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A B S T R A C T   

Chronic toxicity of copper (Cu) at sublethal levels is associated with ionoregulatory disturbance and oxidative 
stress. These factors were considered in a toxicokinetic-toxicodynamic model in the present study. The ionor
egulatory disturbance was evaluated by the activity of the Na+/K+-ATPase enzyme (NKA), while oxidative stress 
was presented by lipid peroxidation (LPO) and glutathione-S-transferase (GST) activity. NKA activity was related 
to the binding of Cu2+ and Na + to NKA. LPO and GST activity were linked with the simulated concentration of 
unbound Cu. The model was calibrated using previously reported data and empirical data generated when zebra 
mussels were exposed to Cu. The model clearly demonstrated that Cu might inhibit NKA activity by reducing the 
number of functional pump sites and the limited Cu-bound NKA turnover rate. An ordinary differential equation 
was used to describe the relationship between the simulated concentration of unbound Cu and LPO/GST activity. 
Although this method could not explain the fluctuations in these biomarkers during the experiment, the mea
surements were within the confidence interval of estimations. Model simulation consistently shows non- 
significant differences in LPO and GST activity at two exposure levels, similar to the empirical observation.   

1. Introduction 

Toxicokinetic-toxicodynamic (TK-TD) models have been applied to 
simulate the time course of the processes that determine toxic effects. 
These models combine a simulation of the time course of uptake, 
biotransformation, and elimination of toxicants in the organism with a 
delineation of the time course of adverse effects and organism recovery 
(Ashauer et al., 2010). Due to their numerous advantages, these models 
have been increasingly applied and extended to the population level 
(Jager et al., 2011; Ashauer et al., 2013). 

Copper (Cu) might cause adverse effects in organisms at concentra
tions exceeding the window of essentiality (Gomes et al., 2011). Among 
aquatic organisms, freshwater mussels are highly sensitive to acute Cu 
exposure (Wang et al., 2011; Giacomin et al., 2013), while bivalve 
mussels have been widely deployed in ecotoxicology studies (Caricato 
et al., 2019). Chronic exposure to Cu at sublethal concentrations might 

lead to both ionoregulatory disturbance and oxidative stress in fresh
water bivalves (Jorge et al., 2013, 2018). The activity of the osmoreg
ulatory enzymes Na+/K+-ATPase (NKA) has been investigated as a 
potential target of Cu effects (Jorge et al., 2013, 2018; Fan et al., 2016). 
Copper might inhibit NKA activity by binding covalently to thiol groups 
(Kone et al., 1990) or via specific interactions with the magnesium 
binding sites (Li et al., 1996), leading to ionoregulatory and osmotic 
disturbances (Grosell et al., 2002). The consideration of enzyme activ
ities is further recommended based on the finding in the study of Cap
pello et al. (2015) that metabolomics should be included in evaluating 
the effects of pollutants on bivalve mussels. 

Copper induces oxidative stress-related damages due to stimulated 
peroxidation of polyunsaturated fatty acids and subsequent formation of 
reactive oxygen species (Halliwell and Gutteridge, 1984; Nishikawa 
et al., 1997; Vijayavel et al., 2007; Gomes et al., 2011)..Lipid peroxi
dation (LPO) is a major mode of toxic action by oxygen radicals (Rikans 
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and Hornbrook, 1997) and increased LPO levels are usually followed by 
irreversible cell injury, an early signal of cell death (Poli et al., 1986; 
Maellaro et al., 1990; Reed, 1990). Antioxidant systems can modulate 
LPO and associated damages of cellular components. For example, 
glutathione S-transferase (GST) metabolises a number of reactive oxy
gen species. Therefore, LPO and GST activity have been used as bio
markers to assess the physiological status of organisms (Petala et al., 
2009; Goswami et al., 2014; Coppola et al., 2019). 

The present study aimed to develop a TK-TD model for simulating Cu 
accumulation and responses of the zebra mussel Dreissena polymorpha 
chronically exposed to waterborne Cu at sublethal levels, considering 
both ionoregulatory disturbance and oxidative stress. Although ATPases 
have been recommended as a useful biomarker in ecotoxicology (Kulac 
et al., 2013), NKA activity has been included in only a few studies 
(Bouskill et al., 2006). We attempted to develop a model that is appli
cable even with such limited measurements. The model was calibrated 
in the first step using published data that include measurements of NKA 
activity, and in the second step with experimental data from the present 
study. Considering the unique sensitivity of the stenohaline zebra mussel 
to the ionic composition of the external environment (Dietz et al., 1994), 
the experiment was carried out at various Na+ concentrations in water. 

2. Materials and methods 

2.1. Model specification 

In the model, chronic Cu toxicity is related to both ionoregulatory 
disturbance and oxidative stress (Fig. S1). Metal ions inhibit NKA ac
tivity by binding at the enzyme binding sites instead of forming a 
complex with ATP (Krstic et al. (2005). Transition metals, such as Cu, 
have more significant effects on NKA than on other enzymes (Krstic 
et al., 2005). In the present TK-TD model, the binding of Cu to NKA was 
related to the inhibition of NKA activity. In contrast, responses of anti
oxidant defence systems were linked to the concentration of internal 
unbound Cu. 

