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A B S T R A C T   

A toxicokinetic-toxicodynamic model based on subcellular metal partitioning is presented for simulating chronic 
toxicity of copper (Cu) from the estimated concentration in the fraction of potentially toxic metal (PTM). As such, 
the model allows for considering the significance of different pathways of metal sequestration in predicting metal 
toxicity. In the metabolically available pool (MAP), excess metals above the metabolic requirements and the 
detoxification and elimination capacity form the PTM fraction. The reversibly and irreversibly detoxified frac-
tions were distinguished in the biologically detoxified compartment, while responses of organisms were related 
to Cu accumulation in the PTM fraction. The model was calibrated using the data on Cu concentrations in 
subcellular fractions and physiological responses measured by the glutathione S-transferase activity and the lipid 
peroxidation level during 24-day exposure of the Zebra mussel to Cu at concentrations of 25 and 50 µg/L and 
varying Na+ concentrations up to 4.0 mmol/L. The model was capable of explaining dynamics in the subcellular 
Cu partitioning, e.g. the trade-off between elimination and detoxification as well as the dependence of net 
accumulation, elimination, detoxification, and metabolism on the exposure level. Increases in the net accumu-
lation rate in the MAP contributed to increased concentrations of Cu in this fraction. Moreover, these results are 
indicative of ineffective detoxification at high exposure levels and spill-over effects of detoxification.   

1. Introduction 

Metal bioaccumulation can be estimated fairly well by biokinetic 
modelling approaches. It is likely, however, that the total body burden of 
metals in organisms is not indicative of adverse effects or of tolerance to 
metal exposure (Rainbow, 2002, 2007; Vijver et al., 2004; de Paiva 
Magalhaes et al., 2015). This is attributed to the chelation of accumu-
lated metals by various subcellular ligands. In association with insoluble 
metal-rich granules (MRG) or heat-stable proteins in the cytosol (met-
allothionein-like proteins MTLP), metals are detoxified and cannot 
modulate metabolism (Wallace et al., 2003; Vijver et al., 2004; Rainbow 
and Luoma, 2011a). Adverse effects are induced only when metals 
interact with physiologically sensitive molecules (e.g. small peptides, 
heat-denatured proteins or enzymes, DNA and RNA) or organelles 
(mitochondria, nuclei, and membranes) (Mason and Jenkins, 1995; 

Wallace et al., 2003; Vijver et al., 2004; Wang and Rainbow, 2006; 
Wang and Wang, 2008a,b; Campbell and Hare, 2009). Therefore, sub-
cellular partitioning is an essential factor determining the impacts of 
metal bioaccumulation. 

With fractionation techniques, the biologically detoxified fraction is 
usually distinguished from the metabolically available pool (MAP). 
Metal partitioning to subcellular fractions is a dynamic process (Cam-
pana et al., 2015), requiring modelling approaches for a mechanistic 
understanding. Quantifying the relationship between toxicity and the 
exceedance of a threshold level of metal accumulation in specific iden-
tifiable subcellular fractions is still a challenge in modelling metal bio-
dynamics. While the amount of detoxified metal has been quantified 
(Wallace et al., 2003; Rainbow and Luoma, 2011a; Rainbow and Smith, 
2013), the amount of potentially toxic metal is still not empirically 
assessed. 
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With the potential to simulate the time-course processes that deter-
mine adverse effects on organisms, toxicokinetic-toxicodynamic (TK- 
TD) models have been developed for predicting biological responses 
(Veltman et al., 2014; Tan et al., 2019). In previously developed TK-TD 
models, lethal endpoints, such as survival, are mostly related to changes 
in the body concentration (Ausher et al., 2013; Gao et al., 2015; Tan 
et al., 2019). This predictor parameter might, however, not appropri-
ately represent the effective internal concentration, attributed to 
detoxification mechanisms within organisms as mentioned above. An 
integration of subcellular metal partitioning into TK-TD models might 
provide a better estimate of metal concentrations at sites of toxic action, 
and subsequently, more reliable chronic toxicity predictions, as 
demonstrated by Tan and Wang. (2012). However, uncertainties are 
inherent in applying the model to essential metals like copper (Cu) since 
the metal fraction in the MAP that is used in metabolic processes is not 
considered. 

Copper accumulation and consequent toxicity to freshwater mussels, 
such as the Zebra mussel Dreissena polymorpha, are of great interest in 
ecotoxicology as explained in Le et al. (2021a). Lipid peroxidation is a 
major mode of toxic action by oxygen radicals generated from 
Cu-catalysed Fenton/Haber reactions (Nishikawa et al., 1997; Rikans 
and Hornbrook, 1997; Vijayavel et al., 2007). In response to oxidative 
stress, organisms stimulate glutathione metabolism and other antioxi-
dant enzymes (de Paiva Magalhaes et al., 2015). For instance, gluta-
thione S-transferase (GST) can prevent oxidative stress by reducing 
reactive oxygen species (ROS) to alcohol in combination with the 
oxidation of glutathione (Hayes et al., 2005; Regoli and Giuliani, 2014). 
The present study aimed to develop a TK-TD model based on subcellular 
partitioning, considering both detoxification and metabolism, for pre-
dicting the GST activity and the LPO level in the Zebra mussel in 
response to chronic exposure to dissolved Cu. Given the potential in-
fluence of Na+ on Cu toxicokinetics as well as the unique sensitivity of 
the Zebra mussel to the external ionic composition as elaborated in Le 
et al. (2021a), the model was calibrated with the data generated from 
the exposure experiments at different Na+ concentrations in water or 
varying salinity levels. 

