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S1. Parameter Glossary 
 

BW: Body weight 

LW: Liver weight 

MW: Muscle weight 

VL: Liver volume 

VM: Muscle volume 

VK: Kidney volume 

VA: Adipose volume 

VB: Blood volume 

VG: Bile volume 

VLF: Fluid liver volume 

VKF: Fluid kidney volume 

VMF: Fluid muscle volume 

VAF: Fluid adipose volume 

AL: Liver surface area 

AL: Liver surface area 

AK: Kidney surface area 

AM: Muscle surface area 

AA: Adipose surface area 

AB: Gallbladder surface area 

AG: Gill surface area 

QBi: Biliary flow rate 

QW: Gill ventilation rate 

QB: Blood flow rate 

QBL: Liver blood perfusion rate 

QBK: Kidney blood perfusion rate 

QBM: Muscle blood perfusion rate 
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QBA: Adipose blood perfusion rate 

CPB: Plasma protein concentrations 

CFABPLT: FABP concentrations in liver 

CPL: Liver fluid protein concentrations 

CPK: Kidney fluid protein concentrations 

CPM: Muscle fluid protein concentrations 

CPA: Adipose fluid protein concentrations 

buptake:  Liver active uptake rate 

bclear: Liver active clearance rate 

KP: Plasma protein association constants 

KFABP:  FABP association constants 

Peff: Effective membrane permeability 

CR!!!!! : Steady-state cell-water concentration ratio 

kW-B: Water to blood uptake rate constant 

kB-W: Rate constant for diffusion from blood back to water 

r : Radius  
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S2.PFOA Mass Balance Equations and Mass Transfer Coefficients 
 
We calculated the rate constant for gill uptake (kW-B) by using the following equation (1):  

k!!!	=	 !
!!

+  !
!!""!!!!

-1	

As noted above, AB-W is equal to gill surface area of zebrafish representing the area for blood-
water exchange. To calculate rate constant for diffusion from blood back to water (k!!! ), we 
employed proposed equation from Ng et al. (2013) as below (1):  

k!!! =  
k!!!

CR!!!!!
 

 

The exchange and interactions between protein and PFOA are listed in Table S1. Mass transfer 
coefficients were extracted from the Ng et al. (2013) (1). Uptake and loss rate constants from 
water to blood and from blood to water were calculated as follows: 

b!!! = k!!! 

BB-W = !
!!!

!"
 

In order to find the rate constant of internal transfer among compartments, we employed the 
mass transfer coefficient as below:  

k!!!"	=	 !
!!
! +  !

!!""!!!!"

-1	

Similar overall resistance is assumed (kiF-B= kB-iF)	for diffusion from the interstitial fluid back to 
blood.		

 

The rate constant determined by dividing the value of 𝑘!!!" over the volume respective 
compartment: 

b!!!" =  
K!!!"

VB
 

b!"!! =  
K!!!"

V!"
 

For transport from fluid parts to tissues sub-compartments, only the membrane permeability 
provides a resistance to transport. Therefore, the mass transfer coefficient is : 

K!"!!" = P!""A!"!!" 

Finally, the rate constant for diffusion from	 interstitial fluid to tissues sub-compartments and 
from tissues sub-compartments to interstitial fluid were easily calcuated as below : 
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 b!"!!" = !!"_!"

!!"
 

b!"!!" =
K!"_!"

V!"
 

 

The sum of transport with NTCP and OST𝛼/𝛽 mediated proteins is considered for for uptake.	

b!"#$%&!!!"#!/!!!!"#$ 

Moreover, for clearance, the value of ASBT transporter protein is used. 

b!"#$% = 𝑏!"#$ 

By dividing the biliary flow rate over the volume of biliary system, the rate constant for biliary 
removal was calculated: 

 
!!" !

!"#
!"

 

Furthermore, the PFOA mass balance equations for compartments involved in the model 
depicted in Table S1. 
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Table S1. PFOA Mass Balance Equations 
Liver Fluid (LF) 
 
!"!"##

!"

!"
=  b!"#$%&!!!" M!"##

! +b!!!"M!"##
! +  b!"!!"M!"##

!" -   (b!"!!M!"##
!" + b!"!!") M!"##

!" - b!"!"M!"##
!" + b!""!"M!"#$%

!"  
 
!"!"#$%

!"