2.2. Model characterisation 

2.2.1. Toxicokinetics 
The concentration of Cu accumulated (CCu,int; μg/g dw) is determined 

by the balance of uptake from water (the first factor), elimination, and 
growth dilution (the second factor). 

dCCu,int

dt
= ku,Cu ×CCu,w −

(
ke,Cu + g

)
× CCu,int (1) 

The uptake from water is a function of the uptake rate constant ku (L/ 
g/d) and the dissolved Cu concentration in water CCu,w (μg/L). Copper 
elimination from mussels is proportional to the elimination rate constant 
ke (1/d). The growth dilution depends on the growth rate of mussels g 
(1/d). 

2.2.2. Toxicodynamics 
The TD section links Cu accumulation to the concentration of Cu at 

sites of toxic action and subsequently to biological responses. 

2.2.2.1. Relationship between internal Cu concentration and Cu concen
trations at active sites of toxic actions. The internal Cu concentration in 
soft tissues of mussels was assumed to be distributed into three fractions: 
Cu binding to free NKA (i.e. in Cu_NKA complexes [Cu_NKA]; μmol/g 
dw), Cu binding to Na-bound NKA (i.e. in Cu_Na_NKA complexes 
[Cu_Na_NKA]; μmol/g dw), and unbound Cu (i.e. not bound to NKA; 
[Cuunbound]; μmol/g dw). In the presence of oxygen or other electron 
acceptors, Cu+ is readily oxidised to Cu2+, leading to a dominance of 
Cu2+ in biological systems (Arredondo and Nunez, 2005). Consequently, 
reactions of accumulated Cu that determine the complexes with NKA 
were specified for Cu2+. 

NKA activity was simulated based on the internal metal concentra
tion, following Epstein and McIlwain (1966) suggestion that stimulation 
or inhibition of NKA activity was caused by internal ions, not by ions in 
the environment. In long-term exposure, NKA activity might recover 
from the metal-induced inhibition by increasing the number of enzyme 
molecules and/or increasing the turnover rate (Kulac et al., 2013). 
NKAnew represents this factor in the following reactions. As an inhibitor, 
Cu2+ can bind to both free (i.e., unbound) enzymes (NKA) and Na-bound 
enzymes (Na_NKA). In addition, enzyme kinetics are influenced by 1) 
the inactivation of enzymes due to binding to the inhibitor and 2) the 
synthesis of the enzyme, which is a function of the oxidation rate of the 
substrate: 
where NKAnew (μmol/g dw) represents the amount of enzyme newly 
synthesised, as related to the oxidation of the substrate that releases the 
product (inorganic phosphate) P1 (μmol/g dw); NKAnf (μmol/g dw) 
represents the inactivated or non-functional enzyme related to the 
oxidation of the inhibitor that produces the inorganic phosphate P2 
(μmol/g dw); ka1 (g dw/μmol/d), kd1 (1/d), ka2 (g dw/μmol/d), kd2 (1/ 
d), ka3 (g dw/μmol/d), and kd3 (1/d) are reaction (association and 
dissociation) rate constants; and MATP1 and MATP2 (1/d) are the rate 
constants characterising the inorganic phosphate production from the 
hydrolysis with the Na-bound enzyme and with the Cu-bound enzyme, 
respectively. In other words, they represent the turnover rate or mo
lecular activity of ATP when NKA is bound with the activating ion Na +

or with the inhibitor Cu2+. The inclusion of NKAnf reflects the influence 
of metal ions, such as Cu2+, on the maximum NKA activity (Vasic et al., 
1999; Krstic et al., 2005). Furthermore, NKAnew and NKAnf were 
assumed to depend on the product of the oxidation of the substrate and 
the inhibitor (P1 and P2, respectively). The product of the oxidation, in 
turn, depends on the binding of NKA with Na+ and Cu2+. Therefore, the 
number of recovered and inactivated NKA could be expressed as a 
function of these binding equations: 

NKAnew = krec × [Na NKA] (2)  

NKAnf = kinact × [Cu NKA] (3)  

where krec (/) and kinact (/) are recovery and inactivation rate constants, 
representing the recovery of Na-bound NKA after the release of inor
ganic phosphate and the inactivation of Cu-bound NKA, respectively. 

The density of the functional enzyme can be written based on the 
initial density (NKA0) in combination with the amounts of newly syn
thesised and inactivated enzymes. These enzymes include free molecules 
and enzymes in complexes with the substrate and/or with the inhibitor: 

NKAt =NKA0 − NKAnf +NKAnew = [NKA] + [Na NKA] + [Cu NKA]

+ [Cu Na NKA] (4) 

In other words, the number of free pump sites can be described as 
follows: 

[NKA] =NKA0 − kinact × [Cu NKA] + krec × [Na NKA] − [Na NKA] − [Cu NKA]

− [Cu Na NKA]
(5) 

The concentrations of complexes of NKA with activating Na+ and 
inhibiting Cu2+ could be written as: 

d[Na NKA]
dt

= ka1 × NKA × ([Naint] − [Na NKA] − [Cu Na NKA] ) − (kd1

+ MATP1) × [Na NKA]
(6)  

d[Cu NKA]
dt

= ka2 × NKA ×

(
CCu,int

MWCu
− [Cu NKA] − [Cu Na NKA]

)

− (kd2

+ MATP2) × [Cu NKA]
(7) 

T.T.Y. Le et al.                                                                                                                                                                                                                                  
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d[Cu Na NKA]
dt

= ka3 × [Na NKA] ×
(

CCu,int

MWCu
− [Cu NKA] − [Cu Na NKA]

)

