con-
tent and chlorophyll a/b ratio of plants exposed to the three treatments
compared with that of plants in the control group (Fig. 3 and Table 2).
However, there was an increase in photosynthetic activity of the mosses
after the first 3 months of exposure (Fig. 3a-b, and Table 2). The result of
the Levene’s test showed that the variances of total chlorophyll and
chlorophyll a/b ratio were not significantly different (p > 0.05).

The RC model was most suitable for our data. The effects of the
treatments and study duration were significant (Table 2), and the re-
siduals of the models follow a normal distribution.

However, the interaction (concentration*time) was not significant
(p > 0.05), hence it was removed from the analysis. The three treat-
ments had a negative effect on the chlorophyll content of the plants
(Table 2). These findings were confirmed by Dunnett’s test and Tukey’s
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Fig. 2. Antioxidant enzyme activities of F. antipyretica at various pharmaceutical mixture concentrations and throughout time. CAT: catalase(a), SOD: superoxide
dismutase(b), GPX: guaiacol peroxidase(c), Results are presented as mean + standard deviation for three replicates taken from samples collected each month from
May to September. Values with different letters are statistically different (ANOVA followed by Tukey’s HSD test, p < 0.05).
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conditions and throughout time.

Table 2

Results of the random coefficient model (RC) applied to Total chlorophyll con-
tent and chlorophyll a/b ratios in Fontinalis antipyretica exposed to the different
mixture concentrations.

Random coefficient model (RC)

Criteria Chlorophyll a/b ratio Total chlorophyll
-2 Res Log Likelihood 4.9 205.63
BIC 9.7 209.93
AIC 8.9 209.5
Solution for Fixed Effects
Concentration Estimate Estimate
Intercept 1.3883*** 10.2484***
MX1 -0.5286%** -3.2560%**
MX10 -0.8775%** -3.2029%**
MX100 -0.7803*** -3.1067***
Control 0 0
Time 0.05228* 0.3792*
Type 3 Tests of Fixed Effects

F Value F Value
Concentration 14.29%** 14.50%**
Time 7.63* 8.64*
Covariance Parameter Estimates
Canal 0.002690
Canal*Time 0.000246*

*=p < 0.05; **=p < 0.01; ***=p < 0.001.
AIC: Akaike’s information criterion, BIC: Bayesian information criterion.

HSD test. However, the positive time coefficient confirmed the recovery
of photosynthetic activity during the study period.

The component of variance explained by the channel (water inlet
conditions) was 0.0027 and 0.23, for chlorophyll ratio and total chlo-
rophyll, respectively. The channel explained a significant proportion of
the variability.

3.4. Bioaccumulation

Among the five substances, only carbamazepine and irbesartan were
accumulated by F. antipyretica. The plants displayed higher bio-
accumulation of carbamazepine than that of irbesartan. The concen-
tration of carbamazepine and irbesartan in the plant tissues increased
with an increase in the concentration of the pharmaceuticals. Levene’s
test showed that the variance was not equal (p > 0.05). Comparison for
each pair using Wilcoxon method showed that the bioaccumulation
under the different treatment were significantly different. The Dunnett’s
test for joint ranking showed significant differences between the three
treatments and the control. Irbesartan was accumulated only by plants
exposed to MX100, and the concentration was significantly higher
(p < 0.05) than that of plants in the control group (Fig. 4). The results of
the bioaccumulation factor calculation showed that F. antipyretica was
highly bioaccumulative (BAF > 5000 L/kg). The species largely bio-
accumulated carbamazepine (BAFs between 6 and 79). However, bio-
accumulation of irbesartan (BAFs = 4) was low.