!"
 = b!"!"M!"##

!" − b!""!"M!"#$%
!"  

 
Liver Tissue (LT) 
 

 !"!"##
!"

!"
=  b!"!!"M!"##

!" + b!"!!"M!"##
!"  - ( b!"#$% 

!"!!"+b!"!!" +  b!"!!") M!"##
!" - b!"!"M!"##

!" + b!""!"M!"#$%
!"  

 
!"!"#$%

!"

!"
 = b!"!"M!"##

!" − b!""!"M!"#$%
!"  

 
Blood (B) 
 
!"!"##

!

!"
 = b!!!C!"##

! - b!!!M!"##
!  -∑ b!!!" M!"##

!  +∑ b!"!!M!"##
!" - b!"! M!"##

! + b!""! M!"#$%
!  

 
!"!"#$%

!

!"
 = b!"! M!"##

! − b!""! M!"#$%
!  

 
Bile (Bi) 
 
!"!"##

!"

!"
 = b!"#$% 

!"!!"M!"##
!"  – b!"!!"M!"##

!" + b!"!!"M!"##
!"  - !!"

!!"
M!"##
!"  

 
Muscle Fluid (MF) 
 
!"!"##

!"

!"
= b!!!"M!"##

! - b!"!!"M!"##
!" -   (b!"!!M!"##

! + b!"!!") M!"##
!" - b!"!"M!"##

!" + b!""!"M!"#$%
!"  

 

Muscle Tissue (MT) 
 

 !"!"##
!"

!"
= b!"!!"M!"##

!" - b!"!!"M!"##
!"  

 
Adipose Fluid (AF) 
 
!"!"##

!"

!"
= b!!!"M!"##

! - b!"!!"M!"##
!" -   (b!"!!M!"##

! + b!"!!") M!"##
!" - b!"!"M!"##

!" + b!""!"M!"#$%
!"  

 
Adipose Tissue (AT) 
 

 !"!"##
!"

!"
= b!"!!"M!"##

!" - b!"!!"M!"##
!"  

 
Kidney Fluid (KF) 
 
!"!"##

!"

!"
=  b!!!"M!"##

! - b!"!!"M!"##
!" -   (b!"!!M!"##

! + b!"!!") M!"##
!" - b!"!"M!"##

!" + b!""!"M!"#$%
!"  

 
Kidney (KT) 
 
!"!"##

!"

!"
=  b!"!!"M!"##

!" - b!"!!"M!"##
!"  
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S3. Derivation of Model Parameters 
 

S3.1 Physiological Parameters 

S3.1.1 Body weight 
Since gender differences have been reported in the toxicokinetics of PFOA in different fish 

species, we consider parameter availability for both genders (2–5). The weight of adult zebrafish 

was reported between 0.2 to 0.9 g (6–10). Zang et al. (2013) indicated that the average weight of 

male and female adult zebrafish is 0.41 and 0.82 g, respectively (8). Accordingly, we considered 

a 0.41 g adult male, 0.82 g adult female, and a 0.6 g adult zebrafish (average of male and female) 

for our model-based parameter evaluation. 

S3.1.2 Tissue Volumes 
Although the volume of a particular tissue is a relatively basic property, a wide variety of 

methods for estimating volume has been used in the literature, including planimetry, paper 

weighing, lineal analysis, random point analysis, biomolecular imaging, water displacement 

volumetry, tape measurements, and CT or MRI scans (11–15). Here we present available 

estimates for zebrafish tissues by different techniques, and summarize the collected values 

(including ranges, where appropriate) for our representative male, female, and average adult 

zebrafish in Table S2. For most of the tissues considered, no direct measurements were available 

and values were estimated based on other properties, such as weight of tissues. Final values of all 

volumes used in the model are listed in Table S2. 

Liver 

Örn et al. (1998) measured the liver weight of adult female zebrafish as equal to 4.3 mg, which 

represents 1.83% of the total zebrafish body weight (6). More recently,  Cheng et al. (2016)  

indicated that liver weight is ∼2.10% and ∼4.51% of total male and female zebrafish body 



8	
	

weights, respectively. Based on the Cheng et al. (2016) study, we calculated the liver weight as a 

fraction of body weight for male, female, and adult zebrafish, as equal to approximately 0.008 g, 

0.036 g, and 0.019 g, respectively (14). If we instead use the Örn et al. (1998) estimate, the liver 

weight would be 0.007 g, 0.015 g, and 0.01 g for male, female, and adult zebrafish, respectively. 