− kd3 × [Cu Na NKA]
(8)  

where [Na NKA], [Cu NKA], and [Cu Na NKA] (μmol/g dw) are the 
concentrations of complexes of NKA with the activating Na+ or/and the 
inhibitor Cu2+; MWCu (g/mol) is the molecular weight of Cu; ka1 (g dw/ 
μmol/d), kd1 (1/d), MATP1 (1/d), ka2 (g dw/μmol/d), kd2 (1/d), MATP2 (1/ 
d), ka3 (g dw/μmol/d), and kd3 (1/d) are the rate constants explained 
above; and [Naint ] (μmol/g dw) is the total internal Na concentration 
simulated by the method applied by Veltman et al. (2014), as such: 

d[Naint]

dt
=

(

1 −
NKAnf

NKA0

)

×
NKA0 × MNa

CNa,W + Km,Na
−
(
ke,Na + g

)
× [Naint] (9) 

In the above equation, the deduction in the first factor represents the 
fraction of non-functional or inactivated NKA; MNa (1/d) is the turnover 
rate determined by Veltman et al. (2014); CNa,W (mmol/L) is the con
centration of Na+ in water; Km,Na (mmol/L) is the apparent affinity of 
NKA for Na+; and ke,Na (1/d) is the Na elimination rate. 

2.2.2.2. Relationship between metal accumulation at active sites of toxic 
actions and toxic effects 

2.2.2.2.1. Relation between the concentration of Cu-NKA complexes 
and inhibition of NKA activity. The model links the specific NKA activity 
to the rate at which inorganic phosphate is released, which is a function 
of the ATP hydrolysis with the activating ion Na+ and the inhibitor Cu2+: 

vS =
1

CP
×

dP1

dt
=

MATP1 × [Na NKA]
CP

(10)  

vI =
1

CP
×

dP2

dt
=

MATP2 × [Cu NKA]
CP

(11)  

with CP (mg protein/g dw) being the protein content. 
With certain internal concentrations of Na and Cu, we could assume 

the change in the total amount of enzyme to be relatively small when the 
enzyme association and dissociation rates are much higher than the net 
rate at which the enzyme is lost or newly synthesised (See Mathematical 
elaboration of enzyme kinetics in the Supporting Information). 
Furthermore, decreases in NKA activity induced by inhibitors, such as 
Cu2+, are related to the variations in the maximum velocities rather than 
the apparent affinity (Km) (Vasic et al., 1999; Krstic et al., 2005). These 
results indicate non-competitive inhibition of NKA activity induced by 
Cu2+ (Krstic et al., 2005; Morgan et al., 1997). Therefore, the specific 
NKA activity can be derived according to the elaboration in the Sup
porting Information. Accordingly, the kinetics depend on the apparent 
affinity of NKA for Na+ (Km; μmol/g dw) and the inhibition constant of 
non-competitive inhibition between the activating ion and the inhibitor 
(KI; μg/g dw): 

Km =
kd1 + MATP1

ka1
(12)  

KI =
kd2 + MATP2

ka2
=

kd3

ka3
(13) 

The inhibition constant can be interpreted as the internal Cu con
centration that inhibits NKA activity by 50%. The affinity of metals for 
thiol groups varies among metals, depending on their chemical prop
erties and oxidative state (Buffle, 1988). McGeer et al. (2000) found that 
Ag+ binds to NKA with a similar (i.e. within a factor of 2) binding 
constant as to the biotic ligand as determined by Paquin et al. (1999). 
Therefore, stability constants for binding of Na+ and Cu2+ to biotic li
gands (KNaBL and KCuBL; g/μmol) determined in the Biotic Ligand Model 
(BLM) were used to calculate their equilibrium dissociation constants: 

1
KNaBL

=
kd1

ka1
(14)  

1
KCuBL

=
kd2

ka2
(15) 

The combination of the above equations with the apparent affinity 
generates the association and dissociation rate constants: 

kd1 =
MATP1

Km × KNaBL − 1
(16)  

ka1 =KNaBL ×
MATP1

Km × KNaBL − 1
(17)  

kd2 =
MATP2

KI × KCuBL − 1
(18)  

ka2 =KCuBL ×
MATP2

KI × KCuBL − 1
(19)  

kd3 = ka3 × kI (20)  
2.2.2.2.2. Relationship between the concentration of internal unbound 

Cu and oxidative stress. A mechanistic understanding of the relationship 
between metal accumulation and oxidative stress is still limited. 
Therefore, LPO and GST activity were simulated by ordinary differential 
equations (ODEs) as applied in other TK-TD models: 

dGST
dt

= kacGST ×([Cuint] − [Cu NKA] − [Cu Na NKA]) − kreGST × GST (21)  

dLPO
dt

= kacLPO ×([Cuint] − [Cu NKA] − [Cu Na NKA]) − kreLPO × LPO (22)  

where kacGST and kacLPO (units of GST or LPO/(μmol/g dw)/d) are the 
rate constants for damage accrual; and kreGST and kreLPO (1/d) regard the 
damage recovery rate constants. 

