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Abstract

Anthropogenic pressures, such as contaminant exposure, may affect stable isotope ratios
in biota. These changes are driven by alterations in the nutrient allocation and metabolic
pathways induced by specific stressors. In a controlled microcosm study with the amphipod
Gammarus spp., we studied effects of the B-blocker propranolol on stable isotope signa-
tures (5'°N and 5'°C), elemental composition (%C and %N), and growth (protein content
and body size) as well as biomarkers of oxidative status (antioxidant capacity, ORAC; lipid
peroxidation, TBARS) and neurological activity (acetylcholinesterase, AChE). Based on the
known effects of propranolol exposure on cellular functions, i.e., its mode of action (MOA),
we expected to observe a lower scope for growth, accompanied by a decrease in protein
deposition, oxidative processes and AChE inhibition, with a resulting increase in the isotopic
signatures. The observed responses in growth, biochemical and elemental variables sup-
ported most of these predictions. In particular, an increase in %N was observed in the pro-
pranolol exposures, whereas both protein allocation and body size declined. Moreover, both
ORAC and TBARS levels decreased with increasing propranolol concentration, with the
decrease being more pronounced for TBARS, which indicates the prevalence of the antioxi-
dative processes. These changes resulted in a significant increase of the 5'°N and 8'°C val-
ues in the propranolol-exposed animals compared to the control. These findings suggest
that MOA of B-blockers may be used to predict sublethal effects in non-target species,
including inhibited AChE activity, improved oxidative balance, and elevated stable isotope
ratios. The latter also indicates that metabolism-driven responses to environmental contami-
nants can alter stable isotope signatures, which should be taken into account when inter-
preting trophic interactions in the food webs.
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Introduction

In human physiology, the natural variations of the isotopic ratios of carbon, nitrogen and
other major elements comprising biomass (5'°N, §"°C, 8'%0, 8°H, 5*/*°Ca, etc.) are attracting
increasing attention since they offer a new means to study the imbalances linked to pathologi-
cal conditions [1,2]. In non-human biology, however, the physiology of a consumer is rarely
coupled to 8'°N and 5'">C values that are assumed to be a bare reflection of the diets isotope
composition plus a discrimination factor (A'>N and A'’C, respectively). There is ample evi-
dence that consumer A-values and the isotopic signatures may vary depending on various
endogenous and environmental factors via their effects on metabolism and growth. These fac-
tors include variations in moulting status [3], food quantity [4,5] and quality [6], temperature
[7,8], and contaminant exposure [9]. Therefore, to improve interpretation of stable isotope
analysis (SIA) data in stress ecology and ecotoxicology, it is crucial to consider the physiologi-
cal state in addition to the potential dietary sources of the consumer.

In line with this, isotope signatures have been reported to respond to changes in oxidative
status [10], suggesting that both §'°N and §'C values can reflect not only the diet but also
shifts in the balance between antioxidative and pro-oxidative processes. Such shifts are not
particularly unexpected because heavier isotopes have been found to accumulate in molecules
in which they are present in the highest oxidation state [11]. Oxidative stress is commonly
used to assess toxic exposure [12] and various metabolic activities related to oxidative balance,
such as feeding [13] and reproduction [14]. Therefore, by combining biomarkers and SIA
data, the assessment of trophic structure based on SIA can be facilitated by including responses
to confounding factors, such as toxic exposure, migratory activity, and food levels. It has also
been proposed that major biomolecules (i.e., proteins, nucleic acids, and lipids) enriched in
heavy isotopes might be less prone to the oxidative damage due to kinetic effects and higher
stability [15,16]. Hence, organisms and tissues with higher isotope signatures would display
lower oxidative damage. On the other hand, under toxic exposure variations in 8-values may
be explained by changes in the relative abundance of heavy and light isotopes due to the ele-
vated oxidation.

Studies exploring the effects of contaminants on 8'°N and &'>C values have mostly focused
on persistent organic pollutants (POPs) [8,9,17,18]. POPs are known to cause deleterious
effects in wildlife via oxidative stress, increased physiological costs, and neurotoxicity [12]. A
group of very different environmental contaminants is pharmaceuticals. First, they are
designed to be biologically active in living organisms by having a specific drug target, which is
a molecular structure that undergoes a specific interaction, i.e., the mechanism of action
(MOA), with the drug administered to treat or diagnose a disease. MOA connects specific
molecular and metabolic interactions to the response, but for most drugs, several (if not many)
targets are known [19]. Second, the potency of a pharmaceutical for a non-target organism is
dependent on whether drug targets are evolutionary conserved [20], and unknown targets and
MOAs for such drugs cannot be excluded in phylogenetically distant species. Whereas the
effects of toxic exposure on stable isotope ratios are often associated with increased physiologi-
cal costs due to detoxification [21], such effects of pharmaceuticals may result from the
intended therapeutic effects or side effects. Hence, to understand changes in the isotopic com-
position of non-target species exposed to pharmaceuticals in the environment, the specific
MOAs need to be considered.

