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Abstract: Coproporphyrins I and III (CP-I and CP-III) are established as substrates of hepatic sinusoidal organic 

anion transporting polypeptides (Oatps), multidrug resistance-associated protein 3 (Mrp3), and canalicular 

transporter Mrp2. We aimed to evaluate the potential of plasma CP-I and CP-III concentrations to indicate 

functional changes in hepatic transporters in nonalcoholic steatohepatitis (NASH) rodent models using 

modeling and simulation approach. Mechanistic coproporphyrins (CP-I and CP-III) models in rats and mice 

were constructed based on metabolism, transport, and elimination pathways in rodents. To parameterize the 

rat mechanistic model, we measured CP concentrations in plasma, liver, bile, and urine in healthy control 

Sprague Dawley rats. The mouse mechanistic model was parameterized using published data. The rat and 

mouse CP models described the steady-state levels of CP-I and CP-III in plasma, liver, and bile. The model 

recapitulated the observed high plasma CP-III / CP-1 ratio (9- and 3-fold in rats and mice, respectively) and 

elimination pathways of CP-I (>90% via biliary secretion) and CP-III (equal via bile and urine). Rat CP model 

was further validated with the published rat fistula model. The simulated increased plasma CP-I 

concentrations (4-fold), resulted from decreased Oatp activity (0.6-fold) and increased Mrp3 activity (3-fold) 

were comparable to those observed in bile-duct ligated NASH model.  Sensitivity analysis revealed that 90% 

inhibition of Oatp and Mrp2 leads to a 4-fold and 2.5-fold increase in plasma CP-I levels, respectively. 

Additionally, we demonstrated the utility of the mechanistic CP models in testing hypothesis and 

understanding the mechanisms of the observed plasma CPs disposition in the Oatp knockout (KO) mice, bile-

duct ligation NASH mice,  and Mrp2 deficient TR- rats. Collectively, using a mechanistic model, we conclude 

that CP-I is a robust and predictable marker for assessing change in the activity of Oatps and Mrps in animal 

models. Our analysis suggests that efflux transporters (Mrp2 and Mrp3) can play an important role in the 

disposition of CP-I along with Oatp transporters in rodents. 

Keywords: Coproporphyrin; Oatps; Mrp; Endogenous biomarker; Modeling and Simulation 

 

1. Introduction 

Non-alcoholic steatohepatitis (NASH) is an advanced liver disease characterized by high liver 

triglyceride accumulation (>5% of liver weight) and liver inflammation with or without fibrosis [1-2]. 

It is well recognized that liver drug transporters and drug metabolism enzymes get altered in NASH, 
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thereby, increasing the susceptibility of these patients for low efficacy and increased toxicity [3]. The 

United States Food and Drug Administration (FDA) and the European Medicines Evaluation Agency 

(EMEA) recommended studying the effect of liver diseases on the pharmacokinetics of drugs under 

development [4]. The focus of the current study is on three hepatic transporters: uptake transporter 

(Oatp), efflux transporters (Mrp3) present on the sinusoidal side, and Mrp2 present on the canalicular 

side of the liver. The pharmacokinetics of the drugs which are substrates of Oatp and Mrp2 may get 

altered in NASH [5]. The common Oatp substrate drugs include statin, sulphonylurea, and 

methotrexate [6], whereas Mrp2 substrates include chemotherapeutics uricosurics and antibiotics [7]. 

Since many of these drugs are commonly used by NASH patients, the evaluations of the functional 

status of these transporters will help in the dosing adjustment of drugs and drug development. 

CP-I and CP-III are the two isomers produced during heme biosynthesis and eliminated through 

hepatobiliary and renal excretion with limited metabolism [8]. CP-I and CP-III are substrates of 

hepatic drug transporters, specifically Oatp, Mrp2, and Mrp3 [9-11]. They are not substrates of efflux 

transporters such as multidrug resistance-associated protein 4 (MRP4), bile salt export pump (BSEP), 

breast cancer resistance protein (BCRP) or P-glycoprotein (P-gp) [12]. The proportion of CP-I to the 

total coproporphyrin (CP-I/(CP-I + CP-III)) in urine has been used as a diagnostic marker in Rotor 

syndrome (a rare genetic liver disease in humans deficient with OATP1B1 and OATP1B3) and Dubin-

Johnson syndrome (a rare genetic liver disease in humans deficient with MRP2) [13]. Recently, there 

has been growing interest in evaluating these isomers as biomarkers for OATP1B function in 

preclinical species and humans in the context of disease pathology or drug-drug interactions [14-18]. 