2. Materials and methods 

2.1. Model development 

2.1.1. Model characterisation 
In the model developed in the present study, biological responses 

were assumed to be related to the accumulation of excess metal (i.e. 
above the metabolic requirement in combination with the detoxification 
and elimination capacity) in the MAP, which occurs as a balance of 
uptake, metabolism, elimination, and detoxification. The assumption is 
based on the results from previous studies, showing that sublethal effects 
of Cu were related to the build-up of Cu in non-detoxified pools 
(Rainbow and Smith, 2013). For essential metals, metabolically avail-
able species could be used for metabolic processes. Therefore, in the 
model developed herein, this fraction was distinguished from the 
potentially toxic pool. In other words, the metal fraction in excess of 
metabolic requirements, detoxification, and elimination was defined as 

potentially toxic metal (PTM; Fig. S1). 

Toxicokinetic phase. Metals were assumed to be first accumulated in the 
MAP (Rainbow, 2002; Wang and Rainbow, 2006) with a rate constant 

kmap (L/g/d) (Fig. S1). This assumption is based on the previous findings 
that metals are transferred from the sensitive fraction to the inactive or 
detoxified fraction (Ng and Wang, 2005). Accordingly, accumulated 
metals are divided into two fractions (Vijver et al., 2004; Luoma and 
Rainbow, 2008; Rainbow and Luoma, 2011b). In the present model, the 
detoxified and metabolically available pools are distinguished. The term 
"metabolically available pool" was used instead of "metal-sensitive 
fraction" to avoid the confusion that all metals in this fraction are 
potentially toxic. In the MAP, metals are divided into the metabolic 
fraction (CME), i.e. metals are required for essential metabolic processes 
at a rate constant kme (1/d), and the PTM fraction (CPTM). Metals in the 
PTM fraction can be reversibly detoxified by binding to MTLP at a rate 
constant krD (1/d) (forming the reversibly detoxified or MTLP fraction; 
CMTLP), irreversibly detoxified via association with MRG with a rate 
constant kiD (1/d) (forming the irreversibly detoxified or MRG fraction 
CMRG), which together compose the fraction of biologically detoxified 
metal (BDM), or eliminated with a rate constant ke,ptm (1/d). Reversibly 
detoxified metals can be released back to the MAP (kr; 1/d) in which 
they can be used in metabolism. Irreversibly detoxified metals in the 
MRG fraction can be excreted following the elimination of the granules 
(ke,mrg; 1/d) (Vijver et al., 2004). Moreover, reversibly detoxified metals 
in binding to cysteine-rich proteins like metallothioneins can be broken 
down in a lysosome, ending up concentrated in MRG (represented by the 
rate constant kint; 1/d) (Luoma and Rainbow, 2008). The above simu-
lation was based on the previous observation that essential metals can be 
excreted from the excess fraction or from the detoxified fraction 
(Rainbow, 2002). Considering the above processes, metal accumulation 
in the PTM pool occurs as a function of uptake, metabolism, detoxifi-
cation, and elimination in the following form: 

dCPTM

dt
= kmap × Cw + kr × CMTLP −

dCME

dt
−
(
krD + kiD + ke,ptm

)
× CPTM (1)  

where CPTM, CME, and CMTLP (µg/g dw) are metal concentrations in the 
PTM, metabolic, and reversibly detoxified (via binding to MTLP) frac-
tions, respectively; kmap (L/g/d) is the net accumulation rate constant in 
the MAP; CW (µg/L) is the dissolved Cu concentration; kr (1/d) is the rate 
constant for the release of reversibly detoxified metals from binding to 
MTLP; krD (1/d) and kiD (1/d) are the rate constants for reversible and 
irreversible detoxification, respectively; and ke,ptm (1/d) is the rate 
constant for metal elimination from the PTM fraction. The metabolic 
fraction was simulated considering the metabolic requirements by or-
ganisms as the maximum concentration in this fraction, as applied for 
modelling Na+ influx by Veltman et al. (2014) or for modelling Na+

binding to Na+/K+-ATPase enzymes by Le et al. (2021b) : 

dCME

dt
= kme × CPTM ×

(

1 −
CME

Memax

)

(2)  

with CME (µg/g dw) being the concentration of metals used in meta-
bolism, which is a function of the metabolism rate (kme; 1/d) and the 
concentration of metals in the PTM fraction (CPTM) while being 
restricted by the maximum metabolic requirements Memax (µg/g dw). 

Integrating Eq. (2) to Eq. (1) yields:   

The maximum metabolic requirements represent the maximum 
concentration of Cu used in metabolic processes. Measurements of Cu 
concentrations in the MAP of the mussels living in a Cu-depleted 

dCPTM

dt
= kmap × Cw + kr × CrD − kme × CPTM ×

(

1 −
CME

Memax

)

−
(
krD + kiD + ke,ptm

)
× CPTM (3)   
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environment cannot appropriately reflect this parameter. Instead, the 
parameterisation for this factor is based on theoretical estimates of 
metabolic requirements by White and Rainbow (1985). Metabolic re-
quirements for essential metals have been elaborated to include re-
quirements for enzymes and for respiratory pigment proteins (White and 
Rainbow, 1985). Within the bivalvia, hemocyanins are restricted to the 
Protobranchia (Markl, 2013) while the ancestors of the other bivalves 
lost their hemocyanins during evolution to adapt to their sessile 
filter-feeding life style (Markl, private communication). Therefore, an 
estimate of 26.3 µg/g dw for the enzyme requirements was deployed to 
represent the maximum metabolic requirements for Cu in the Zebra 
mussel (excluding haemocyanins). 

Metal accumulation in the metabolic and PTM fractions forms the 
MAP: 

CMAP = CME + CMTP (4) 

Metal concentrations in the reversibly (CMTLP; µg/g dw) and irre-
versibly (CMRG; µg/g dw) detoxified fractions could be expressed by 
similar mass-balance equations: 

dCMTLP

dt
= krD × CPTM − kint × CMTLP − kr × CMTLP (5)  

dCMRG

dt
= kiD × CPTM + kint × CMTLP − ke,iD × CMRG (6)  

with krD (1/d) and kiD (1/d) being detoxification rate constants; kint (1/ 
d) representing the incorporation of reversibly detoxified metal to MRG; 
and ke,iD (1/d) being the rate constant for metal elimination from the 

irreversibly detoxified fraction. 
As such, in the MAP, the metabolic fraction was distinguished from 

the excess fraction that is potentially toxic. This method is based on 
previous suggestions that part of the internal metal pool is required for 
metabolism whereas the pool exceeding the metabolic requirements is 
potentially toxic (Rainbow, 2002). Considering the toxicological irrel-
evance of metal accumulation in the cellular debris (Cain et al., 2004; 
Buchwalter et al., 2008), the cellular debris was not included in the 
model (Fig. S1). 