Propranolol is a non-selective B-blocker used to treat hypertension in humans by acting as
an antagonist to the adrenergic B-receptors. In mammals, in addition to lowering blood pres-
sure and heart rate, propranolol has been reported to lower protein turnover via modulation
of both protein synthesis and catabolism [22,23]. Furthermore, it also possesses antioxidant
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properties by stabilizing lysosomes [24] and, thus, reducing oxidative stress [25]. For crusta-
ceans, it appears as there exist no adrenergic receptors in the cardiovascular system [26],
which would indicate low potency for a propranolol effect. However, propranolol is also a
serotonin receptor (5-HT) antagonist [27] for which there are evolutionarily conserved recep-
tors in crustaceans and other invertebrates [28,29]. In bivalves, for example, propranolol expo-
sure has been linked to altered cyclic adenosine monophosphate (cAMP) signaling via the
5-HT1 receptor [30], suggesting that effects on cAMP signaling in invertebrates, including
crustaceans, can occur and cause downstream alterations in catabolic, anabolic and transport
processes. Moreover, because of the overlapping adrenergic and cholinergic innervation in
many systems, drugs acting on one system are known to modify the activity of the other. That
is also the case with propranolol, which inhibits cholinesterase (ChE) enzyme activity [31]. In
line with these MOAs, propranolol has been found to reduce heart rate in Daphnia magna
[32] and motility in Gammarus spp. [33]. Therefore, propranolol presents a suitable model
substance to predict effects of pharmaceuticals on isotope ratios in crustaceans and to test the
relationships between oxidative stress and isotope ratios, as a consequence of contaminant-
induced changes in the physiology.

In oxidative status assessment, total oxygen radical absorbance capacity (ORAC) and lipid
peroxidation (TBARS) are common biomarkers of antioxidative and pro-oxidative processes,
respectively [13]. The antioxidant capacity (ORAC) reflects concentrations of water-soluble
antioxidants, the substances that delay or prevent the oxidation of biomolecules by reactive
oxygen species, ROS [34]. When pro-oxidative processes dominate, the reaction between ROS
and lipids gives rise to lipid peroxidation that causes functional loss of membrane-stability.
Such shifts in the oxidative status have been linked to several diseases and aging [35]. Also, the
ORAC:TBARS ratio can serve as a proxy for the balance between the antioxidative and pro-
oxidative processes with lower values indicating the prevalence of oxidation [36]. The activity
of acetylcholinesterase (AChE) is central for maintaining the function of acetylcholine recep-
tors by degrading the neurotransmitter acetylcholine; various neuropathologies, including
decreased cardiac output and motility, occur in animals with AChE inhibition [37].

This study aimed to evaluate whether the MOAs of propranolol can be used to predict its
effects on stable isotope ratios and oxidative stress biomarkers in crustaceans (Table 1; Fig 1).
We assayed elemental composition (percentages of carbon and nitrogen, %C and %N, respec-
tively), stable isotope ratios (8'°N and 8'2C) and biomarkers of oxidative stress (ORAC,
TBARS, and ORAC:TBARS ratio) and neurological damage (AChE activity) in amphipods
(Gammarus spp.) exposed to propranolol (100 and 1000 pg L) in microcosms. These test con-
centrations are high compared to the ecologically relevant concentrations, which have been
reported to be in the upper range of 0.29-1.9 and 0.59 pg L' for sewage treatment plant efflu-
ent and surface waters, respectively [38,39]. However, using high concentrations was consid-
ered appropriate, because we were not focused on assessing the effects of environmentally
relevant concentrations of propranolol in non-target species but investigated the overall pre-
dictably of these effects.

Material and methods
Microcosms

The model communities consisting of amphipods (Gammarus spp.), blue mussels (Mytilus

edulis trossulus), red filamentous macroalgae (Ceramium tenuicorne), were exposed to 0, 100
and 1000 pg L' propranolol in 8-L aquaria for six weeks, five aquaria per treatment. Animals
and sediment used in the microcosms were collected in June 2011 nearby Aské laboratory, in
the northern Baltic proper, Sweden. Details on sampling, sediment collection and quality are
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Table 1. Summary of the hypothesized relationships, the rationale behind each hypothesis, and models used in the hypothesis testing. Propranolol (ug L™"); %N,
nitrogen content; %C, carbon content, WW, wet weight; ORAC, oxygen radical absorbance capacity as proxy for antioxidative capacity; AChE, acetylcholinesterase activ-
ity; ORAC:TBARS ratio, a proxy for the balance between antioxidative and pro-oxidative activities. Significant predictors are in bold face.