Based on this weight, we can either calculate the volume of the liver by assuming fish density 

equal to 1 g/ml. Cheng et al. (2016) also estimated directly the volume of adult zebrafish liver as 

0.535mm3 (14).  

Biliary system  

For the bile volume, we found only an estimate of the zebrafish biliary system volume from the 

Cheng et al. (2016) study, which states that 18% of the zebrafish liver volume comprises the 

biliary system. In our model, we used the same value for both genders, based on this 18% value 

and on the directly estimated volume of adult zebrafish liver (Table S2) (14).  

Muscle 

Johnston et al. (2011) reported that muscle tissue represents 60% of the total adult zebrafish body 

weight (16). Similar to the liver compartment (assuming fish density equal to 1 g/ml) the volume 

of the muscle compartment was estimated as 0.36 ml, 0.49 ml, and 0.24 ml for adult, female, and 

male, respectively.  

Kidney 

We estimated the volume of the kidney based on the volume of the glomerulus. According to 

McCampbell et al. (2015), adult zebrafish at 6 months have approximately 450 nephrons (each 

nephron has one glomerulus) (17). Accordingly, there are 450 glomeruli in the kidney of adult 

zebrafish. Zhou and Hildebrandt (2012) determined that one glomerulus contained 42 podocytes 
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and the volume of each podocyte is 7709 µm³ (18). Consequently, we calculated the volume of 

kidney to be 1.46 × 10-4  ml for adult zebrafish.  

Adipose 

 The volume of adipose was extracted from the control group of the Hasumura et al. (2012) 

experiment for male and female zebrafish (19). Based on their study, a male zebrafish with a 

weight of 342.5 mg has 0.81 mm3 adipose, and a female with the weight of 363.6 mg has 2.8 

mm3 adipose. These values were converted based on the weight of male and female zebrafish 

used for our model-based evaluation; the average of the values was considered for adult 

zebrafish.   

Blood 

The blood volume was extracted from Zang et al. (2013) (8).  Based on their results, the mean 

maximal blood volumes collected from male and female zebrafish were approximately 9 and 17 

µl, respectively. We applied the data as a blood volume in our study for different genders and 

used their average for adult zebrafish in our model. 

Table S2. Volume of different compartments (ml) 

Compartment Male Female Adult 
Liver 5.53 × 10-4- 8 × 10-3 5.53 × 10-4 - 0.036 5.53 × 10-4- 0.019  
Muscle 0.24 0.49 0.36 
Kidney 1.46 × 10-4 1.46 × 10-4 1.46 × 10-4 
Adipose 1.02 × 10-3 6.32 × 10-3 3.67 × 10-3 
Blood 9 × 10-3 17 × 10-3 13 × 10-3 
Bile 9.95 × 10-5 9.95 × 10-5 9.95 × 10-5 
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S3.1.3 Volume of Interstitial Fluid Compartments 
We have not found any specific data for the interstitial fluid volumes of different zebrafish 

tissues. To estimate the volume of interstitial fluid sub-compartments, we applied the scaling 

factors reported by Buschnell et al. (1988) for trout, converted to an estimate for zebrafish using 

the ratio of the zebrafish and trout body weights (20). They labeled and used EDTA ([58Co] 

EDTA) as an indicator of the extracellular compartment. Based on the Buschnell et al. (1988), 

volume of interstitial fluids relative to the weight of organ tissues were estimated for liver, 

kidney, muscle, and adipose of rainbow trout (VF/WT, ml/g) 0.283, 0.672, 0.054, and 0.174, 

respectively (20). According to these scaling factor the interstitial fluid volumes of liver, muscle, 

kidney, and adipose were estimated for the model (Table S3).  

Table S3. Interstitial fluid volume of different compartments (ml) 

Compartment VF/WT based on 
Buschnell et al. (1988)(20)   

Male Female Adult 

Liver 0.283 1.7 × 10-3 4.24 × 10-3 2.83 × 10-3 
Muscle 0.054 0.013 0.026 0.019   
Kidney 0.672 1.38 × 10-3 2.39 × 10-3 1.81 × 10-3 
Adipose 0.174 1.77 × 10-4 1.09 × 10-3 6.38 × 10-4 
 

S3.1.4 Surface Area of Compartments 
In addition to the interstitial fluid volume and tissue volume, the surface area of each 

compartment also plays a significant role in controlling the rate of inter-compartment chemical 

exchange (1). Unfortunately, there are no available data in literature for zebrafish tissue surface 

areas. Therefore, we derived these estimates based on substantial simplifications. 