Toxicodynamic phase. In previous models, lethal endpoints were simu-
lated based on the change in the internal concentration according to a 
differential equation considering a lower threshold level of acute 
toxicity (Tan and Wang, 2012; Ashauer et al., 2013; Tan et al., 2019). 
However, changes in biomarkers were observed even at background 
concentrations in the environment (see the Discussion section). There-
fore, a lower threshold level was not included. Accordingly, the GST 
activity and the LPO level were related to the Cu concentration in the 
PTM fraction by the following equations, considering the potential re-
covery of antioxidant defence systems: 

dGST
dt

= kacGST × CPTM − kreGST × GST (7)  

dLPO
dt

= kacLPO × CPTM − kreLPO × LPO (8)  

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 

Fig. 1. Copper concentrations (average ± standard deviation) in subcellular fractions: Cellular debris; Metal-rich granules (MRG); Organelles; Metallothionein-like 
proteins (MTLP); and Heat-sensitive proteins (HSP) in zebra mussels exposed to Cu at 25 and 50 μg/L and Na+x002B at 0.5 mmol/L. Signs representing significant 
increases in Cu concentrations in exposed mussels compared to unexposed mussels: ns: non-significant, * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). The results at 
the other Na+x002B concentrations are given in Fig. S3. 
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damage recovery rate constants. 

2.1.2. Model calibration 
Model calibration was implemented using the MATLAB-based 

AMIGO2 toolbox as applied previously (Le et al., 2021b). The model 
was calibrated with data on: 1) the dissolved Cu concentration in water 
(Table S1, Supporting Information); 2) the Cu concentration in subcel-
lular fractions (Fig. 1 and Fig. S3, Supporting Information); and 3) the 
GST activity and the LPO level (Tables S2 and S3, Supporting Informa-
tion). Considering the potential effects of the Na+ concentration in water 
or the salinity level on Cu toxicokinetics and responses of the Zebra 
mussel (see Le et al., 2021a), the model calibration was conducted with 
data generated from exposure experiments with different Na+ concen-
trations in water as described in the following section. Based on results 
from previous studies (e.g. Tan et al., 2019), the elimination rate was 
assumed to be independent of salinity. In addition, our previous models 
(Le et al., 2021a,b) revealed the dependence of elimination on the 
exposure level. Therefore, in the model calibration, the elimination rate 
was assumed to be influenced by the Cu exposure level, but not the Na+

concentration in water. Because of limited interactions between Cu and 
Na+ in the intracellular trafficking and transport compared to major 
interactions in the initial adsorption onto the epithelial cells and the 
apical/mucosal membranes (Handy et al., 2002), the processes that 
determine subcellular partitioning (i.e. detoxification, elimination, and 
metabolism) were assumed not to be influenced by salinity at the narrow 
range of salinity level investigated. By contrast, the influence of the Cu 
exposure level on these processes was included in the model. At a nar-
row range, the GST activity and the LPO level in the zebra mussels were 
found not to be influenced by Na+ up to 4.0 mmol/L in water (corre-
sponding to a salinity level up to 0.25 ppt) as shown by an overlap of 
their ranges (average ± standard deviation) displayed in Tables S2 and 
S3, Supporting Information. Therefore, parameters in the TD phase were 
assumed to be independent of salinity in such a narrow range. 

2.2. Generation of data for model calibration 

2.2.1. Exposure experiments 
Zebra mussels were exposed to dissolved Cu at varying conditions in 

terms of the Cu exposure level and the Na+ concentration in water. In 
brief, four sets of treatments were prepared corresponding to four con-
centrations of Na+ added to reconstituted water (0.5, 1.5, 2.7, and 4.0 
mmol/L). Each set included one control and two treatments in which Cu 
was added to the organic matter-free reconstituted water at nominal 
concentrations of 25 and 50 µg/L. After two-week acclimation in a 
maintenance tank filled with reconstituted water, a group of 40 in-
dividuals was randomly sampled for measurements of initial conditions. 
Simultaneously, the remaining mussels were randomly distributed to the 
control and exposure tanks. During the 24-day exposure, water was 
renewed daily. Water samples were taken before and after water 
renewal for determining dissolved Cu concentrations in the tanks (Le 
et al., 2021a). Once in four days, mussels were sampled for measure-
ments of GST activity and LPO as well as for analysing subcellular Cu 
fractionation. No mortality was observed during the exposure for those 
treatments. Moreover, the stability of the condition index over time and 
no significant difference in this criterion between control and 
Cu-exposed mussels (see Le et al., 2021a) indicate a negligible influence 
of the exposure conditions on the nutrition status of the mussel. 

2.2.2. Subcellular fractionation and metal analysis 
The subcellular fractionation was implemented following the 

approach developed by Wallace et al. (2003). In brief, mussel soft tissue 
was homogenised in cold 20 mM TRIS buffer (pH 7.6), and subsequently 
centrifuged at 1,450 × g and 4◦C for 15 min. The supernatant was 
transferred to a new centrifuge tube for further processing. The resulting 
pellet was digested in 1 M NaOH at 90 to 95◦C for 10 min in a water 
bath. The mixture was then centrifuged at 5,000 × g and 20◦C for 10 min 

to separate MRG as pellets and cellular debris in the supernatant. The 
supernatant from the 1,450 × g centrifugation was centrifuged at 100, 
000 × g and 4◦C for one hour to separate the organelle fraction in the 
pellet from the cytosol in the supernatant. The supernatant was heated 
at 80◦C in a water bath for 10 min and subsequently centrifuged at 30, 
000 × g and 4◦C for 30 min after cooling for one hour in ice to separate 
heat-sensitive proteins (HSP, mainly enzymes) in the pellet and 
heat-stable proteins (or MTLP) in the supernatant. Procedural blanks, i. 
e. without mussel tissues, were processed using the same protocol to 
consider the correction due to laboratory and equipment contamination. 