Hypothesis | Response

H1
H2

H3

H4

H5

Hé6

H7

H38

%N

Protein

WW

TBARS

ORAC

AChE

5N

s1C

Predictors
propranolol
propranolol
%N
Propranolol
Protein
Propranolol
ww

TBARS
WwW
Propranolol

ORAC:
TBARS

Propranolol
WwWw

ORAC:
TBARS

Propranolol
wWw
C:N or %C

ORAC:
TBARS

Changes expected to occur in the propranolol-exposed animals and the rationale

%N is positively affected by propranolol due to decreased protein catabolism, amino acid release and breakdown [23],
whereas protein allocation is reduced due to negative effects of propranolol on food intake [52].
%N is a plausible predictor for protein content due to stoichiometric principles [48].

Somatic growth decreases due to inhibitory effect of propranolol on cell proliferation and metabolism, with concomitant
effects on oxygen supply and energy balance [32].

Oxidative damage decreases due to the antioxidative properties of propranolol [24] but also as a result of the reduced feeding
[13]. As many other biomarkers in crustaceans are affected by size/age [57], WW may also contribute to the variability of this
biomarker.

Antioxidant capacity decreases due to the decreased pro-oxidative processes (see H4). WW is an ontogenetic covariate.

AChE inhibition occurs due to the propranolol binding to the peripheral sites on the AChE molecule, thus reducing its
activity [52]. Also, lower levels of oxidative stress are likely to lower AChE levels as moderate oxidative stress can stimulate
AChE activity [59].

3'°N and 8'*C values increase in response to metabolic alterations induced by propranolol exposure. Alternatively, strictly
due to the growth inhibition (H3) and concomitant increase in N fractionation [5].

The increase in *C fractionation is related to higher mass-specific respiration rate in the exposed animals. Also, as lipids are
depleted in '*C, the covariates are %C and C:N as proxies for the lipid content. Moreover, TBARS and ORAC:TBARS ratio
are included as covariates reflecting oxidative status, because fatty acids with higher proportion of heavier isotopes would be
less prone to oxidation [16].

https://doi.org/10.1371/journal.pone.0211304.t001

presented elsewhere [40]. In each of the 15 aquaria, 30 amphipods, 31 mussels, and 8.3 g WW
C. tenuicorne were placed. Before the experiment, microcosms were acclimated for seven days
in a climate chamber with a water temperature of 12.5 + 0.5°C and a 16:8 h light:dark regime;
the same conditions were used during the experiment. The microcosms were connected to a
flow-through system with seawater (salinity 6.5 PSU) entering each aquarium via a PVC tub-
ing allowing for the daily exchange of the total water volume. Propranolol was dissolved in
dilute phosphoric acid (0.1 mM; pH adjusted to 7.1 using sodium carbonate). All solutions
were prepared and diluted with buffer so that the final concentrations of sodium, phosphate
and carbonate ions were identical [33,41]. The propranolol solution was continuously added
at the test concentrations via siphons of PTFE Teflon tubing connected to fused silica capillar-
ies from glass reservoirs above the aquaria into each experimental unit. The microalgae (Iso-
chrysis galbana, Reed Mariculture) were added daily ad libitum (7.8 x 107 cells L") to ensure a
sufficient food supply for the animals. The mortality was recorded daily, and dead animals
were removed. Samples for quantification of propranolol in water were taken at day 2 and day
15, and samples for quantification of propranolol in organisms and sediment were taken at the
end of the experiment (day 42). Upon termination of the experiment, the wet weight (WW) of
the surviving amphipods was determined, and they were frozen individually in Eppendorf
tubes at -80°C pending biomarker and stable isotope analysis. The general responses to the
exposure (i.e., mortality, respiration, feeding rate, excretion and community-specific gross
production and respiration) as well as the concentrations of propranolol quantified for the dif-
ferent compartments are reported elsewhere [40]; mortality and propranolol quantifications
for water and amphipods from this study are summarized in Supporting Information, Table A
in S1 File. Here, we focus on the propranolol effects on the stable isotope signatures, elemental
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Fig 1. Conceptual diagram for propranolol effects on the amphipod growth and its constituents, biomarkers
(TBARS, ORAGC, and AChE), and stable isotope signatures (8"C and 6"°N), predicted on the basis of MOA. The
negative effects are shown as arrows pointing down and positive effects as arrows pointing up. The orange arrows
depict measured effects, whereas grey arrows indicate effects that were not accessed but appear plausible considering
propranolol MOA and literature. See Table 1 for the rationale for specific effects.

https://doi.org/10.1371/journal.pone.0211304.g001

composition and biomarkers in the amphipods collected within the same experiment as well
as the relationships between these endpoints; see Table 1 for the details on expected effects and
causal relationships between the endpoints and biomarkers.