Liver 

Based on the assumption that the important space to estimate blood-to-compartment exchange is 

the total surface area of the capillary bed, and also by considering the information described by 



11	
	

Soldatov (2006), we calculated the liver surface area according to an estimate of capillary 

surface area (21). This estimate was based on the only available data for the dimensions of red 

muscle and white muscle capillaries used by Ng and Hungerbühler (2013), and described in 

detail in their paper (1,21). Soldatov (2006) indicated that in red muscles, capillaries are shorter 

and thinner (diameter of 9 – 13 µm, length of 470–770 µm), while in white muscles, on the 

contrary, they are longer and wider (diameter of 50–73 µm, length of 890–1300 µm) (21). We 

used the average of these dimensions to calculate the area and volume of a single capillary, 

assuming cylindrical geometry. After that, we used the blood volume in liver of zebrafish to 

calculate the total number of capillaries. The surface area of liver for male, female, and adult 

zebrafish was then calculated based on the total number of capillaries and the surface areas of a 

single capillary (Table 7). 

We could not find the blood volume of other compartments. Consequently, we had to change the 

method for surface area estimation of other compartments. We found the diameter of one cell of 

each tissue (e.g. glomerulus, hepatocyte, adipocyte, and muscle fiber to estimate the surface area 

of kidney, liver, adipose, and muscle, respectively). The volume of each cell was then estimated 

by assuming a spherical shape for hepatocytes, glomeruli, and adipocytes, and a cylindrical 

shape for muscle fiber (22). In the next step, the number of cells in each tissue was estimated by 

dividing the volume of each tissue by the volume of the corresponding cell (e.g. volume of 

liver/volume of hepatocyte). Then, the surface area of each tissue was calculated by multiplying 

the surface area of one cell by the total number of cells in the tissue. These surface areas take 

into account the entire tissue, rather than only those in contact with blood vessels, and are 

therefore likely substantial overestimates of the surface areas for blood-tissue exchange. 
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Kidney 

As described, we calculated the volume of kidney based on the volume of glomerulus, and 

assuming the kidney contains 450 glomeruli. The glomerular volume estimate corresponds to a 

diameter of 85 µm, which is close to the average estimation of other studies, 75 µm (23,24). 

Finally, the surface area of kidney was calculated as follows: 

KA=450 ×4𝜋r2 = 0.103 cm2 

The same value was considered for adult, male, and female of zebrafish. 

Muscle 

In order to estimate the surface area of the muscle compartment, it was assumed that muscle 

fiber has a spherical shape and the average diameter of one fiber is around 20 µm in zebrafish 

(25). The number of fibers in muscle tissue was calculated by dividing the volume of muscle to 

the volume of one fiber. Then, we estimated the surface area of muscle by multiplying the total 

number of fibers by the surface area of one fiber.  

Adipose 

Moreover, similar to muscle and kidney, we found the average diameter of adipocytes and 

hepatocytes to be 35 and 17 µm in zebrafish, respectively (14,26). Next, the surface area of liver 

and adipose tissues was calculated by assuming the spherical shape of the cells.   

Gallbladder 

Grosel et al. (2000) found the surface area of the gallbladder in rainbow trout to be 11 cm2/kg 

(27). Accordingly, we calculated the surface area of gallbladder for the zebrafish based on their 

relative weights. This surface area was used to model passive diffusion between liver and bile. 
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Gill 

We could find neither the surface area of zebrafish gills nor the diameter of the gill lamellae in 

literature. Therefore, we decided to estimate that by using the ratio of surface area of liver to the 

surface area of gill from Ng and Hungerbühler (2013) study for trout (1). The liver was chosen as 

a comparison tissue because we had higher confidence in our value of liver surface area than 

other tissues for zebrafish. Ng and Hungerbühler estimated the surface area of liver and gill as 16 

and 71 cm2, respectively. Therefore, we multiplied the estimated liver surface area for zebrafish 

by 4.43 (gill/liver surface area ratio) to obtain the gill surface area.  