Each fraction was dried and added jointly with 4 mL HNO3 (65%, 
sub-boiled) in 30 mL Teflon vessels (MarsXpress; CEM GmbH, Kamp- 
Lintfort, Germany). The vessels were heated up to 170◦C for 30 min 
using a MARS 6 microwave digestion system (CEM GmbH, Kamp- 
Lintfort, Germany). Concentrations of Cu in the digested samples as 
well as in water samples were analysed using a Perkin-Elmer-Sciex DRC- 
e inductively coupled plasma mass spectrometer as described in our 
previous studies (Le et al., 2021a). Copper was recovered from certified 
reference materials, i.e. oyster tissue (Standard Reference Material 
1566b, Department of Commerce, USA), IAEA-407 (Fish Homogenate 
Reference Material, International Atomic Energy, Monaco), and 
DORM-2 (Dogfish Muscle Certified Reference Material, National 
Research Council, Canada), at the rates of 97–105%. 

2.2.3. Measurements of biomarkers 
Soft tissues removed from the frozen mussels were homogenised in 

TRIS buffer containing 10 mM sodium phosphate buffer saline at pH 7.4 
at a ratio of 1:10 w/v using an UltraTurrax tissue homogeniser. The 
homogenates were centrifuged at 14,000 × g and 4◦C for 15 min. Three 
aliquots of the supernatant were used for measurements of the bio-
markers. Eight replicates (eight individuals) were processed for the 
sample taken from the maintenance tank prior to the exposure experi-
ment as well as the samples taken from the control and exposure tanks 
during the exposure. The total protein concentration was spectropho-
tometrically quantified according to Lowry et al. (1951) with Bovine 
Serum Albumin as a standard using the Tecan Infinite® 200 PRO 
microplate reader. 

Glutathione-S-transferase activity. The GST activity was determined ac-
cording to Habig et al. (1974) by spectrophotometrically measuring the 
increase in absorbance of the acceptor substrate 1‑chloro-2,4-dinitro-
benzene (CDNB, Sigma Aldrich) with reduced glutathione over time 
using the Infinite microplate reader (Tecan Infinite® 200 PRO). A re-
agent mix was freshly prepared from the phosphate buffer (pH 6.5), 200 
mM CDNB, and 200 mM glutathione with the ratio of 980:10:10 v/v/v. 
An aliquot of 5 µL of the sample was mixed with the reagent mixture to 
obtain a final volume of 200 µL. GST activity was determined from the 
absorbance measured at 340 nm every 30 s over a period of 4.5 min 
using a molar extinction coefficient of 9.6 mM− 1 cm− 1. 

Lipid peroxidation. Lipid peroxidation was evaluated based on the for-
mation of 2-thiobarbituric acid reactive substances (TBARS) (Buege and 
Aust, 1978). These peroxide products were determined by reference to 
the absorbance of malonedialdehyde (MDA) standards (Ohkawa et al., 
1979). A mixture was obtained by mixing tissue homogenate (110 µL) 
with 27.5 µL of 8.1% sodium dodecyl sulfate and subsequently with 440 
µL of the staining agent (containing 10% trichloric acid pH 3.5 and 0.5% 
thiobarbituric acid), and boiled in a water bath at 95◦C for 20 min. After 
cooling, the vigorously-shaken mixture was centrifuged at 4,000 × g and 
4◦C for 10 min. The absorbance of the obtained supernatant was spec-
trophotometrically measured at 532 nm using the Tecan Infinite® 200 
PRO microplate reader. The concentration of TBARS was determined 
from an external standard curve of 1,1,3,3-tetramethoxy propane (a 
stabilised form of MDA). 

T.T.Y. Le et al.                                                                                                                                                                                                                                  
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3. Results 

3.1. Dynamics in the subcellular partitioning of copper in the Zebra 
mussel 

In non-exposed mussels, Cu concentrations in the subcellular frac-
tions stabilised during the experiment (Fig. S2). In general, at a nominal 
exposure concentration of 25 µg/L, the Cu concentration in subcellular 
fractions gradually increased during the 24-day exposure (Fig. 1A and 
Fig. S3C-E-G). In these treatments, contrasting with an evident trend of 
the increased concentration in the cellular debris and the organelles, 
higher fluctuations were seen in the changes of the Cu concentration in 
the other subcellular fractions (Fig. 1A and Fig. S3C-E-G). A similar 
pattern was recorded in the exposure to Cu at 50 µg/L (Fig. 1B and 
Fig. S3D-F-H). Generally, Cu was accumulated in the subcellular frac-
tions in concentrations that increased as follows: cellular debris > or-
ganelles > MTLP > MRG > HSP (Fig. 1 and Fig. S3). 