The final model with eight state variables, i.e. total internal Cu 
concentration, total internal Na concentration, concentrations of com
plexes of NKA with Cu and/or Na, NKA activity, GST activity, and LPO, 
is given in SB, Supporting Information. 
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2.3. Model parameterisation 

2.3.1. Initial functional NKA (NKA0) 
At high levels, salinity might influence the ouabain-binding that 

presents the functional binding sites of NKA (Piermarini and Evans, 
2000; Lee et al., 2003). However, Sainting (1979) found no significant 
differences in the NKA density and molecular activity within a narrow 
range of salinity, up to 5 ppt. The initial number of functional NKA was 
parameterised assuming a negligible influence of salinity at low levels, 
as in our experiment or in the study of Jorge et al. (2013). Sainting 
(1979) investigated NKA activity and density in various tissues of bi
valves, and showed the importance of considering NKA in other tissues 
(Table S2, Supporting Information). We applied the results by Sainting 
(1979), considering the relevance of NKA in various tissues. In partic
ular, NKA0 was derived from the NKA density in the mantle, gill, and 
foot measured by Sainting (1979) (Table S3, Supporting Information) 
and the total protein contents in these organs, as measured by Waykar 
and Lomte (2001). This approach yields a value of 2.17 pmol/mg protein 
for NKAp

0. This value is in the density range of 2–100 pmol/mg protein 
reported in previous studies (Table S1, Supporting Information). 

2.3.2. Molecular activity (MATP1) 
With low salinity levels in the experiment of the present study for the 

zebra mussel as well as in the study of Jorge et al. (2013), molecular 
activity or turnover rate of NKA was parameterised assuming a negli
gible influence of salinity based on the findings of Sainting (1979). 
Previous studies (Turner et al., 2005; Else et al., 1996) have reported a 
wide range of NKA molecular activity, from 1,5000 to 29,000 ATP/min, 
depending on organism size and tissues. The molecular activity reported 
for NKA in various tissues of marsh clam of Rangia cuneata by Sainting 
(1979) was comparable to the range found by Else et al. (1996) for 
ectothermic tissues. We used an average value derived from the mo
lecular activity determined for the mantle, gill, and foot by Sainting 
(1979), i.e. MATP1 = 1737 (1/min). 

2.3.3. Apparent affinity for Na+ for determining NKA activity and sodium 
uptake 

Towle (1984) found a negligible correlation between the affinity of 
Na+ for stimulating NKA activity (Km) and the affinity for modelling Na+

uptake, attributed to an absence of the enzyme at the controlling site for 
whole-animal Na+ uptake. Therefore, the apparent affinity of NKA for 
Na+ determined from the measurement of NKA activity was considered 
for simulating NKA kinetics (Km) and the affinity determined from 
measurement of sodium uptake (Km,Na) was used for modelling the in
ternal Na concentration. In freshwater organisms, metal exposure 
(Morgan et al., 1997; Bury et al., 1999; Vasic et al., 2009) and salinity 
(Garcon et al., 2009) do not affect the affinity of NKA for Na+. 
Accordingly, the affinity of NKA for Na+ was parameterised using data 
in previous studies. We applied an average value of 9.74 (±7.83) 
mmol/L or μmol/g ww (Table S4, Supporting Information), which 
equals 173.26 μmol/g dw with a conversion factor of 0.056 (±0.003) 
between dry weight and wet weight determined from our measurements 
for the zebra mussel in the present study. A value of 0.205 mmol/L was 
derived for Km,Na from a compilation of previous studies (Table S5, 
Supporting Information). 

2.3.4. Inhibition constant for Cu 
Vasic et al. (1999) investigated the inhibition of NKA activity in 

synaptic plasma membrane isolated from rats by Cu. They found that 
NKA activity was inhibited by 50% at the concentration of 7.06 μmol/L 
or 7.06.10− 3 μmol/g. 

The values for parameterised parameters are given in Table 1. 

2.4. Structural identifiability and sensitivity analyses 

The model was checked for structural identifiability using GenSSI2 
(Chis et al., 2011; Ligon et al., 2018). Results of structural identifiability 
analyses indicate the possibility of delivering a unique solution for the 
unknown parameters with noise-free data. The analysis showed that the 
model was structurally identifiable, with several parameters being 
globally identifiable. 

A global sensitivity analysis was carried out using this toolbox to 
rank the unknown parameters regarding their influence on model esti
mation (Balsa-Canto et al., 2010). Results of the analysis unravelled the 
order: MATP2 > kreGST > ke,Cu > ku,Cu > ke,Na > kreLPO > ka3 > kacLPO >

kacGST > kinact > krec. In other words, model estimation was least sensi
tive to krec. 

2.5. Model calibration 

The model was calibrated using data from Jorge et al. (2013) using 
the MATLAB-based AMIGO toolbox as applied in our previous studies 
(Le et al., 2018, 2020). The parameters that describe NKA kinetics (kinact, 
krec, MATP2, and ka3) were considered for calibration and simulation in 
the next step. Considering the least sensitivity of the model estimation to 
the NKA recovery rate constant (krec), this parameter was removed in a 
subsequent calibration. In the calibration, the influence of growth 
dilution on Cu and Na accumulation was assumed to be negligible, 
considering the food unavailability during the experiment. The model 
was then calibrated using data for the zebra mussel generated from the 
experiment described in detail in Le et al. (2021) and in brief in the 
following section. The data used included: 1) the average of the daily 
dissolved Cu concentration (Table S6, Supporting Information) repre
senting the Cu exposure level; 2) the concentration of Cu accumulated in 
the zebra mussel tissue presented in detail in Le et al. (2021) while raw 
data are given in Tables S7 (control), S8 (25 μg/L), and S9 (50 μg/L), 
Supporting Information; and 3) measurements of the biomarker re
sponses (GST activity and LPO) achieved from the following experiment 
and presented in Figs. S2 and S3, Supporting Information, respectively. 