Sample preparation

For biomarker and stable isotope analyses, 45 amphipods (15 ind. treatment ™) were used.
Using a stereomicroscope and a scalpel, each individual was dissected separating abdominal
and thoracic parts; during the dissection, the animals were held on dry ice. The thoracic part
was used for biomarker analysis, while the abdominal part was used for 8'°N and 8'>C analysis.
The SIA samples were placed in pre-weighed tin capsules, dried at 60°C for 24 h, weighed and
stored in a desiccator before being shipped to the SIA facilities.

Biochemical assays

Sample preparation. Assessment of oxidative status was conducted using ORAC and
TBARS assays, whereas AChE activity was used to evaluate neurological effects of propranolol.
Using FastPrep (MP Biomedicals), the samples were homogenized in 500 uL of PPB (0.1 M,
pH 7.2) for 30 sec x 2 times with an ice bath (30 sec) in between. After centrifugation (10 000
rpm x 5 min at 4°C), the supernatants from the two tubes were aliquoted to 40, 50 and 150 pL
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for protein, ORAC, TBARS, and AChE, respectively; the aliquots were frozen at -80°C pending
the analyses. All samples were analyzed in duplicate for each biomarker using a FluoStar
Optima plate reader (BMG Lab Technologies, Germany) with absorbance (protein and AChE)
or fluorescence (ORAC and TBARS) configuration.

Protein quantification. Protein content (ug ind.”") was determined by the bicinchoninic
acid (BCA) method [42] using a Pierce BCA Protein Assay kit (Thermo Scientific, Product
No. 23225) and the microplate protocol with some modifications. In transparent 96-well
microplate, 20 uL sample and 130 pL working solution were mixed in each well. Absorbance
was measured at 540 nm, and protein concentrations were calculated using a standard curve
(18.5-1500 pg mL ™).

ORAC. We used the microplate-based assay [34] with fluorescein as a fluorescent probe
(106 nM), 2,2-azobis(2-amidinopropane), dihydrochloride (AAPH; 152.66 mM) as a source of
peroxyl radicals, and Trolox (218 uM) as the standard. The samples were diluted with PPB (0.1
M, pH 7.2) to 0.08-0.12 mg protein mL™" and 25 L were mixed with 30 uL. AAPH and 150 uL
fluorescein in each well. After 5 min incubation at 37°C, a kinetic fluorescence read (excitation
485 nm, emission 538 nm, 2 min/cycle x 65 cycles) was carried out. The values of the area
under the curve (AUC) of standards were used to calculate the ORAC levels per individual.
These ORAC values were normalized to protein content to account for variability in wet mass.

Lipid peroxidation. The TBARS was measured as aldehydic lipid peroxidation fluores-
cent products after reacting with thiobarbituric acid (TBA) [43]. The samples were first diluted
with PPB (0.1 M, pH 7.2) to 0.50 mg protein mL™". Then, homogenate (150 uL) was diluted 1:1
with 10% trichloroacetic acid and rested on ice for 5 min. After centrifugation (10 000 rpm x 5
min at 4°C), the supernatant (250 pL) was mixed with 150 pL of reaction solution (200 mg
TBA in 5mL 1.5 M NaOH and 5 mL acetic acid), and incubated at 100°C for 1 h. After cooling
to room temperature and the addition of butanol/pyridine mixture (250 uL; volume ratio
15:1), the samples were vortexed (2 x 10 s) and centrifuged for 5 min at 4000 g at 20°C. The
organic phase (upper layer, 80 uL well ') was used for fluorometric determination (excitation
540 nm, emission 590 nm) of malondialdehyde (MDA) concentration (UM MDA equivalents
ind.™"). The MDA concentrations were expressed as TBARS normalized to protein content of
the sample.

AChE activity. Ellman assay [44] modified for a microplate format was used. The reaction
solution was freshly prepared by mixing 169 uL acetylthiocholine solution (75 mM), 845 ul
DTNB solution (10 mM), and 25.4 mL PPB. In each well, sample (25 pL) was mixed with
250 pL reaction solution. The plate was then incubated for 2 min with a gentle shake in the
plate reader, followed by reading absorbance at 405 nm every 2 min with ten cycles. The AChE
activity was calculated as:

AA-F AA
el-t-c t e-l¢

AChE activity = = slope -

e-l-c

where slope is calculated through a linear fit between the absorbance change (sample minus
blank) and time, F refers to the dilution factor (total volume/sample volume, 275 pL/25 pL), &
is extinction coefficient of DTNB (13600 M™' cm™), I is the length of light path length (0.75 cm
in the present instrument) and c is the protein concentration (mg mL™).