3.5. Effects of the pharmaceutical mixture on morphological traits

The results of the effects of the three treatments (MX1, MX10, and
MX100) on the morphological traits of the plants are shown in Fig. 5.
The treatments did not significantly affect (p > 0.05) the morphological
traits of the plants. However, during the study period, the growth rate of
the plants decreased slightly in the fourth month of exposure and
increased slightly in the fifth month (Fig. 5). Slight variations were
observed in the leaf width and stem length of plants in the MX1 and
MX100 (Fig. 5). The interaction between exposure duration and channel
was significant and the channels could explain part of the variation in
plant growth.
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4. Discussion

Numerous abiotic stressors, such as pharmaceutical substances, can
cause damages to plant cells either directly or indirectly through the
activities of ROS (Radotic et al., 2000; Shah et al., 2001). Plant cells
respond to high concentrations of reactive oxygen species (ROS) by
activating their antioxidant defense mechanisms (Bleuel et al., 2005;
Sun et al., 2009). The effects of stressors on the oxidative status of plants
is well documented in moss and phanerogam species (Chen et al., 2015;
Dazy et al., 2009;). However, most studies (96%) have focused on
inorganic contamination, with limited studies (4%) on the effects of
organic contaminants (Debén et al., 2017).

The present study examined the effects of organic pollutants on the
morphology and oxidative stress response of aquatic moss. a significant
increase in the SOD and catalase activity of F. antipyretica with an in-
crease in the concentration of the mixture, peaking at the third month of
the study (July). This indicated that F. antipyretica responded to oxida-
tive stress by increasing SOD activity. The effective scavenging of O»~ by
SOD is an essential defense mechanism against cellular oxidative dam-
age, as Oy acts as a precursor of more cytotoxic and highly reactive
oxygen derivatives, such as peroxynitric and OH (Duman et al., 2010).
Therefore, SOD is usually considered the main line of protection against
oxidative stress (Figueira and Ribeiro, 2005). The lower SOD activity in
September (the last month of exposure) could be attributed to the
downregulation of SOD activity or inactivation of certain isoenzymes.
Similar observations have been reported in a few studies, including in
Holcus lanatus exposed to arsenic (Hartley-Whitaker et al., 2001),
F. antipyretica exposed to 10 M copper (Dazy et al., 2009), and Nastur-
tium officinale exposed to 5 mg/L of nickel (Duman et al., 2010). Dietz
et al. (1999) attributed this phenomenon to the sensitivity of the en-
zymes to excess HyO9 produced in the cells. However, it has been re-
ported that the sensitivity of the enzymes varies with species (Chen
et al., 2015). The antioxidant enzymatic response alone is insufficient to
determine the oxidative stress response of plants. Therefore, more spe-
cific biochemical parameters, such as lipid peroxide content, and redox
state of cell membranes should be employed in future studies.

The treatments significantly decreased the chlorophyll content of the
plants. However, after 3 months of exposure, the chlorophyll content
was restored to normal, indicating that the effects of the treatments were
possibly acute and that the photosynthetic system of F. antipyretica could
acclimatize to the presence of different substances. This latter phe-
nomenon was consistent with the report of Wang et al. (2012), who
demonstrated that the photosystem II (PSII) reactive center of Chlorella
vulgaris and Haematococcus pluvialis could produce a certain resistance to
cadmium content. Similar responses have also been reported in the
study of Wang et al. (2012) conducted on Microcystis aeruginosa. The
effects of heavy metals on chlorophyll content have been reported by
several authors (Monnet et al., 2001; Scoccianti et al., 2006). However,
discrepancies in the results have been observed concerning chlorophyll
a/b ratios (Mysliwa-Kurdziel et al., 2004). These results appeared to
depend on the biological model and the metal used for the study. To
confirm these results, further studies on photosynthetic performance,
especially chlorophyll fluorescence and rate coefficient of photo-
inactivation (Jpi) test, need to be conducted.