2.6. Generation of data for model calibration 

2.6.1. Exposure experiment 
The exposure experiment was implemented in experimental fish fa

cilities at the Department of Aquatic Ecology, Faculty of Biology, the 
University of Duisburg-Essen, which had been granted for the mainte
nance of animals for scientific purposes (Ordnungsamt Stadt Essen, 
Aktenzeichen: 32-2-11-80-71/199). The exposure experiment was 

Table 1 
Values of parameters parameterized for model calibration.  

Parameter Symbol Value Unit 

Turnover rate of the NKA for releasing 
inorganic phosphate from the Na_NKA 
complexes 

MATP1 2,501,280 1/d 

Apparent affinity of NKA for Na Km 9.74 mmol/L 
173.26 μmol/g dw 

Stability constant for binding of Cu2+ to 
NKA (in logarithm) 

logKCuBL 8.02 L/mol 

Stability constant for binding of Na+ to 
NKA (in logarithm) 

logKNaBL 2.91 L/mol 

The initial density of functional pump sites NKA0 1.45.10− 3 μmol/g dw 
Inhibition rate constant induced by Cu on 

NKA activity 
KI 0.00706 umol/g 

Total protein content Cp 666.655 mg 
protein/g 
dw 

Apparent affinity of NKA involved in 
sodium uptake for Na 

KmNa 0.205 mmol/L 

Turnover rate of NKA for transporting Na+ MNa 5.1.105 1/d 
Molecular weight of Cu MWCu 63.55 g/mol  
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described in detail in Le et al. (2021). In brief, zebra mussels were 
collected from river Stever, North-Rhine Westphalia, Germany, between 
the Hullerner and the Halterner reservoirs (Le et al., 2020, 2021). In the 
laboratory, the mussels were kept in a tank filled with reconstituted 
water (Osterauer et al., 2010) for a two-week acclimation period. In
dividuals with a shell length in the range of 16–22 mm were used as this 
size group is the most abundant among the sampled population; and 
body size in such a narrow range was demonstrated not to influence 
metal bioaccumulation in the zebra mussel (Le et al., 2020). Twelve 
glass tanks were filled with 10 L of aerated reconstituted water each to 
form 4 exposure sets with different Na+ concentrations. In addition, 
sodium was added as NaCl to the reconstituted water to obtain final 
nominal concentrations of 0.5, 1.5, 2.7, and 4.0 mmol/L (corresponding 
to salinity levels of 0.03, 0.09, 0.17, and 0.25 ppt). Each set included 
three tanks: one without Cu addition (control) and two with Cu added 
from the copper-ICP-Standard solution (Cu in 2% HNO3, 1 g/L; 
Carl-Roth GmbH + Co KG, Karlsruhe) to obtain nominal Cu concentra
tions of 25 and 50 μg/L. 

A group of 40 mussels was taken before the exposure experiment for 
initial measurements. Subsequently, mussels were distributed randomly 
to the tanks, 360 mussels each (Le et al., 2020, 2021), for a 24-day 
exposure experiment. Water was renewed daily. Water samples were 
taken before and after water exchange with filtration through a cellulose 
nitrate filter (pore size 0.45 μm, Sartorius AG, Goettingen, Germany) to 
determine dissolved metal concentrations. The experiment was carefully 
performed to minimise the stress to animals. Mussels were observed 
daily before and after water renewal for their shell opening. Forty 
mussels were randomly sampled once every four days, among them 12 
for measurements of Cu concentrations in the mussels, 8 for measure
ments of biomarkers, and the remaining for subcellular fractionation in 
another research. As described in Le et al. (2021), no mortality was 
observed in all sodium groups, and the formation of holes on the shells of 
mussels at low pH was not seen in these treatments. The similarity in the 
condition index between control mussels and Cu-exposed mussels, as 
well as between mussels sampled prior and during the experiment in
dicates negligible effects of the exposure on the energy status of mussels 
(see Le et al., 2021 for details). All mussels were frozen in liquid nitrogen 
and stored at − 80 ◦C for further measurements. 

2.6.2. Measurements of biomarkers 

2.6.2.1. Mussel preparation. Soft tissues were quickly removed from the 
frozen mussels, and homogenised in TRIS buffer containing 10 mM so
dium phosphate buffer saline at pH 7.4 at a ratio of 1: 10 w/v using an 
UltraTurrax tissue homogeniser. The homogenates were then centri
fuged at 14,000×g and 4 ◦C for 15 min. Three aliquots of the supernatant 
were used for measurements of the biomarkers. Eight replicates were 
carried out for each sample. 

2.6.2.2. Glutathione-S-transferase activity. The measurement of GST ac
tivity was performed according to Habig et al. (1974), by spectropho
tometrically measuring the increase in absorbance of the acceptor 
substrate 1-chloro-2,4-dinitrobenzene (CDNB, Sigma Aldrich) with 
reduced glutathione over time using the Infinite microplate reader 
(Tecan Infinite 200 PRO). A final volume of 200 μL contained 10 mM 
phosphate buffer pH 6.5, 1 mM CDNB, 1 mM glutathione, and 5 μL of the 
sample. GST activity was measured at 340 nM using a molar extinction 
coefficient of 9.6 mM− 1 cm− 1. 