The Bartlett’s test and the D’Agostino & Pearson omnibus test 
demonstrated that the data fulfilled the assumptions of homogeneity of 
variance and normal distribution. In order to remedy the issue of 
pseudoreplication when individuals of mussels were sampled from the 
same treatment tank, average values for all the individuals were used in 
the analysis of variance (ANOVA) test as suggested by Lazic (2010). 
According to the two-way (exposure time and treatment) analysis of 
variance (ANOVA) followed by the Bonferroni post-test with GraphPad 
Prism, exposure to Cu significantly affected Cu concentrations in all 
subcellular fractions (p < 0.0001). Such influence depended on exposure 
time and varied amongst fractions (Fig. 1 and Fig. S3). Exposure time 
and treatment had significant interactive effects on Cu accumulation in 
the cellular debris, organelle, and MRG fractions (p < 0.0001; Fig. 1 and 
Fig. S3). Significant increases in Cu concentrations in these fractions 
were more frequently noticed at the last exposure period (Fig. 1 and 
Fig. S3). Exposure time had a non-significant influence on the concen-
tration of Cu bound to MTLP (Fig. 1 and Fig. S3). On the contrary, 
treatments with varying Cu exposure levels had significant impacts on 
the Cu concentration in the MTLP fraction (p < 0.0001; two-way 
ANOVA). Significant increases in the Cu concentration in this fraction 
of exposed mussels compared to the non-exposed conspecifics were only 
revealed during the last period (post 12 days; Fig. 1 and Fig. S3). 
Noticeably, significant increases in the concentration of Cu binding to 
HSP were only found following exposure at the higher level (Fig. 1 and 
Fig. S3). According to the two-way (Na+ concentration in water and 
exposure time) ANOVA test, at both Cu exposure levels, significant 
differences in subcellular Cu concentrations between Na+ levels were 
only seen at some data points (not shown in Fig. 1 because of a large 
number of paired comparisons). This was also indicated by overlapping 
ranges (average ± standard deviation) of Cu concentrations in the 
subcellular fractions at varying Na+ concentrations in water (Fig. 1 and 
Fig. S3). 

From the perspective of ecotoxicology, internalised metals were 
grouped to the cellular debris, MAP, and BDM fractions (Fig. S4). The 
subcellular partitioning of Cu expressed by its proportions (%) in these 
fractions depended on the Cu exposure level (Fig. S4). In particular, 
increases in the proportion of the MAP with increasing exposure levels 
from 25 to 50 μg/L (two-way ANOVA test: p<0.05) were accompanied 
by decreases in the distribution to the BDM fraction (two-way ANOVA 
test: p<0.05), except for in the solution added with Na+at 1.5 mmol/L. 
These patterns led to changes in Cu distribution: at 25 µg/L, detoxified 
Cu accounted for a higher proportion than sensitive Cu (p < 0.05), 
contrasting with the pattern at 50 µg/L (p < 0.05; Fig. S4). On average, 
the MAP accounted for 28.4% (± 7.8) compared to 36.9% (± 9.7) for the 
BDM fraction at an exposure of 25 µg/L. At 50 µg/L, 39.4% (± 6.6) of the 
Cu body burden was distributed to the MAP in comparison to 28.8% (±
5.7) in the BDM. On the contrary, the proportion of internal Cu 
distributed to the cellular debris did not differ between the two exposure 
levels (Fig. S4). The dynamics in the subcellular partitioning of Cu in 

zebra mussels with no clear pattern during the 24-day exposure (Fig. S4) 
was related to the changes in the distribution with changing whole-body 
concentrations (Fig. S5). Increases in Cu partitioning to the MAP were 
correlated with slight decreases in the distribution to the cellular debris 
and more substantial decreases in the distribution to the BDM pool 
(Fig. S5). Furthermore, these patterns indicate spill-over effects, which 
occur when metal uptake exceeds the combination of metabolic re-
quirements and detoxification/elimination capacity. Remarkably, the 
Cu concentration in the MAP and BDM fractions at equal distribution to 
these compartments (28.87 μg/g dw; Fig. S5) was slightly higher than 
the maximum metabolic requirements (26.3 μg/g dw). This result is 
unambiguous evidence of the regulation by the Zebra mussel at low 
levels of Cu body burden to meet the metabolic requirements, on the one 
hand, and to limit the concentration of metals in the PTM fraction or in 
the MAP by various detoxification mechanisms, on the other hand. 
When the Cu level in the MAP exceeded the maximum metabolic re-
quirements, the inefficient detoxification capacity led to increasing Cu 
concentration in the MAP (Fig. S5). 

3.2. Toxicokinetic-toxicodynamic model based on subcellular partitioning 

The above dynamics in subcellular Cu partitioning was related to the 
dependence of kinetic parameters on the exposure level, as revealed by 
model calibration (Table 1). For example, Cu was accumulated in the 
MAP at a higher rate constant at 50 µg/L Cu (0.09–0.16 L/g/d) than at 
25 µg/L (0.05–0.07 L/g/d; Table 1). The dose-dependence was also seen 
for the rate constants for metal elimination from the PTM or irreversibly 
detoxified fractions and for metal detoxification (Table 1). Elimination 
was negligible at the lower exposure level but more profound at the 
accelerated level in interaction with detoxification. Increases in the 
elimination rate constant were accompanied by decreases in the 
detoxification rate constants with increasing exposure level (Table 1). At 
the lower exposure concentration, Cu from the reversibly detoxified 
fraction was released back to the MAP with a higher rate constant 
(Table 1) to fulfil metabolic requirements. In addition, the metabolism 
rate constant increased with increasing exposure concentration 
(Table 1). Contrasting with such an influence of the Cu exposure level, 
the results of model calibration showed that the Cu accumulation rate 
constant in the MAP was not affected by the concentration of Na+ in 
water (Table 1). 

The increase in the net accumulation rate in the MAP with increasing 
exposure level (Table 1) contributed to significantly higher concentra-
tions of Cu in the MAP at 50 µg/L than at 25 µg/L (Fig. S4). By contrast, 
no significant differences were seen in Cu concentrations in the revers-
ibly (MTLP) and irreversibly detoxified (MRG) fractions between the 
two exposure levels as represented by an overlap of the estimates (Fig. 2 
and Fig. S6). Moreover, this result indicates an occurrence of spill-over 
effects, which led to the build-up of Cu in the MAP as found above. 

Compared to Cu toxicokinetics, higher uncertainty was inherent in 
predicting Cu toxicodynamics (Table 1). Moreover, GST activity was 
more sensitive than LPO, as shown by a higher accrual damage rate 
constant for GST activity than for LPO (Table 1). This observation was 
further demonstrated by the estimates of GST activity and LPO (Fig. 2 
and Fig. S6). In particular, at 25 µg/L Cu, the estimated GST activity 
slightly increased over time. At 50 µg/L, increases at the initial period 
were followed by a more stable trend. Lower increases were predicted 
for the LPO level than for the GST activity (Fig. 2 and Fig. S6). Their 
fluctuations could not be totally captured by the developed TK-TD 
model. 