The surface area of each compartment is presented in Table S4. 

 Table S4. Surface area of different compartments (m2) 

Compartment Male Female Adult 
Liver 1.9 × 10-4 1.9 × 10-4 1.9 × 10-4 
Muscle 0.07 0.14 0.11  
Kidney 1.03 × 10-5 1.03 × 10-5	 1.03 × 10-5	

Adipose 1.74 × 10-5 1.08 × 10-3 6.28 × 10-4 
Gill 8.59 × 10-4 8.59 × 10-4 8.59 × 10-4 
Gallbladder  4.51 × 10-3 9.02 × 10-7 6.6 × 10-7 

 

S3.1.5 Blood Perfusion Rate and Water, Blood, and Biliary Flow Rates 

In order to estimate the blood perfusion rate in different compartments, we employed the results 

of the Barron et al. (1987) and Nichols et al. (1990) studies (28,29) for rainbow trout. Barron et 

al. (1987) reported that total hepatic blood flow is equal to 2.9% cardiac output (28). Moreover, 

based on Nichols et al. (1990) the contribution of cardiac output to kidney, muscle and adipose 

blood flow was assumed to be 5.6 %, 25.2 %, and 8.2 %, respectively (29). The calculated blood 

perfusion rates for each compartment are shown in Table S5. 
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For the blood flow rate, we used the estimation of 11.1 µl/min from the Péry et al. (2013) study 

for 0.5 g zebrafish (30). Thus, the blood flow rate estimation in our model was 19.18, 26.21, and 

13.1 ml/day for adult, female, and male, respectively (see Table 1). Since we could not find a 

specific value for biliary flow rate, we employed the results of Schmit and Weber (1973) for 

trout (Table 1) (31). The estimated value for adult, male, and female are 1.44 × 10-3, 1.96 × 10-3, 

and 9.84 × 10-4 ml/day, respectively. Péry et al. (2013) estimated the gill ventilation rate for 0.4 g 

adult cyprinid to be 0.55 mL/min at 27 °C (30). We converted this value based on the weights of 

male, female, and adult zebrafish in our model. 

The final values used for blood perfusion rate of each tissue in our model are listed in Table S5.  

Table S5. The blood perfusion rate of compartments (ml/day) 

Compartment Male Female Adult 

Liver 0.38  0.65   0.55  

Kidney 0.73 	 1.46 	 1.07 	
Muscle 3.30 	 6.60 4.83 	
Adipose 1.07	 2.14 	 1.57 	
 

S3.2 Protein-Related Parameters 

S3.2.1 Tissue-Specific Protein Concentrations 
Zebrafish has no albumin, dissimilar to human plasma where the albumin is the most abundant 

protein (32). In the model, it was assumed that other proteins, probably apoliproproteins, perform 

the same role as albumin (33). As an upper bound, we considered total protein concentrations in 

plasma, which was reported to be 37.7 mg/ml in males and 53.1 mg/ml in females (33). For adult 

zebrafish, we used the average protein concentration in plasma of both sexes. Because the value 

of total protein concentration in plasma was in the unit of mg/ml, it needs to be changed to 

mol/ml based on the model. Thus, based on the Li et al. (2016) study, we calculated the mean 
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molecular weight of proteins in zebrafish plasma in order to convert protein concentrations to 

units of mol/ml for calculations of PFAA-protein binding (33). According to Londraville and 

Sidell (1996), we estimated the concentration of FABPs in liver tissues as approximately 0.05 

mmol/L (34). Due to lack of data, we reviewed both general mammalian and human-focused 

literature to find the concentrations of albumin in interstitial fluid of different compartments. It 

was shown that the concentrations of albumin in interstitial fluid of the liver is half of available 

albumin in plasma (32,35). Thus, we assumed the same ratio in the model, and assume the same 

value for both liver and kidney. To estimate the concentrations of proteins in interstitial fluid of 

adipose and muscle, the concentration of total protein in the plasma of zebrafish was multiplied 

by the ratio of concentrations of albumin in human interstitial fluid (adipose and muscle) and 

human serum (36). The concentrations of proteins in different compartment are shown in Table 1 

in the main text. 