2.6.2.3. Lipid peroxidation. Lipid peroxidation was assessed from the 
formation of 2-thiobarbituric acid reactive substances (TBARS) (Buege 
and Aust, 1978). In principle, peroxide products, such as TBARS, were 
determined by reference to the absorbance of malonedialdehyde (MDA) 
standards at 532 nm (Ohkawa et al., 1979). Sub-samples (110 μL) of 
tissue homogenate were treated with 27.5 μL of 8.1% sodium dodecyl 

sulfate and 440 μL of the staining agent (containing 10% trichloric acid 
pH 3.5 and 0.5% thiobarbituric acid). The mixture was boiled in a water 
bath at 95 ◦C for 20 min. After cooling, the mixture was shaken vigor
ously and centrifuged at 4000×g and 4 ◦C for 10 min. The fluorescence 
of obtained supernatant was measured at 532 nm. The concentration of 
TBARS was calculated from an external standard curve of 1,1,3,3-tetra
methoxy propane (a stabilised form of MDA) (Barata et al., 2005). The 
total protein concentration was spectrophotometrically quantified ac
cording to Lowry et al. (1951) with Bovine Serum Albumin as a standard 
using the Infinite ® 200 PRO microplate reader (Tecan). 

3. Results 

3.1. Model calibration for Lampsilis siliquoidea 

Calibration results displayed a steady inactivation of Cu-bound NKA 
as shown by gradual increases in the number of non-functional NKA, 
approaching the number of functional NKA (Fig. S4, Supporting Infor
mation). A steady increase in the number of non-functional NKA and a 
negligible recovery of NKA contributed to a gradual decrease in the 
number of functional NKA (Fig. S4, Supporting Information). Together 
with a largely inhibited turnover rate of Cu-bound NKA (Table 2), this 
contributes to an inhibition of NKA activity (Fig. 1). An instant and rapid 
decline in NKA activity and the internal Na concentration was observed 
within the first days of exposure as predicted by the model as well, 

Table 2 
Values of parameters calibrated for freshwater mussels Lampsilis siliquoidea 
(Jorge et al., 2013).  

Parameter Symbol Value Unit 

Full version Reduced 
version 

Na+ elimination rate 
constant 

ke,Na 17.90 
(±130) 

17.89 
(±50.74) 

1/d 

Recovery rate 
constant 
representing the 
recovery of NKA 
from the release of 
inorganic 
phosphate from the 
Na_NKA binding 

krec 0.0002 
(±4186) 

0 / 

Cu uptake rate 
constant 

ku,Cu 0.39 (±0.20) 0.39 (±0.20) L/g/d 

Cu elimination rate 
constant 

ke,Cu 0.01 (±0.03) 0.01 (±0.03) 1/d 

Inactivation rate 
constant 
representing the 
inactivation of NKA 
caused by the 
binding to Cu 

kinact 1 (±19) 1 (±7.28) / 

The turnover rate of 
Cu-bound NKA 

MATP2 0.007 
(±0.16) 

0.007 
(±0.05) 

1/d 

The association rate 
constant for binding 
of Cu to Na-bound 
NKA 

ka3 1.64.104 

(±5.18.108) 
1.64.104 

(±3.10.107) 
g dw/μmol/ 
d 

The damage accrual 
rate constant for the 
GST activity 

kacGST 4.85 
(±14.67) 

4.85 
(±14.68) 

μmol DNCB/ 
min/mg 
protein/ 
(μmol Cu/g 
dw)/d 

The damage recovery 
for the GST activity 

kreGST 1.72.10− 8 

(±0.06) 
6.06.10− 8 

(±0.06) 
1/d 

The damage accrual 
rate constant for 
LPO 

kacLPO 0.38 (±3.29) 0.38 (±3.28) nmol 
TBARS/mg 
protein/ 
(μmol Cu/g 
dw)/d 

The damage recovery 
for LPO 

kreLPO 1.90.10− 6 

(±0.09) 
2.80.10− 5 

(±0.09) 
1/d  
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followed by negligible decreases afterwards. GST activity was more 
sensitive to Cu exposure at a nominal concentration of 15 μg/L than LPO 
(Table 2; Fig. 1). 

In general, the measurements for all factors (i.e. total Na concen
tration, total Cu concentration, GST activity, and LPO) were within the 
confidence interval of the estimations (Fig. 1) and within a factor of two 
of the estimation (Fig. S5, Supporting Information). However, the fluc
tuations in GST activity and LPO level could not be explained well by the 
model, which consistently generated an upward trend (Fig. 1). The 
limited sensitivity of the model estimation to the rate of NKA recovery 
(krec) unravelled by the global ranking analysis was further confirmed by 

little differences in calibration results with and without this parameter 
(Table 3). Such model reduction increased confidence, as shown by 
reduced confidence intervals of estimates (Table 3). 