Stable isotope ratio analysis

Stable isotope analysis was conducted at the Center for Physical Science and Technology, Vil-
nius, Lithuania, using a Flash EA 1112 Series Elemental Analyzer connected via a Conflo III to
a DeltaV Advantage isotope ratio mass spectrometer (all Thermo Finnigan, Bremen,
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Germany). The stable isotope ratios "’N:"*N and >C:"2C are expressed relative to the interna-
tional standards atmospheric air (N) and Vienna Pee Dee Belemnite (C). Caffeine (IAEA-600)
was used as secondary reference material for the reference gas calibration. Elemental composi-
tion of nitrogen and carbon (%N and %C, respectively) are expressed as the percentage con-
tent of the sample dry weight. Calibration curves for %N and %C quantification were created
using EMA P2 reference material (Elemental Microanalysis). To estimate the analytical preci-
sion of 8'°N and 8'°C, an internal reference (Esox lucius, n = 6) was analyzed together with the
test samples. For analytical precision of elemental composition (%N and %C), a series of sam-
ples (n = 9) each containing a single individual of the crustacean D. magna collected from a
culture (size 340-520 pg) were used. The overall analytical precision was 0.1 %o and 0.04 %o
for 8N and §"°C, respectively, and 0.02% and 0.09% for %N and %C, respectively.

Data analysis and statistics

To explore the overall variability in the data set, a between-group principal component analysis
(bgPCA) was conducted using PAleontological STatistics (PAST) version 3.13 [45]. In the
bgPCA, we used a correlation matrix of %N, %C, C:N, protein content, WW, ORAC, TBARS,
ORAC:TBARS, AChE, §'°N and §'°C. When necessary, some variables (%C, WW, TBARS,
ORAC:TBARS, AChE, 8'°N and 8'*C) were Box-Cox transformed using Statistica 8.0 (Stat-
Soft, USA).

As the next step, all predictors were evaluated for aquarium effects, because the experimen-
tal design did not allow for complete independence between the amphipods sampled from the
same experimental unit. Linear mixed models (LMM) with restricted maximum likelihood
(REML) was used to test for random effect, i.e., whether the fixed effect of treatment was dif-
ferent between the aquaria. Linear models using generalized least square (GLS) with REML
(without random effects) were used as null models to test the hypotheses of a significant aquar-
ium effect for different variables; the resulting models were compared using analysis of vari-
ance (ANOVA). When no significant aquarium effect was detected (%N, WW, protein, 8°N,
8'3C, and all biomarkers), generalized linear models (GLMs) were used to analyze the data.
When this effect was significant (%C and the C:N ratio), the data were analyzed using
GLS-REML. Thus, to answer the hypotheses linking specific responses to propranolol effects,
we used either GLM (H1 to H6) or GLS-REML (H7; Table 1 and Table B in S1 File). All linear
mixed models and linear models using GLS were made using the package Linear and Nonlin-
ear Mixed Effects Models (nlme) version 3.1-118, and for GLMs The R Stats Package (stats)
was used in the statistical software R version 3.1.2 (R core team 2015). The significance level
was set to o0 < 0.05. If not specified otherwise, the data are reported as mean and standard
deviation.

Results
Principal component analysis

The bgPCA suggested a lower similarity between the animals exposed to the high propranolol
concentration (PH) and the control compared to that for the low propranolol (PL) and control
groups (Fig 2). The first principal component (PC1) described 85.8% of the variance and was
best explained (>0.3) by the negative loadings of %N, ORAC:TBARS ratio, 5'°N and 5"°C.
The PCI also contributed most to the between-group differences, with positive loadings of C:
N ratio, protein content, WW, TBARS, and ORAC. The projection of PH treatment on PC1
suggested that high propranolol exposure coincided with increased %N yet decreased protein
content and lowered oxidative damage, i.e., low levels of TBARS and high levels of ORAC:
TBARS ratio (Table 2).
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Fig 2. Between group principal component analysis (bgPCA) of the amphipod responses to propranolol exposure.
The animals exposed to the high propranolol concentration (PH, grey) showed the least overlap with those in Control
(open) and low propranolol concentration (PL, beige) groups. PC1 and PC2 explained 85.8% and 14.2% of the
variation, respectively. The vectors represent loadings for specific variables (see Table 2).

https://doi.org/10.1371/journal.pone.0211304.9002

The PC1 loadings also indicate higher values for both §'°N and §'°C; moreover, this
increase was uncoupled from the oxidative status. The PC2 explaining the rest of the variance
was mostly (>0.5) associated with positive loadings of %C and AChE. The projection of %C
and AChE on the biplot indicated elevated %C in PH treatment and higher AChE activity in
controls (Table 2).

Mortality in relation to exposure concentrations

Amphipod mortality was high in all treatments (51-77%; Table A in S1 File, Supporting Infor-
mation). It decreased with increasing propranolol concentration (GLM: p < 0.03) with signifi-
cantly lower values in the PH treatment compared to the control amphipods (Tukey test:

p < 0.02). The propranolol concentrations in the system were below the quantification limit in
the control treatment, whereas the levels in the water were close to the nominal concentrations
for both the PL and PH treatment: 108 + 5.8 ug L' and 1058 + 37 pg L', respectively

Table 2. Principal component loadings for component 1 (PC1) and 2 (PC2).