A significant increase in plasma CP-I and CP-III was reported in various NASH animal models, that 

was related to changes in transporter expression and activity in these animal models. Taken together, 

the corresponding changes indicate that CP-I and CP -III concentrations are associated with liver 

dysfunction in the NASH state [11]. 

Assessment of the functional activity of drug transporters using endogenous metabolites offers 

many advantages such as it does not require exogenous drug/probe compound, and provides direct 

information regarding the changes in the functional activity of transporters in vivo. However, there 

are many challenges in the establishment of endogenous metabolites as a biomarker of drug 

transporters. These metabolites should be the specific substrates of the transporters and the 

magnitude of changes in the metabolites should be sufficient to be measured and sensitively 

interpreted in the context of changes in the activity of the transporters. The turnover of the 

endogenous metabolites should be well characterized, along with their association with age, sex, and 

disease status [19-20].  

Mechanistic modeling is an appropriate approach to address the challenges in understanding 

the complexity involved in the evaluation of endogenous metabolites as biomarkers. This approach 

has been impactful in understanding the biomarkers in different spaces, viz; neuroscience, metabolic, 

oncology, and rheumatoid arthritis, in drug discovery and development [21]. One of the key 

applications of mechanistic modeling is to identify knowledge gaps and generate and test hypotheses 

to understand the observed data, which is relevant for evaluating the CP’s potential as a biomarker 

of transporter activity in NASH animal models and patients.  

Previous modeling studies have primarily examined the role of hepatic drug transporters, such 

as OATP and MRP2, in drug-drug interaction studies using compartmental, physiologically-based 

pharmacokinetic (PBPK), and population pharmacokinetics modeling approaches. The plasma CP-I 

profile of subjects was used to compute the in vivo inhibition constant (Ki) for the drug uptake 

transporter OATP1B inhibition for further PBPK modeling and simulation in several studies [22-25]. 

Yoshikado et al. [23] computed inhibition constants for OATP1B and MRP2 using a plasma CP-I 

profile. In the current study, we have additionally included the hepatic sinusoidal drug efflux 

transporter (Mrp3) and investigated CPs potential to be biomarkers for drug transporters in the 

NASH disease state, which also play an important role in liver drug disposition.  

The aims of the current work were to – 1) develop mechanistic models of CP-I and CP-III in rats 

and mice; 2) describe the observed CPs disposition data with altered sinusoidal transporters (Oatp 

and Mrps) activity in rat bile-duct NASH model using the mechanistic model 3;  evaluate the roles 
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of hepatic uptake(Oatp), and efflux transporters (Mrp2 and Mrp3) on plasma disposition of CPs in 

rodents in healthy and NASH state.  

2. Materials and Methods 

Model description 

CPs are auto-oxidation products of coproporphyrinogens, a metabolic intermediate, during 

heme biosynthesis [26]. CP-I is produced from coproporphyrinogen-I, a metabolic by-product [27], 

whereas CP-III is produced from coproporphyrinogen-III, a precursor of heme [28]. CP-I and CP-III 

are considered dead-end by-products with no biological significance [29]. They are primarily 

produced in the bone marrow and liver [8] and eliminated in bile and urine [30]. The hepatic 

elimination of CP-I and CP-III occurs via both active and passive transport, with transporter-

mediated elimination being the predominant form of transport [31]. They are substrates of hepatic 

uptake (Oatp) and efflux transporters-Mrp3 and Mrp2 [9-12, 32]. This information is used in the 

construction of the model shown in Figure 1. The model contains three compartments: plasma, liver, 

and intestine. The model includes following processes – 1. Synthesis of CP-I and CP-III (in liver and 

plasma) 2. Hepatic transport of CP-I and CP-III across the sinusoidal membrane and canalicular 

membrane involving both passive (diffusion-mediated) and active (transporter-mediated) processes. 