3.2. Model calibration for Dreissena polymorpha 

The model simulation showed significant differences in the total 
internal Cu concentration between the two exposure levels, exhibited by 
non-overlapping confidence intervals (Fig. 2; Fig. S6, Supporting In
formation). Significant differences in the Cu uptake rate between the 
two exposure levels were found at Na+ concentrations of 2.7 and 4.0 

Fig. 1. Comparison between the modelled values and the measurements for total internal sodium concentration, total internal copper concentration, NKA activity, 
glutathione-S-transferase (GST) activity, and lipid peroxidation (LPO) in freshwater mussel Lampsilis siliquoidea exposed to Cu at a nominal concentration of 15 μg/L 
for 28 days. The areas and the solid lines in the middle of the areas represent the confidence internval and the mean of the estimations, respectively. The dots and bars 
represent the measurements (average and standard deviations, respectively). 
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mmol/L (Table 3). Copper elimination was negligible at 25 μg/L, and 
more remarked at 50 μg/L (Table 3). Only at a Cu exposure concentra
tion of 50 μg/L and a Na+ concentration of 4.0 mmol/L, Cu was 
significantly eliminated, as demonstrated by the significant deviation of 
the elimination rate constant from zero (Table 3). Contrasting with such 
significant influence of the Cu exposure level, the Na+ concentration in 
water did not affect the Cu uptake as shown by an overlap of the con
fidence intervals of the estimated uptake rates (mean ± error bound) at 
varied Na+ concentrations in water (Table 3). 

In addition, the simulation generated a non-significant difference in 
LPO level and GST activity with varied Cu exposure levels (Fig. 2; 
Fig. S4, Supporting Information), consistent with the observations 

(Figs. S2-S3, Supporting Information). Defining a significant difference 
between two measurements by an absence of an overlap of their ranges 
(average ± standard deviation), no solid pattern was revealed on the 
influence of Cu or Na on GST activity (Figs. S2-S3; Table S10, Supporting 
Information). Exposure to Cu at concentrations of 25 and 50 μg/L did 
not significantly affect LPO. During the 24-day exposure to dissolved Cu, 
LPO and GST activity in the zebra mussel fluctuated (Figs. S2-S3, Sup
porting Information). The alternation of decreases and increases in GST 
activity as well as LPO level during the exposure experiment was 
indicative of certain recovery of the antioxidant system (Figs. S2-S3, 
Supporting Information). The measurements of total internal Cu con
centration, LPO level, and GST activity were generally within the 

Table 3 
Parameters describing toxicokinetics and toxicodynamics of copper in the zebra mussel calibrated at various exposure levels and Na concentrations in water.  

Parameter 0.5 mmol/L Na 1.5 mmol/L Na 2.7 mmol/L Na 4.0 mmol/L Na 

25 μg/L Cu 50 μg/L Cu 25 μg/L Cu 50 μg/L Cu 25 μg/L Cu 50 μg/L Cu 25 μg/L Cu 50 μg/L Cu 

ku,Cu 0.09 (±0.03) 0.08 (±0.008) 0.08 (±0.03) 0.11 (±0.03) 0.12 (±0.02) 0.09 (±0.005) 0.09 (±0.01) 0.14 (±0.02) 
ke,Cu 4.13.10− 11 

(±0.03) 
2.23.10− 16 

(±0.01) 
3.67.10− 17 

(±0.03) 
0.005 (±0.025) 5.55.10− 17 

(±0.01) 
4.92.10− 16 

(±0.01) 
0 (±0.01) 0.03 (±0.02) 

kacGST 9.67 (±58) 5.43 (±26) 10 (±59) 6.72 (±35) 10 (±24) 9.41 (±41) 10 (±75) 9.21 (±74.45) 
kreGST 1.22.10− 10 

(±0.24) 
1.90.10− 15 

(±0.18) 
1.51.10− 16 

(±0.23) 
7.19.10− 14 

(±0.25) 
0.03 (±0.15) 0 (±0.23) 4.33.10− 16 

(±0.32) 
2.48.10− 12 

(±0.48) 
kacLPO 5.12 (±21) 1.53 (±7.80) 1.78 (±7.69) 10 (±54) 10 (±30) 7.15 (±174) 1.37 (±8.02) 0.05 (±1.34) 
kreLPO 0.16 (±1.02) 2.86.10− 13 

(±0.61) 
4.24.10− 14 

(±0.50) 
0.63 (±3.94) 0.35 (±1.24) 1 (±26) 0 (±0.59) 5.30.10− 12 

(±0.62)  

Fig. 2. Comparison between the modelled values and the measurements of total internal copper concentration, glutathione-S-transferase (GST) activity, and lipid 
peroxidation (LPO) in the zebra mussel exposed to Cu at nominal concentrations of 25 (blue signs) and 50 (red signs) μg/L for 24 days and 0.5 mmol/L Na+. The 
transparent areas covered by the dashed lines and the solid lines represent the confidence interval and the mean of the estimations, respectively. The dots and bars 
represent the measurements (average and standard deviation, respectively). Data for other Na+ concentrations is given in Fig. S3, Supporting Information. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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estimation, although the model could not explain the fluctuations of LPO 
and GST activity (Fig. 2; Fig. S6, Supporting Information). Active bounds 
in estimating the relationship between the simulated concentration of 
unbound Cu and responses of organisms (Table 3) indicated high un
certainty in the TD section. 

4. Discussion 

The instant and rapid reduction in Na accumulation as well as NKA 
activity is in agreement with the recognition of inhibited Na+ influx and 
declined NKA activity as a main mechanism of acute Cu toxicity as 
simulated in Veltman et al. (2014). Model simulation displayed 
Cu-induced decreases in Na+ uptake, consistent with empirical studies 
(Giacomin et al., 2013; Jorge et al., 2013). Together with these results, 
our findings that the Na+ concentration had no significant effects on Cu 
uptake support the assumption of non-competitive inhibition of Cu2+ on 
NKA activity and Na+ uptake. Compared to the biomarker responses, the 
current version of the TK-TD model simulates uptake kinetics of Cu 
better. Copper concentrations in the zebra mussel in the present study 
are comparable to those at similar exposure levels (Mersch and Pihan, 
1993; Mersch et al., 1993), and slightly higher than the range in slightly 
or unpolluted water bodies (De Lafontaine et al., 2000; Faria et al., 2010; 
Alcaraz et al., 2011). 