Variables PC1 PC2
%C -0.214 0.601
%N -0.301 0.307
CN 0.323 0.099
Protein 0.325 -0.059
WwW 0.300 0.313
ORAC 0.312 -0.226
TBARS 0.324 0.070
ORAC:TBARS -0.324 -0.078
AChE 0.217 0.595
3°N -0.324 0.078
8C -0.323 -0.103

https://doi.org/10.1371/journal.pone.0211304.t002
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Table 3. Generalized linear and generalized least square models testing treatment effects on %N, WW, TBARS, ORAC, AChE, 3N, 6"3C. Propranolol, concentra-
tion of propranolol (pg L™); %N, nitrogen content; %C, carbon content; WW, wet weight; TBARS, thiobarbituric acid reactive substances as proxy for reactive oxygen spe-
cies; ORAC, oxygen radical absorbance capacity as proxy for antioxidative capacity; AChE, acetylcholinesterase activity. When used as response variables, the values for
WW, AChE, TBARSp, 3'°N and §'3C were Box-Cox transformed.

Dependent variable Explanatory variables Estimate SE t p value
%N propranolol 0.00005 0.00002 2.055 0.046
Protein propranolol -0.00014 0.00009 -1.516 0.137
%N 0.282 0.100 2.821 0.007
propranolol x %N -0.0004 0.0002 -2.551 0.015
wWw protein 0.023 0.003 6.814 0.000
TBARS propranolol -0.0003 0.0001 -2.155 0.037
ORAC wWw 3.061 0.711 4.307 0.000
AChE propranolol -0.006 0.002 -2.408 0.020
ORAC:TBARS 0.080 0.018 4.494 0.000
5°N propranolol 0.0002 0.00003 5.127 0.000
ORAC:TBARS 0.087 0.039 2.203 0.033
8C propranolol 0.001 0.0002 4.171 0.000
%C -0.151 0.051 -2.958 0.005

https://doi.org/10.1371/journal.pone.0211304.t003

(mean + SE). Moreover, the concentrations measured in amphipods were twice as high in the
PH treatment compared to PL, 6.3 and 3.2 ug g WW™', respectively (Table A in S1 File).

Hypothesis testing

H1: As hypothesized, the nitrogen content was significantly positively affected by propranolol
concentration, with %N varying from 8.2% in PL and control to 8.6% in the PH treatment
(Table 3; Fig 3A).

H2: The protein content variability was significantly positively related to %N, with a signifi-
cant negative propranolol x %N interaction effect, indicating that at higher propranolol con-
centration less nitrogen was allocated to proteins (Table 3).

H3: The amphipods from the PH treatment had the lowest WW; they were by 4% and 17%
smaller compared to the PL and control groups, respectively (Fig 3B). The protein content was
the best positive predictor of WW (Table 3).

H4-6: As hypothesized, the TBARS levels were negatively related to the propranolol
concentration, with the lowest values observed in the PH treatment where were lower by
17% and 35% compared to those measured in the PL and control amphipods, respectively
(Fig 3C). Also, a significant inhibition of AChE activity was observed in propranolol-
exposed animals. The ORAC values were significantly positively related to WW; moreover,
a significant positive relationship between AChE and the ORAC:TBARS ratio was found
(Table 3).

H7-8: The §'°N values were significantly positively related to propranolol concentration
and the ORAC:TBARS ratio (Table 3). Thus, the 8'°N values were elevated in the animals
exposed to propranolol and with the prevalence of the antioxidants. In PH treatment, the §'°N
values were higher by 0.7 %o, with mean values of 4.8 %o compared to 4.1-4.2 %o in PL and
control groups (Fig 3D). As hypothesised, the §'°C values were best explained by propranolol
concentration and %C as significant positive and negative predictors, respectively. The amphi-
pod 8"°C values in the PH treatment (-22.7 %o) were elevated by ~1 %o, compared to the PL
(-23.3 %o0) and control (-23.7 %o) animals (Fig 3D).
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Fig 3. The elemental composition (%C and %N) and the C:N ratio in amphipods (A), body size and protein content
(B), biomarkers of oxidative stress (antioxidant capacity assayed as ORAGC; lipid peroxidation assayed as TBARS; and
the balance between antioxidative and pro-oxidative activities assayed as the ORAC:TBARS ratio) (C), and stable
isotope composition (3'°N and §'*C) (D) in the amphipods exposed to propranolol. Control (0 ug L™ propranolol), PL
(Propranolol Low; 100 pg L™ propranolol), PH (Propranolol High; 1000 pg L™ propranolol). Data are shown as group
means and error bars represent min and max values; n = 15 in all cases. See Table C in S1 File (Supplementary
Information) for the mean and SE values for each variable and treatment and Table 3 and Table B in S1 File for the
GLM output testing treatment effects.