S3.2.2 Equilibrium Association Constants 
Equilibrium association constants 𝐾!! and 𝐾!!"#$are used in our model to describe binding of 

PFAAs to proteins in plasma and interstitial fluid and to FABPs in liver. Albumin constitutes at 

least half of the proteins in plasma in mammals and is considered an important sink for PFAAs 

(33,37,38). Although there is no albumin in zebrafish, probably the apoliproprotein A-Ib (about 

20% of total plasma proteins in both genders) and other proteins, including vitellogenins,	 egg 

yolk precursor proteins which are not observed in human plasma, and hemopexin, perform the 

same role as albumin in plasma (33). FABPs are abundant in many tissues and have been 

detected in zebrafish and other fish (39–42). As we could not find fish-specific equilibrium 

association constants for plasma proteins, we used as a first estimate albumin binding constants 

for PFOA. 
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However, reviewed papers related to mammals (43–46) proposed very different values for 

albumin association constants (from 102 to106 M-1), for a small number of binding sites, based on 

different methods (Table S6). The concentration of PFOA in plasma can explain some of this 

variability. Experiments have shown that the affinity of PFOA-albumin association can increase 

at lower concentrations of PFOA. On the other hand, the saturation of binding sites can occur 

when the concentration of PFOA in plasma exceeds the availability of specific binding sites, and 

consequently a larger number of low affinity binding sites will be occupied (47). Researchers 

have reported Kalb by using different methods, including electrospray ionization, fluorescence, 

nano-ESI-MS, and equilibrium dialysis. The relative sensitivity of different methods can thus 

also contribute to observed variability in measured binding affinity. 

Table S6. The summary of available methods and values for Kalb 
 

 

 

 

For PFOA binding to FABPs, we utilized the study by Woodcroft (2010) and Zhang et al. (2013) 

to estimate association constants (see Table 1 in main text) (48,49). 

S3.2.3 Protein-Mediated Hepatobiliary Circulation 
Enterohepatic circulation of PFOA has been	 reported in zebrafish as an important excretory 

pathway (4). Thus, we consider the hepatobiliary circulation and its role in bioconcentration of 

PFOA in our model. The hepatobiliary transport of substances from blood to bile involves three 

steps (Figure S1). First, hepatocytes at the sinusoidal membrane take up various substances from 

blood. This is followed by intercellular transport and metabolism. Finally, transport of 

metabolized substances occurs across the apical membrane of hepatocytes into the biliary system 

Method Value for Kalb Reference 
Electrospray Ionization MS. 19F NMR 3.7 × 10-M-1 (46) 
HSA, Fluorescence 3.7 × 103M-1 (43) 
HSA, Fluorescence Sudlow site ɪɪ, 40.7 × 103M-1 (44) 
BSA, Fluorescence 74 × 103 M-1 (43) 
BSA, nano-ESI-MS 460 × 103M-1 (45) 
BSA, Equilibrium Dialysis 5500 × 103 M-1 (45) 
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(50). Moreover, the critical role of various membrane transporters has been identified in 

mammals (51,52). It has been suggested that PFAAs are reabsorbed from the bile back to blood 

in mammals. However, no data were available for zebrafish, thus we did not consider the 

reabsorption of PFOA, and assume PFOA is excreted from the bile with a rate that depends on 

the biliary flow rate and bile concentration of PFOA, QBiCBi. 

 

 

 

 

 

Figure S1. PFOA uptake and elimination in hepatocytes by active transport and passive diffusion 

To the best of our knowledge, there are no published studies that measure the transport of 

PFAAs via	enterohepatic circulation in fish. Therefore, we used the results of Zhao et al. (2015) 

for the rat (53). They investigated the role of transporters in enterohepatic circulation of 

perfluorooctane sulfonate (PFOS), perfluorohexane sulfonate (PFHxS), and perfluorobutane 

sulfonate (PFBS). Given the similarity in structure between PFOA and PFOS, the experimental 

data provided for PFOS were used for modeling PFOA. We consider both passive diffusion and 

active transport mechanisms in the hepatobiliary circulation of PFOA. Facilitated transport is 

considered in the liver, where we modeled three competing protein-mediated processes for 

facilitated transport from blood-liver-bile: PFOA is taken up from the blood to the liver with the 

help of Sodium/Taurocholate Co-transporting Polypeptide (NTCP) and Organic Solute 