Similarly, both LPO level and GST activity recorded in the present 
study are in the range reported by others at sublethal concentrations 
(Jorge et al., 2013; Boukadida et al., 2017). A lack of significant effects 
of Cu at sublethal concentrations on LPO and GST activity is also 
consistent with conclusions from previous investigations (Table S10, 
Supporting Information). At environmentally relevant concentrations, 
Cu did not affect the antioxidant system of Chlamys farreri, as demon
strated by non-significant changes in GST activity (Zhang et al., 2010). 
De Lafontaine et al. (2000) presented limited variations of LPO in zebra 
mussels sampled from various sites in the St Lawrence River. Results of 
model calibration for L. siliquoidea and D. polymorpha indicated the re
sponses of their antioxidant defence system against Cu toxicity. The 
difference in the patterns of LPO level and GST activity might be 
indicative of the capacity to respond to oxidative stress. For example, 
Maria and Bebianno (2011) concluded that Cu exposure did not influ
ence GST activity in gills and the digestive gland of the mussel Mytilus 
galloprovincialis, but enhanced LPO in gills. These results imply an 
insufficient capacity of the mussel to modulate ROS formation. 
Non-significant differences in GST activity and LPO level between 
different exposure levels as well as the inability of the developed TK-TD 
model to capture the fluctuations in these biomarkers raise questions on 
the suitability of these biomarkers to represent chronic toxicity. Ac
cording to Jorge et al. (2013), biomarkers evaluated on the whole-body 
soft tissue might not be suitable tools for monitoring responses of 
mussels chronically exposed to Cu. Therefore, the assessment should be 
extended to a variety of biomarkers to obtain a better understanding of 
mechanisms of chronic toxicity. 

The limited capacity of the TK-TD model for explaining the varia
tions in the biomarker responses might be attributed to the influence of 
environmental factors on the expression of oxidative stress-related bio
markers as well as the variations among tissues (Monserrat et al., 2007). 
The influence of Cu on glutathione metabolism depends on ambient 
concentration, exposure duration, and physiological and biochemical 
properties (Canesi et al., 1999). According to Gonzalez-Fernandez et al. 
(2015), LPO was positively related to nutritional status, and therefore to 
metabolic costs. Jorge et al. (2013) suggested that laboratory and test 
conditions, rather than the Cu exposure, accounted for the upgradation 
in ROS production over time. This suggestion was supported by in
creases in LPO and GST activity in unexposed mussels over time 
observed in the present study (Figs. S2-S3). Giacomin et al. (2013) 
suggested that freshwater mussels develope several mechanisms that 
contribute to their defence against ROS production. The potential in
fluence of these counfounding factors should be considered to improve 

the performace of the model. 
Chronic Cu toxicity was found not to be directly related to Cu bio

accumulation (Jorge et al., 2013). In long-term exposure at low con
centrations, metals are mainly accumulated in low metabolically active 
fractions (Borgman et al., 1993). These results emphasise the necessity 
for further characterisation of TD, as further emphasised by higher un
certainty in TD than in TK in our TK-TD model. With the fact that the 
concentration of toxicants at sites of toxic actions is usually technically 
unmeasurable, TK-TD models are an effective method to mechanistically 
link responses of organisms to metal accumulation. The model calibra
tion clearly unravelled mechanisms by which Cu inhibits NKA activity, i. 
e. by affecting the turnover rate as well as reducing the number of 
functional NKA. The model showed potential to extrapolate effects at the 
individual level to the molecular level whilst measurements at the mo
lecular level would reduce uncertainty. The model provided another 
example for integrating BLM to TK-TD models, which had been imple
mented by Liang et al. (2021) for acute metal toxicity. The use of the 
affinity constants derived in the BLM facilitates model extrapolation to 
other species and other metals. 

In the current version, some limitations might affect its potential for 
application and extrapolation. Influence of salinity on the abundance 
and molecular activity of NKA was excluded, following the negligible 
effects of salinity at the levels below 5 ppt reported by Sainting (1979). A 
consideration of salinity might improve the potential applicability of the 
model to various environmental conditions. Another limitation is 
related to the ODE describing the relationship between the simulated 
concentration of toxicologically available metals (i.e unbound to NKA) 
and responses of organisms. The ODE that covers damage accrual and 
recovery could not capture the fluctuations of LPO and GST activity. 
Consideration of adaptive or compensatory mechanisms might improve 
the relationship between the biological responses and the simulated 
concentration of metals at sites of toxic action or estimates of 
metal-toxicological availability. In addition, further validation with data 
sets covering NKA activity and a wider variety of oxidative-stress bio
markers will reduce uncertainty in model application. 

5. Conclusions 

A TK-TD model that includes different mechanisms of toxicity for 
evaluating biomarker responses at sublethal levels was developed for 
the first time and calibrated for freshwater mussels. An integration of 
affinity constants in the BLM to describe the binding of metals to en
zymes into TK-TD models allows for simulating metal accumulation at 
sites of toxic action. NKA activity was related to the binding of Cu to 
NKA whilst LPO and GST activity were linked to the concentration of 
unbound Cu. 
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