3. Enterohepatic circulation of CP-I and CP-III from intestine to plasma compartment 4. Fecal 

excretion of CP-I and CP-III from intestine to feces and 5. Renal elimination of CP-I and CP-III from 

the plasma compartment to urine via kidney.  

Modeling & Simulations 

CP-I and CP-III data produced in Sprague-Dawley rats in different compartments, plasma, liver, 

bile, and urine, were used in the rat CP model parametrization. The biosynthetic rates of CP-I and 

CP-III in rat and mouse models were calculated using the flux-balance analysis [33]. The mouse CP 

model was parameterized using the published results [15]. Table 1 includes the key parameters used 

in the model, and supplementary file 1 contains further details regarding model assumptions and 

specific methodologies, including all the parameters used in the study. CP data from the rats-fistula 

and bile-duct ligation models were used to validate the rat CP model [30,36]. The CP models were 

used to analyze CP data from bile duct ligated (BDL) mice, mice knock out, and TR-rat models 

[11,15,37]. 

MATLAB R2018b was used for modeling and simulations. The model's specific details, such as 

the ordinary differential equations, fluxes, kinetics, and parameters, can be found in File S1.MATLAB 

scripts are available in File S2. Prism Graph Pad Version 5.02 was used to generate simulation plots. 
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Figure 1. Schematic diagram of Coproporphyrin (CP) network in rat and mouse CP models. The 

models include three compartments – plasma, liver, and intestine. The numbers represent the 

processes that are modeled for CP metabolism (1), synthesis of CP-I/III from erythrocytes (2), hepatic 

synthesis of CP-I/III (3), Oatp-mediated uptake from plasma to liver (4), passive diffusional transport 

of CP-I/III from plasma to liver  (5), Mrp3-mediated efflux CP-I/III from liver to plasma (6), Mrp2 

mediated CP-I/III transport from liver to intestine (7), non-Mrp2 mediated CP-I/III transport from 

liver to plasma (8), enterohepatic circulation of CP-I/CP-III from intestine to plasma (9), fecal 

elimination of CP-I/CP-III, and (10) renal elimination of CP-I/CP-III. 

Table 1. Key model parameters used in rat and mouse CP models. 

Parameter Name Description 
Value     

(Rat model) 

Value  

(Mouse  

model) 

Unit Reference 

km,Oatp,CP-I 
Affinity constant of 

CP-I for Oatp 
1.66 1.66 µM [9] 

km,Mrp2,CP-I 
Affinity constant of 

CP-I for Mrp2 
7.7 7.7 µM [10] 

km,Mrp3,CP-I 
Affinity constant of 

CP-I for Mrp3 
3.75 3.75 µM [11] 

km,Oatp,CP-III 
Affinity constant of 

CP-III for Oatp 
2.44 2.44 µM [9] 

km,Mrp2,CP-III 
Affinity constant of 

CP-III for Mrp2 
7.7 7.7 µM [10] 

km,Mrp3,CP-III 
Affinity constant of 

CP-III for Mrp3 
3.75 3.75 µM [11] 

vCP-I,Syn 
CP-I extrahepaic 

synthesis  rate 
0.166 0.0229 nM/min Computed 

vCP-I,hepaticSyn 
CP-I hepatic 

synthesis rate 
0.032 0.0077 nM/min Computed 

vCP-III,Syn 
CP-III extra hepatic 

Synthesis rate 
0.896 0.0785 nM/min Computed 

vCP-III,hepaticSyn 
CP-III hepatic 

synthesis rate 
0.175 0.0263 nM/min Computed 

Liver volume Volume of liver 0.01 0.0018 Litre [34] 

Plasma volume Volume of plasma 0.007 0.002 Litre [34] 
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Intestinal 

volume 
Volume of intestine 0.011 0.002 Litre [34] 

3. Results 

3.1. Steady-State Simulations 

Concentrations of CP-I and CP-III were measured in healthy Sprague Dawley rats during the 

second, fourth, sixth, and eighth weeks following the start of the study. The experimental details of 

the study can be found in File S3 . Simulations were conducted using the parameter values listed in 

Table 1 to test if the rat CP model’s steady-state values represent the baseline values observed in 

healthy rats. The steady-state values for CP-I were 0.6 nM in plasma, 2.8 nM in the liver, and 143 nM 

in bile, while for CP-III, the values were 5.2 nM in plasma, 16.8 nM in the liver, and 369 nM in bile 