4. Discussion 

Subcellular metal partitioning is a dynamic process, depending on 
the interactions between uptake, elimination, detoxification, and 
metabolism. Dynamics in subcellular partitioning are additionally 
attributed to the dependence of these processes and their interactions on 
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exposure level and conditions. As proven in the present study, these 
interactions can be simulated by a TK-TD model. Results of model 
calibration explained experimentally observed dynamics in subcellular 
Cu partitioning. For instance, the increases in the net accumulation rate 
in the MAP with increasing exposure level contributed to the increasing 
Cu concentration in this fraction, on the one hand, and indicate some 
limits in the Cu sequestration capacity of this organism, on the other 
hand. Such limitation may explain the empirical observations of higher 
Cu concentrations in metabolically available fractions than in detoxified 
pools in bivalve molluscs, as revealed in the present study and previous 
research (Voets et al., 2009; Ju et al., 2011). Moreover, such a pattern of 
subcellular partitioning explains the high sensitivity of this organism to 
Cu as noticed in other studies (March et al., 2007). At a nominal expo-
sure concentration of 25 µg/L, Cu was accumulated in the MAP at a 
lower rate (0.05–0.07 L/g/d) than the whole body uptake rate 
(0.09–0.11 L/g/d; Le et al., 2021b) (Table S4). This is indicative of an 
ability of this bivalve to detoxify accumulated Cu at this exposure level. 
Zebra mussels are able to regulate uptake and/or excretion of essential 
metals, e.g. Cu and Zn, to a certain extent (Bervoets et al., 2004) as 
supported by lower variations in the tissue concentration of essential 
metals compared to those for non-essential metals (Voets et al., 2009). 
However, the detoxification ability is inefficient at elevated exposure 
levels. For example, with the Na+ concentration in water ranging from 
1.5 to 4.0 mmol/L, Cu was accumulated in the MAP at a higher rate 
(0.13–0.16 L/g/d) than the uptake rate to the whole body of mussels 
(0.09–0.14 L/g/d) at a concentration of 50 µg/L (Table S4). Such 
changes in the comparison between the rate of net accumulation in the 
MAP and the whole body uptake rate indicate spill-over effects on Cu 
detoxification, leading to increased accumulation of Cu in the MAP. 
Ineffective detoxification at high exposure levels was further supported 
by non-significant differences in the estimates of Cu concentrations in 
the reversibly and irreversibly detoxified fractions at varying exposure 
levels. Ineffective detoxification of Cu in zebra mussels was also reported 
by Voets et al. (2009), as shown by the increasing proportion of Cu in 
organelles with increasing Cu concentration in the whole body. The 
impacts of exposure levels on Cu accumulation in the MAP unravelled 
from empirical observations as well as the model calibration agree with 
the reported results for Cu whole body uptake from our previous bio-
kinetic and TK-TD models (Le et al., 2021a,b). 

The influence of salinity has already been considered in the assess-
ment of metal bioavailability, uptake, and toxicity. The influence has 
often been interpreted by the competition between toxic cations and 
‘hard’ cations for forming organic and inorganic complexes in the 
environment and for binding sites on the biotic ligands (Di Toro et al., 

2001). The former could be well simulated by speciation models, e.g. 
WHAM (Tipping, 1998) and visual MINTEQ (Gustafsson, 2011). The 
chemical speciation with the WHAM VII model for the organic 
matter-free reconstituted water showed a negligible influence of Na+ at 
the concentration range of 0.5 to 4.0 mmol/L on the free ion activity of 
Cu2+, which represents the most active species. According to the prin-
ciple of the biotic ligand model, the effects of hard ions on metal binding 
at biotic ligands could be written as a function of their affinity for these 
ligands and their concentrations (Le et al., 2012). The non-significant 
influence of the Na+ concentration in the present study might be 
related to the narrow range investigated. In the TK-TD models developed 
by Chen et al. (2017) and Tan et al. (2019), the rate of Cd uptake by the 
estuarine clam Potamocorbula laevis decreased with increasing salinity 
level from 5 to 30 ppt. Further discussion on the potential effects of 
salinity on metal uptake is given in Le et al. (2021a). Previous findings 
indicated a limited influence of Na+ on subcellular metal partitioning. 
Jacobson and Turner (1980) found that hard metal ions generally form 
the weakest complexes nucleic acids and proteins. Handy et al. (2002) 
indicated limited interactions between Cu and Na+ in the intracellular 
trafficking and transport. These results support our assumption of a 
negligible influence of salinity or Na+ on subcellular Cu partitioning. 

Subcellular metal partitioning is indicative of metal adaptation 
strategies of organisms in response to metal exposure. The present study 
shows that TK-TD models allow for a delineation of adaptation strate-
gies. The opposite changes in the detoxification rate and the elimination 
rate with changing exposure level or changing whole-body concentra-
tion unravelled by our model confirm the trade-off between elimination 
and detoxification reported in previous studies (Ju et al., 2011). At the 
lower test concentration, Cu was effectively detoxified by various 
pathways, limiting the requirement for elimination. According to Ju 
et al. (2011), the capacity of metal detoxification might complement the 
limited elimination ability. However, at higher exposure levels, the 
spill-over effect causes an acceleration of elimination. In agreement with 
the influence of the exposure level on kinetic parameters in our TK-TD 
model, Ju et al. (2011) estimated metal uptake, elimination, and 
detoxification in the MAP for various bivalves. These authors demon-
strated variations in these parameters depending on species, metal, and 
exposure level. According to Ju et al. (2011), the rate constants for Zn 
uptake and elimination from the MAP in bivalves were positively 
correlated, contrasting with a lack of a clear trend for Cu. Differences 
between Cu and Zn were also found for the relationship between the 
elimination and detoxification rate constants, i.e. a negative correlation 
for Cu and a positive interaction for Zn (Ju et al., 2011). However, these 
conclusions need further investigation given the limited data in the 