https://doi.org/10.1371/journal.pone.0211304.9003

Discussion

In animals, the majority of drugs either (i) mimic or inhibit normal physiological/biochemical
processes; (ii) inhibit pathological processes; or (iii) inhibit vital processes of endo- or ectopar-
asites/microorganisms. Our study aimed to evaluate whether exposure to propranolol that
belongs to the first group would cause predictable effects in crustaceans with regard to their
stable isotope ratios and oxidative status. Based on the known targets and MOAs of proprano-
lol, we expected to observe a lower scope for growth, improved oxidative balance, and AChE
inhibition. As isotopic fractionation is a function of growth and metabolism [5], we expected
to observe higher 8-values in the exposed animals. Most of the hypothesized effects (Table 1;
Fig 1) were indeed observed, albeit only because of the magnitude of responses in the highest
propranolol concentration (1058 ug ™). The two exposure concentrations resulted in internal
propranolol concentrations (3-6 ug g') that were within the range of the therapeutic concen-
trations reported in rabbit (~5 ug g') and human (0.47-11.67 pg g™*) brain, respectively [46];
thus, the exposure levels were consistent with the therapeutic doses for this drug.

As hypothesized (H1), the nitrogen content was positively related to propranolol concentra-
tion and in agreement with the increased nitrogen retention observed in propranolol-exposed
rats [23]. The positive effect of %N on the protein content (H2) was not particularly surprising
as nitrogen constitute about 15-17% of cell protein [47,48]. However, the significant propran-
olol x %N interaction effect on protein content indicates that with increasing dose, less nitro-
gen was allocated to proteins. The decrease in protein-bound nitrogen (and a concomitant
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increase in non-protein nitrogen, presumably as ammonia) is in line with the elevated nitrogen
excretion induced by propranolol in humans [49]. Also, a part of the non-protein nitrogen
could have been associated with free amino acids or shorter peptides, indicating either an ele-
vated breakdown or slow synthesis of proteins [22]. It is also possible, however, that in the
slow-growing animals, the relative contribution of the exoskeleton to body mass was higher
compared to that in the amphipods growing faster, which would result in the overall decrease
of the protein-bound nitrogen in the former.

The consequence of the propranolol-induced inhibition of protein synthesis is growth inhi-
bition that was both biologically (up to 17%) and statistically significant (Table 3). The reduced
growth could be a consequence of a reduced food intake related to behavioral change and slow
feeding in the propranolol treatments as described for rabbits [50] and bivalves [51]. In these
studies, the reduced growth rate was associated with reduced food intake as a result of the pro-
pranolol exposure and not related to the f-adrenoreceptor-blocking activity of the drug. More-
over, the inhibited AChE activity observed in the propranolol-exposed amphipods (this study)
and mussels [51,52] is also a manifestation of the behavioural response contributing to the pos-
sible decline in motility and food acquisition [53,54]. Interestingly, the observed growth inhi-
bition was not translated into higher mortality in the exposed animals. On the contrary, the
mortality was significantly lower in the highest propranolol concentration compared to the
controls, suggesting that changes in energy budget exerted by the exposure were promoting
lower biomass accumulation yet increased survivorship. Such trade-offs between individual
growth and mortality are well-known in ecology and occur both inter-and intra-specifically as
a part of general adaptation and fitness optimization processes [55].

The oxidative balance assayed as lipid peroxidation (TBARS) and ORAC:TBARS ratio was
predicted to improve in the propranolol exposure (H4; Fig 3C). Indeed, the levels of TBARS
were ~17% and 35% lower in PH compared to PL and the control, respectively, which is in line
with reports showing an ameliorating effect of propranolol on lipid peroxidation [24,25].
However, no direct effects of propranolol on the antioxidant levels and no relationship
between ORAC and TBARS (H5) were found. The amphipod body size was the single best pre-
dictor for ORAC, with smaller amphipods having lower ORAC levels. The opposite, i.e., a
decrease in antioxidant capacity with increasing body size/age, has been reported for animals
across multiple ontogenetic stages and broad size span [56,57]. In our experiment, however,
the amphipods were within a relatively narrow size range (1.1 to 1.5 cm) and, thus, the ontoge-
netic component was not likely to be detectable. Instead, the smaller body size in the proprano-
lol treatments may reflect a decrease in food consumption and concomitant intake of dietary
antioxidants resulting in lower ORAC levels. Finally, accelerated growth itself is a pro-oxida-
tive process that drives elevated antioxidant production [58], which implies that slower-grow-
ing individuals would have lower ORAC values.