Transporter 𝛼/𝛽 (OST𝛼/𝛽)(53), and removed by the apical sodium-dependent bile salt 



18	
	

transporter (ASBT) from the liver to bile (Figure S1). NTCP and OST𝛼/𝛽 are located in the 

sinusoidal membrane of hepatocytes and are known to have a direct role in transporting PFAAs 

from blood to liver. It is known that the bile efflux transporters breast cancer resistance protein 

(BCRP) and multidrug resistance protein 2 (MRP2), located on the canalicular membrane, 

interact with PFAAs (54). These transporters facilitate the excretion of xenobiotics from liver 

into bile. However, we could not find any studies measuring the transport of PFAAs from liver to 

bile duct. In order to use the result of Zhao et al. (2015), we assumed that ASBT, located in the 

apical membrane of gut, has the similar role as BCRP and MRP2 (53). We therefore estimated 

PFOA elimination kinetics by BCRP and MRP2 from liver to bile using ASBT data. 

PFOA is removed from the liver to bile (with rate constant bclear) and is transported from blood 

to liver (with rate constant buptake). The uptake rates for transporters were converted from mol/mg 

protein/min to first-order uptake and clearance rate constants, b clear and b uptake. This conversion 

required the total protein concentration in liver of zebrafish, which we found to be 11.65 µg/mg 

and 13.45 µg/mg in male and female zebrafish, respectively (55). The average value of protein 

concentration for the two genders was used as the adult protein concentration in liver. Transport 

kinetics for the uptake and clearance of PFOA in the liver are shown in Table S7.  

Table S7. Flux (J) measured by Zhao et al. (2015) for protein-facilitated uptake and calculated rate 
constants (b) for clearance and uptake used in our model 

*	ASBT is used as a surrogate for BCRP and MRP2 

 J (mol/mg protein/min) 𝑏!"#$%& (s-1) 𝑏!"#$%& 
(s-1) 

𝑏!"#$% (s-1) 
NTCP OST𝛼/𝛽 ASBT* 𝑏!"#!/!(s-1) 𝑏!"#$(s-1) 𝑏!"#$(s-1) 

Male 0.1 × 10-9 0.25 × 10-9 0.03 × 10-9 5.5 × 10-6 2.14 × 10-6 7.64 × 10-

6 
6.42 × 10-7 

Female 0.1 × 10-9 0.25 × 10-9 0.03 × 10-9 6.3 × 10-6 2.47 × 10-6 8.77 × 10-

6 
7.42 × 10-7 

Adult 0.1 × 10-9 0.25 × 10-9 0.03 × 10-9 5.93 × 10-6 2.3 × 10-6 8.23 × 10-

6 
6.92 × 10-7 
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S3.3 Passive Diffusion 
Three important processes could control the gill uptake rates of neutral organic chemicals from 

water in fish: ventilation rate (water flow rate across the gills), diffusion (chemical transport 

across the gill membrane), and perfusion (blood flow rate across gills) (1). Passive diffusion of 

PFAAs across membranes has been previously reported (56–58). In this model, we assume that 

passive diffusion of PFOA across cell membranes in the gill of zebrafish (where fatty acid 

metabolism is not important like other tissues such as gut and liver (59,60)) is the main pathway 

for uptake of PFOA from water. In other compartments including liver, adipose, muscle, and 

kidney passive diffusion occurs between blood and interstitial fluid and between interstitial fluid 

and tissues. Moreover, we considered both passive diffusion and active transport between blood 

and liver and between liver and bile. In order to measure the passive diffusion, we employed the 

method applied by Ng and Hungerbühler (2013) based on the empirical study of Weaver et al. 

(2010) to determine the effective permeability of cell membranes (Peff) to PFOA (1,56). This 

results in an estimate of Peff of 1.13 × 10-9 m/s. For more information see Ng and Hungerbühler 

(2013) (1).  

 

It is generally assumed that at steady state the concentration of organic chemicals in the body of 

fish relative to their concentration in water is the same as the ratio of their uptake and loss rate 

constants (1). We assumed this applies for the passive diffusion component of PFOA transfer. 