Table 1 
Estimates for calibrated parameters in the TKTD model based on subcellular metal partitioning: the net accumulation rate constant (kmap; L/g/d); the rate constant for 
the release of reversibly detoxified metal from the binding to metallothionein-like proteins back to the metabolically available pool (kr; 1/d); the rate constants for 
reversible detoxification (krD; 1/d) and irreversible detoxification (kiD; 1/d); the rate constant for incorporation of reversibly detoxified metal into the metal-rich 
granules (kint; 1/d); the rate constant for elimination of metals from the metabolically available pool (ke,ptm; 1/d); the rate constant for metal ustilisation in meta-
bolic processes (kme; 1/d); the rate constant for elimination of irreversibly detoxified metal (ke,mrg; 1/d); the damage accurate rate constants for the glutathione-S- 
transferase activity (kacGST; unit of GST/unit of tissue concentration/d) and for lipid peroxidation (kacLPO; unit of LPO/unit of tissue concentration/d); and the re-
covery rate constant for the glutathione-S-transferase activity (kreGST; 1/d) and for lipid peroxidation (kreLPO; 1/d) .  

Parameter 25 µg/L Cu 50 µg/L Cu 
0.5 mM Na+ 1.5 mM Na+ 2.7 mM Na+ 4.0 mM Na+ 0.5 mM Na+ 1.5 mM Na+ 2.7 mM Na+ 4.0 mM Na+

kmap 0.05 (± 0.05) 0.06 (± 0.05) 0.05 (± 0.04) 0.07 (± 0.07) 0.09 (± 0.09) 0.13 (± 0.14) 0.13 (± 0.14) 0.16 (± 0.17) 
kr 0.11 (± 0.29) 5.42. 10− 4 

krD 1.00 (± 1.18) 0.86 (± 0.92) 
kiD 2.05. 10− 3 (± 0.78) 5.34. 10− 4 (± 5.30) 
kint 0.07 (± 0.16) 0.13 (± 0.13) 
ke,ptm 0.01 (± 0.90) 1.00 (±3.42) 
kme 0.10 (± 0.30) 0.93 (± 1.48) 
ke,mrg 0.13 (± 0.26) 0.51 (± 0.56) 
kacGST 52 (± 109) 
kreGST 0.71 (± 1.93) 
kacLPO 5.80 (± 106) 
kreLPO 2.00 (± 37)  
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study of Ju et al. (2011). The findings that among the detoxified frac-
tions of the Zebra mussel, Cu was mainly associated with MTLP, which is 
in agreement with the observation by Voets et al. (2009), could be 
related to a higher rate of reversible detoxification than the rate of 
irreversible detoxification (Table 1). Copper was found in sensitive 
fractions even before the exposure experiment in the present study 
(Fig. S2). This observation agrees with the findings that there was no 
threshold level below which excess of Cu was successfully detoxified by 
the Zebra mussel (Voets et al., 2009) or by the mussel Pyganodon grandis 
(Campbell et al., 2005). 

Despite the potential of the developed TK-TD model for capturing the 
dynamics of subcellular metal partitioning, some limitations were seen 
in the current version. Compared to the estimation of Cu concentrations 
in the MAP and in the reversibly detoxified (or MTLP) fraction, sub-
stantial deviations were seen between the estimates and the measure-
ments of Cu concentrations in the irreversibly detoxified (MRG) fraction 

at the last exposure period, corresponding to a high total body burden. 
On the one hand, the limitation of the model reflects the complexity in 
the dynamic subcellular partitioning of Cu in bivalves as reported pre-
viously. For instance, no correlation was found between Cu concentra-
tions in subcellular fractions or subcellular Cu partitioning with changes 
in the soft tissue concentration (Voets et al., 2009; Pan and Wang, 2012). 
For the Zebra mussel, Voets et al. (2009) displayed a lack of a significant 
relationship between Cu accumulation in MRG and the whole tissue 
concentration. On the other hand, such limitation might be related to 
some simulation approaches in the current version of the model. The 
first potential contributor might be related to the inability of the linear 
function between the changes in the encapsulation of Cu to the granules 
and the Cu concentration in the PTM fraction. Previous studies have 
indicated that at high exposure levels, metal accumulation in the MTLP 
fraction may be hyperbolic (Brown and Parsons, 1978; Roesijadi, 1980). 
A similar phenomenon is applicable to metal accumulation in the MRG 

Fig. 2. Relationships between the estimates and the measurements of Cu concentrations in the metabolically available pool (MAP), metallothionein-like protein 
(MTLP; or reversibly detoxified), and metal-rich granules (MRG; or irreversibly detoxified) fractions, glutathione-S-transferase (GST) activity, and lipid peroxidation 
(LPO) in the zebra mussel. The dots and bars represent the measurements (average and standard deviations, respectively). The areas covered by the dashed lines 
represent the confidence interval of the estimate with the solid line in middle representing the mean estimate. The comparison at other Na+ concentrations is give 
in Fig. S6. 
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fraction, contributing to high deviations between estimated and 
measured Cu concentrations in this fraction. Another possible contrib-
utor to the limitation of the present model version might be related to 
the characterisation of metal incorporation into inorganic granules with 
the one-compartment PTM fraction. Previous findings on the time 
required for metal incorporation into inorganic granules (Brown, 1982; 
Vijver et al., 2004) are indicative of a time-dependent rate of irreversible 
detoxification. Accordingly, the simulation of irreversible detoxification 
with one rate constant as in the model might not describe the kinetic Cu 
accumulation in the MRG appropriately. Therefore, a hyperbolic func-
tion or a two-compartment PTM for slow and quick detoxification via 
incorporation in MRG might be considered in the future to improve the 
prediction accuracy. 