In the present study, carbamazepine and irbesartan were accumu-
lated by F. antipyretica; however, the plant had a higher bioaccumulation
rate for carbamazepine than irbesartan. Besse and Garric (2008) have
assigned these two components to category IB, which includes com-
pounds that are potentially hazardous to aquatic environments. Ac-
cording to these authors, these substances also have risk ratios
(predicted environmental concentration (PEC) higher than 100 ng/L).
This accumulation capacity suggests that F. antipyretica could be suitable
for environmental studies. In the present study, except for acetamino-
phen, which was only 50% of the expected concentration in the
microcosm, the concentrations of the other four pharmaceuticals were
within the normal concentration. This probably limited the
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bioaccumulation of acetaminophen by the species. To the best of our
knowledge, this is the first study to investigate the bioconcentration of a
mixture of five pharmaceuticals in F. antipyretica. Our findings on the
bioaccumulation potential of F. antipyretica are consistent with those of
previous studies. Pseudokirchneriella subcapitata (algae) and Thamnoce-
phalus platyurus (crustacean) had bioaccumulation factors of 2.2 and
12.6, respectively, for carbamazepine (Vernouillet et al., 2010). Delépée
et al. (2004) reported that at the end of a 10 d exposure period to three
pharmacological substances, (oxolinic acid (OA), flumequine (FLU), and
oxytetracycline (OTC)), F. antipyretica had a higher concentration of OA,
FLU, and OTC compared to the microcosm. Gallissot (1988) reported a
rapid and significant accumulation of PCBs by F. antipyretica and
Rhynchostegium riparioides, in vitro and 50% of the steady-state con-
centrations were attained in 24 h. The same phenomenon has also been
observed for heavy metals. Studies have reported a rapid accumulation
(from a few hours to a few days) of several micropollutants and
decontaminants (or depurate) by bryophytes after a few weeks or a few
months (Claveri et al., 1994; Mersch and Kass, 1994; Vray et al., 1992).
However, data on the cumulative concentration per unit time are often
lacking in these studies, which limits comparison with our results. In the
present study, a large variation was observed in the oxidative stress
response of F. antipyretica, and the bioaccumulation of the pharmaceu-
ticals. This phenomenon has been observed in several species.
Lopez-Gomez et al. (1997) reported that F. antipyretica exhibited inter-
mediate potential for metal accumulation but showed a broader range of
variation in tissue concentration compared to similar contamination
levels.

In the present study, carbamazepine persisted in the plant tissue for 4
months and there was no decrease in its concentration, which is similar
to previous findings (Delépée et al., 2004; Roy et al., 1992). Delépée
et al. (2004) reported that the concentrations of OA, FLU and OTC
ranged between 0.19 and 3.04 ng/g/day, with mean residence time
ranging between 18 and 59 days. Studies suggests that organic pollut-
ants appear to accumulate in the cell wall of bryophytes through nega-
tively charged surface sites (Gallissot, 1988). Furthermore, during
intracellular uptake, the less polar pollutants accumulate in the lipid
compartments of the cells (Mouvet, 1986). The lipid content of
F. antipyretica represents approximately 3.5% of its dry matter (Frisque
et al., 1983; Maiss, 1988), which offers a real potential for the accu-
mulation of hydrophobic substances. Therefore, it can be inferred that
the concentration of these micropollutants is generally proportional to
the lipid concentration of the organism. Aquatic mosses of the genera
Fontinalis, Cinclidotus, and Rhynchostegium rapidly accumulate large
concentrations of pollutants and release them slowly (Mouvet, 1984a,
1984b; Wehr and Whitton, 1983). The removal of organic pollutants by
F. antipyretica was generally slow and decreased with time. There was a
decrease in the removal of Benzo (a) anthracene (BaA) and Benzo (a)
pyrene (BaP) after 24 h and 48 h, respectively (Roy et al., 1992). This
slow removal of organic pollutants from plant tissues seems to be related
to their low solubility in water (Steen and Karickhoff, 1981; Smith et al.,
1991). The elimination of pollutants through this method is never total
and complete. A residual fraction of heavy metals is maintained after a
certain period of decontamination (Gallissot, 1988). Pollutants may be
trapped in cells in non-toxic forms at low concentration levels, thereby
increasing the elimination period of these pollutants by the plants.