Thus, by considering the steady-state cell-water concentration ratio (𝐶𝑅!!!!!) from the passive 

diffusion measurements of Weaver et al. (2010), we could estimate relative rates of uptake and 

loss via passive diffusion for each tissue, in the same manner as Ng and Hungerbuhler 2013 

(1,56). Table S8 lists the parameters associated with passive diffusion of PFOA. 
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Table S8. Parameters associated with PFOA uptake and loss via the gills 
 

 

 

 

S4. Comparing the Availability of Parameters for Zebrafish, Trout, and Rat   
To compare the availability of physiological parameters among different species typically used 

for PBPK models, we have compiled parameters available for rats, rainbow trout, and zebrafish. 

Table 2 clearly illustrates that nearly all physiological parameters are available for rat and to 

some extent for trout, while many of them have not been determined for zebrafish (based on 

major organs such as liver, kidney, adipose, muscle, gill/lung, blood, bile, and gut). Since many 

studies used immature zebrafish, lack of data is more evident for adult zebrafish. For example, 

the majority of published studies investigated the bioconcentration of PFAAs in embryo of 

zebrafish (61–67) and only a few of them studied PFAA bioconcentration in adult zebrafish 

(4,68–70). Our review of the literature indicates that physiological parameters for zebrafish need 

more attention if they are to fulfill their promise as ideal model organisms.  

 

 

 

 

 

 

 Peff  (m/s) 𝑪𝑹𝑺𝑺𝑪!𝒘 kW-B (m3/s) kB-W (m3/s) 

Model Male 1.13 × 10-9 1.62 9.7 × 10-13 5.99 × 10-13 
Female 1.13 × 10-9 1.62 9.7 × 10-13 5.99 × 10-13 
Adult 1.13 × 10-9 1.62 9.7 × 10-13 5.99 × 10-13 
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Table S10. Comparing the availability of physiological parameters in zebrafish, trout, and rat 

Parameters   Organism  Reference  
  
Blood volume of different Tissues   

Zebrafish  ------- 
Trout  (28,71) 
Rat  (72–75) 

Blood flow rate  
  

Zebrafish  (30)  
Trout  (71) 
Rat  (72,74,75) 

Fluid volume of different tissues  Zebrafish  ------- 
Trout  (20) 
Rat  (76–78) 

Concentration of different proteins in both tissue compartment 
and interstitial fluid 

Zebrafish  ------- 
Trout  ------- 
Rat  (36,46,79–

81) 
  
Volume of different tissues   

Zebrafish  -------------
--  

Trout  -------------
--  

Rat  (78,82–87) 
  
Surface area of different tissues   

Zebrafish  -------------
--  

Trout  -------------
--  

Rat  -------------
--  

Gill (lung) ventilation rate  
  

Zebrafish  -------------
--  

Trout  (88) 
Rat  (89) 

Biliary flow rate  
  
  

Zebrafish  -------------
--  

Trout  (31) 
Rat  (75) 

Concentration of different proteins in Blood  Zebrafish  (33) 
Trout  (90) 
Rat  (75,91) 

 

S5. Correlation Coefficient Analysis 
Correlation analysis between each sampled model parameter and PFOA concentration in all 

compartments of male, female, and adult zebrafish was performed after 24 days of exposure 

(Figure S3-S11). 
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 Figure S3. Correlation analysis between each sampled model parameter and PFOA concentration in blood 
and liver compartments of female zebrafish after 24 days  
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Figure S4. Correlation analysis between each sampled model parameter and PFOA concentration in kidney 
and bile compartments of female zebrafish after 24 days  
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Figure S5. Correlation analysis between each sampled model parameter and PFOA concentration in adipose 
and muscle compartments of female zebrafish after 24 days  
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Figure S6. Correlation analysis between each sampled model parameter and PFOA concentration in blood 
and liver compartments of male zebrafish after 24 days.  
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Figure S7. Correlation analysis between each sampled model parameter and PFOA concentration in adipose 
and muscle compartments of male zebrafish after 24 days  
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Figure S8. Correlation analysis between each sampled model parameter and PFOA concentration in kidney 
and bile compartments of male zebrafish after 24 days  
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Figure S9. Correlation analysis between each sampled model parameter and PFOA concentration in blood 
and liver compartments of adult zebrafish after 24 days  
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Figure S10. Correlation analysis between each sampled model parameter and PFOA concentration in adipose 
and muscle compartments of adult zebrafish after 24 days  
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Figure S11. Correlation analysis between each sampled model parameter and PFOA concentration in kidney 
and bile compartments of adult zebrafish after 24 days  
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