Uncertainties are inherent in the model, as can be attributed to its 
assumptions. For example, as a number of assumptions are included in 
theoretically estimating the metabolic requirements (White and 
Rainbow, 1985), uncertainties are inherent in deriving the maximum Cu 
concentration in the metabolic compartment. Besides the needs of co-
enzymes, essential metals might be required for other processes. 
Furthermore, high uncertainty in the TD section indicates challenges in 
developing TK-TD models for chronic metal toxicity. This uncertainty is 
attributed to substantial variations in physiological responses to metal 
exposure at sub-lethal levels. Previous studies did not show a consistent 
trend in the changes of the GST activity or the LPO level in bivalves in 
response to metals. For example, Peric et al. (2020) proposed that a lack 
of alleviative effects on the GST activity and the LPO level might be 
attributed to the involvement of ROS-scavenging enzymes. Such varia-
tions in biomarker responses exert high uncertainty in TD modelling, as 
exemplified by the relationship between metal concentrations at sites of 
toxic action and biomarkers in the present study. The uncertainties in 
the simulation of metal toxicodynamics in chronic sublethal exposure 
reflect our limited understanding on the relationship between the tissue 
concentration and biomarker responses in this condition. The use of an 
ordinary differential equation to represent the relationship between the 
total tissue concentration or the concentration at target sites and the 
biological response have usually been applied in TK-TD models esti-
mating acute effects on the time-course survival or mortality of organ-
isms (Jager et al., 2011; Gao et al., 2019; Tan et al., 2019). Further 
efforts in future studies should be put on obtaining a better under-
standing of the relationship between metal accumulation in organisms 
or at target sites and biomarker responses at sublethal levels. Despite the 
uncertainties in the TD phase, mechanisms of toxicity were explained by 
the model to some extent. For instance, the higher sensitivity of GST 
activity (a damage accrual rate constant of 52 units of GST/unit of Cu 
concentration/d) than LPO (a damage accrual rate constant of 5.8 units 
of LPO/unit of Cu concentration/d) was consistent with the function of 
GST to counteract damages, for example inhibiting LPO formation. A 
lack of a significant increase in the GST activity and LPO in the Zebra 
mussel in the present study indicates an adequate response of the anti-
oxidant defence system to the generation of ROS. This conclusion was 
also recently obtained in assessing the response of oysters exposed to Cd 
(Peric et al., 2020). Furthermore, oxidative stress-related biomarker 
responses, such as LPO and GST activity, should be related to toxico-
logical effects in the next step. Lipid peroxidation might lead to changes 
in the physical properties of cellular membranes, covalent modification 
of proteins and nucleic acids, and consequent cell death and disease 
(Gaschler and Stockwell, 2017). A link between biomarker responses 
and such effects in the TD phase facilitates an extrapolation from the 
subcellular level to higher levels of biological organisation. 

Several factors distinguish the model developed in the present study 
from the previous models that are also based on subcellular partitioning. 
In previously developed TK-TD models, lethal/acute toxicity was related 
to metal accumulation in the MAP ignoring the essentiality of metals like 
Cu to metabolic processes. In the present TK-TD model, responses of 
organisms were related to metal concentrations in the PTM fraction, 
considering the metabolic requirements of essential metals. In previous 

models, a single detoxification rate was used to represent different 
detoxification mechanisms, whereas differences in properties and the 
importance of various detoxification mechanisms have been reported 
(Vijver et al., 2004; Pan and Wang, 2009). A longer time is usually 
required for the encapsulation of metals in granules (Brown, 1982; 
Vijver et al., 2004), while the synthesis of metallothioneins can be 
rapidly induced (Roesijadi, 1992). Accordingly, the induction of met-
allothioneins is suggested to be of importance in short-term exposure, 
while the storage in granules plays an essential role in chronic exposure 
(Vijver et al., 2004). A standard elimination rate was applied in avail-
able dynamic models while detoxified metals, such as in granules, tend 
to be eliminated at a lower rate than organelle- or enzyme-associated 
metals (Ng and Wang, 2005). In the TK-TD model developed in the 
present study, the distinction of reversibly and irreversibly detoxified 
fractions allows for considering differences in characteristics of various 
detoxification pathways as discussed above. In previous biodynamic 
models, the onset of toxic effects is assumed to be initiated when the 
uptake rate exceeds the combined rates of detoxification and elimina-
tion (Van Straalen et al., 2005; Rainbow, 2007; Luoma and Rainbow, 
2008; Adams et al., 2010; Casado-Martinez et al., 2010; Rainbow and 
Luoma, 2011a). However, as mentioned above, there is no evidence of 
the existence of a threshold level below which metals are successfully 
detoxified. To consider this perspective, the response of the organism 
was assumed to be determined by metal concentrations in the PTM 
fraction in the present study. With a general framework based on sub-
cellular metal partitioning, the model can be readily extrapolated to 
other aquatic organisms and other species. 

5. Conclusions 

A TK-TD modelling framework based on subcellular metal parti-
tioning was developed for predicting biomarker responses in terms of 
oxidative stress of the Zebra mussel to chronic exposure to Cu at sub-
lethal levels. The metal concentration in the PTM fraction, which was 
assumed to represent the metal level at sites of toxic action and directly 
relate to biological responses, was simulated as a function of uptake, 
metabolism, detoxification, and elimination. The model allows for: 1) 
predicting metal accumulation in the PTM fraction; 2) simulating the 
dynamics of subcellular metal partitioning; and 3) estimating biomarker 
responses in relation to the changes in metal accumulation in the PTM 
compartment. The model could explain the time course of metal accu-
mulation in various subcellular fractions as well as the effect mechanism 
reasonably well. Given the current limitation in our understanding of the 
tissue concentration-biomarker response relationship in chronic suble-
thal exposure, simulation approaches should be further explored to 
reduce uncertainties in the estimation of metal concentrations in sub-
cellular fractions and biomarker responses. 
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