Both propranolol exposure and the oxidative balance were significant predictors of the
AChE inhibition. However, contrary to Hypothesis 6, the relationship between AChE and
ORAC:TBARS ratio was positive (Table 3). In humans, the positive effect of moderate oxida-
tive stress on AChE activity has been linked to hydrogen peroxide-mediated inactivation of
the enzyme [59], with concomitant positive feedback on AChE expression. Similar feedback
between AChE activity and oxidative status has previously been suggested for the amphipod
Monoporeia affinis exposed to contaminated sediments and hypoxia [60]. The latter study also
reported a significant positive relationship between AChE and the RNA:DNA ratio, which is
in line with the observed decrease in physical activity and feeding rate in Gammarus in concert
with AChE inhibition [54] and the observed propranolol effects on growth and AChE (this
study). Therefore, propranolol-induced inhibition of AChE may, at least in part, explain effects
attributed to the antagonistic effects of propranolol on the serotonin receptor [61]. For
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instance, the reduced motility and feeding rate due to neurological impairments could reduce
both antioxidant intake and oxidative damage, thus corroborating the observed ORAC and
TBARS responses. Taken together, these findings indicate that propranolol-induced AChE
inhibition may play an important role in both sub-organismal and organism-level effects of
propranolol exposure in crustaceans (Figure A in S1 File).

As expected (H7-H8), we found significant positive effects of propranolol on both '°N and
8"C values, whereas body size was not a significant predictor of the isotopic signatures. In
crustaceans exposed to organochlorine and PCBs, the effects on §'°N and §'*C values were
related to growth and metabolic rates [8,62]. Consequently, the metabolic detoxification costs
were implicated in altering energy budget, increasing turnover, and isotope fractionation.
However, the exposure to propranolol does not have to increase energy expenditure and,
therefore, the mechanisms for the shifts in isotopic fractionation may differ from those acting
solely via growth and metabolic turnover. For example, these pathways could involve alter-
ations in cAMP signaling induced by the antagonistic effect of propranolol on the 5-HT1
receptor, previously observed in bivalves [30] or stem from the indirect effects of propranolol
on the muscarinic acetylcholine receptors [63]. Changes in metabolic pathways can alter bulk
8'°N [64] in response to alterations in '*N fractionation pattern of specific amino acids and
their relative abundances [65]. The observed increase in 8'°N is, therefore, in line with the sig-
nificant changes in amino acid concentrations observed in Gammarus exposed to propranolol
[66]. This correlative evidence suggests that greater isotope fractionation was related to
changes in protein metabolism induced by propranolol.

Also, a shift towards antioxidative processes was associated with higher §'°N values as sug-
gested by the positive effect of the ORAC:TBARS ratio on the 8'°N values. This is in line with
the hypothsis that isotope-reinforced biomolecules may better resist oxidative damage as was
observed in yeasts [16]. In another study with yeasts, heavy hydrogen isotope has been found
to confer resistance to oxidative phosphorylation, the major source of cellular ROS [67].
Hence, the "’N-enriched tissues would then emerge as a consequence of selective reactions
between ROS and isotopically light biomolecules or as an adaptation to consistently elevated
ROS production.

The relationships between isotopic composition and oxidative status are complex, because
many dietary and non-dietary factors may affect both isotope markers and biomarkers of oxi-
dative status. In field studies, effects of diet and physiological status on the isotopic signatures
are particularly difficult to disentangle, because dietary sources with great differences in their
isotopic signatures would mask the isotope effect on the oxidative status and vice versa. For
example, a positive relationship between 8'°N and oxidative damage in Gentoo penguins [10]
was related to a combination of varying intake of antioxidants and foraging efforts associated
with oxidative costs. Therefore, laboratory studies are particularly important for understand-
ing the underlying causes of the observed isotope signatures in field studies. Since the amphi-
pods in our study were all presented with the same food options and kept in the confined,
controlled environment, no effects of variation in antioxidants for different food sources or
differences in specific foraging costs as well as environmental factors may have confounded
the isotopic signatures.

In summary, we have shown that the effects of the pharmaceutical propranolol on both sta-
ble isotope values and oxidative stress were indeed predictable in Gammarus. More studies are
needed to investigate how MOA might be used to predict biomarker, nutrient allocation, and
isotopic changes in non-target organisms possessing evolutionarily conserved targets for this
drug, and, most probably, other pharmaceuticals with similar effect pathways. Moreover, a
positive link between 8'°N values and the oxidative balance was predicted and confirmed to
exist in the exposed animals, which can be used for interpretation of biomarkers of oxidative
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stress and stable isotope data in ecotoxicological and ecological surveys. The fact that isotopic
signal can be confounded by non-dietary parameters, including environmental stress, is also of
high relevance for food web reconstructions based on stable isotope signatures, particularly, in
environments chronically exposed to environmental contaminants, including
pharmaceuticals.

Supporting information

S1 File. Background experimental data and analysis results. Additional information on the
observed mortality and propranolol levels in amphipod and water samples (Table A), statistical
evaluation of the aquarium effects on the measured endpoints (Table B), a summary of the
measured endpoints (Table C) and a diagram illustrating pathways leading to isotopic frac-
tionation and affected by propranolol (Figure A).
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