Regarding pharmaceutical, it should be noted, that the MX1 con-
centrations are more or less within the range measured in other regions
and are well below the 100X tested in this work.

The maximum concentrations of carbamazepine and diclofenac in
surface waters are reported as 1075 ng L™! and 1030 ng L™! respec-
tively detected in Berlin by Heberer et al. (2002). These are higher than
the MX1 concentrations measured on the Meuse in Wallonia, which are
respectively around 25 ng/l but much lower than the maximum con-
centrations (100X = 2.5 pg/1) tested in this work.

However, the maximum concentrations of carbamazepine and
diclofenac detected in WWTP effluents are reported respectively as
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6300 ng L™ and 1600 ng L™! (Ternes, 1998; Paxeus, 2004).

Ferrari et al. (2003) has studied the toxic effects of these two sub-
stances on bacteria, algae, microcrustaceans, and fish and he has shown
that concentrations that cause 50% of effect (EC50) were 13,800 ug L™*
for carbamazepine on D.magna over 48 h and 11,454 pg L™ for diclo-
fenac on the Microtox system over 30 min

The concentrations of Naproxen in surface waters reported by Wang
et al. (2010) are about 1.3 ng/1 which is less than that measured in the
Meuse River (25 ng/1).

For acetaminophen, the highest concentration detected in the river
water was (346.3 ng Lfl) (Al-Odaini et al., 2013). This one is higher
than that measured in the Meuse River and lower than 100X tested in
this work. For Irbesartan however, Oosterhuis et al. (2013) indicates,
limited literature data on its occurrence.

In the present study, despite the negative effects of the treatments on
the oxidative status, chlorophyll content, and chlorophyll a/b ratio of
the plants, the growth of the plant was not significantly affected.
However, small changes were observed in plants exposed to the control
condition and this may be attributed to the conditions of the mesocosms,
which were not optimal for the species. Additionally, the study was
conducted during summer, whereas the growth period of mosses is
usually during the autumn-winter period. Ecotoxicity studies under
ecosystem conditions are of considerable ecological relevance. Future
ecotoxicity studies should take into consideration the interaction be-
tween and impact of different factors, for example the availability of the
added pharmaceuticals with regard to different aquatic species.

5. Conclusion

Exposure to the mixture of the five pharmaceuticals at environ-
mentally realistic concentrations adversely affected the oxidative status,
chlorophyll content, and chlorophyll a/b ratio in F. antipyretica during
the first 3 months of exposure. The treatments significantly affected the
catalase, SOD, and GPX activity of F. antipyretica, suggesting that
exposure to the treatments triggered the production of ROS. However,
the chlorophyll content of the plants was restored to normal after 3
months of exposure to the three treatments. This indicates that the ef-
fects of the treatments were possibly acute and that the photosynthetic
system of F. antipyretica could adapt to the occurrence of the different
substances. However, oxidative response and chlorophyll content alone
are insufficient to determine the oxidative stress response of plants.
Therefore, complementary analyses, such as chlorophyll fluorescence,
Jpi test, lipid peroxide content, and oxidative stress response of cell
membranes, should be incorporated in future studies. The findings of
this study showed that F. antipyretica bioaccumulated two (carbamaze-
pine and irbesartan) of the five pharmaceuticals investigated. Carba-
mazepine persisted for 4 months in the plant tissue; its release or
transformation was observed only after 5 months of exposure. Despite
the negative effects of the three treatments on the oxidative status and
chlorophyll content of the species, the morphological traits were not
significantly affected by the treatments. The higher accumulation ca-
pacity and resistance to pollution, wider distribution, and higher
abundance of F. antipyretica compared with some species, render this
species suitable for environmental studies, as it meets all the criteria.
However, the lack of standardized methods limits comparison between
studies and the use of this species by environmental authorities as a tool
for routine environmental assessment.
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