(Figure 2 (A-F)). The simulated urinary excretion rates for CP-I and CP-III were 0.04 nmol/h/kg and 

1.0 nmol/h/kg, respectively (Figure 2A). The simulated biliary secretion rates for CP-I and CP-III were 

0.37 nmol/h/kg and 0.87 nmol/h/kg, respectively (Figure 2A). CP-I was predominantly eliminated 

through bile, while CP-III was eliminated equally through bile and urine (Figures 2A–B). The 

simulated CP concentrations in different compartments and urinary and biliary secretion flux values 

fell within the experimentally measured range. However, the experimental CP-III values in different 

compartments were more variable than the CP-I values..  

 

Figure 2. Comparison of model simulated steady states with observed data. (A) Plasma CP-I, (B) Liver 

CP-I, (C) CP-I in bile, (D) Plasma CP-III, (E) Liver CP-III, (F) CP-III in Bile. Symbols, the continuous 

line represents simulated data. Experimental data with error bars (mean ± SEM) represent observed 

data. CP-I, Coproporphyrin-I; CP-III, Coproporphyrin-III. 
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Figure 3. Comparison of model simulated renal and biliary secretion with observed data. (A) CP-I 

and CP-III urinary secretion (B) CP-I and CP-III biliary secretion.Symbols, the continuous line 

represents simulated data. Experimental data with error bars (mean ± SEM) represent observed data. 

CP-I, Coproporphyrin-I; CP-III, Coproporphyrin-II. 

We simulated the mouse CP model with the parameters given in Table 1 to obtain the steady-

state values and compare them to the published findings in Table 2. The simulated steady-state 

concentrations of CP-I in plasma, liver, and bile were 0.14 nM (vs. observed 0.14 ± 0.02 nM), 0.6 nM, 

and 32 nM, respectively. Similarly, the simulated steady-state concentrations of CP-III in these 

compartments were 0.56 nM (Vs. observed 0.56 ± 0.1 nM), 1.57 nM, and 43 nM, respectively. The 

simulated secretion rates of CP-I in urine and bile were 0.012 nmol/h/kg (vs. the observed 0.0123 ± 

0.001 nmol/h/kg) and 0.1 nmol/h/kg, respectively. On the other hand, the simulated secretion rates of 

CP-III in urine and bile were 0.03 nmol/h/kg (vs. observed 0.034±0.006 nmol/h/kg) and 0.35 

nmol/h/kg, respectively. The simulated biliary secretion ratio of CP-III and CP-I is 3.5, similar to the 

reported ratio in mice's feces [35]. 

The steady-state model values recapitulate the plasma concentration and urinary secretion rate 

of CP-I and CP-III in rats and mice. 

Table 2. Model simulated steady states values in mice compared with observed result. 

Model Variables Simulation Observed [15] 

Plasma CP-I (nM) 0.14 0.14±0.02 

Plasma CP-III (nM) 0.57 0.57±0.1 

Liver CP-I (nM) 0.6 NA 

Liver CP-III (nM) 1.57 NA 

Bile CP-I (nM) 32 NA 

Bile CP-III (nM) 43 NA 

CP-I urinary secretion 

(nmol/h/kg) 
0.012 0.0123±0.001 

CP-III urinary secretion 

(nmol/h/kg) 
0.034 0.034±0.006 

3.2. Infusion Experiments in Rats  

After showing that the model captures homeostasis values observed in healthy rats, we 

validated the model with the infusion experiments in rats to characterize the liver's transport process 

for CP-I and CP-III [31]. We simulated the rat CP model for CP-I and CP-III biliary secretions with an 

intravenous infusion with different amounts of these two isomers. Table 3 shows the simulated 

results of the CP-I and CP-III (CP-I/CP-III) biliary secretion ratio and the observed values in the 

experiment [31]. When the infusion mixture contained equal amounts (60 µg/h) of CP-I and CP-III, 

the simulated ratio of biliary secretion of CP-I and CP-III (CP-I/CP-III) was 2.5, while the observed 
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mean ratio was 2. The higher simulated ratio for CP-I suggests that the liver prefers CP-I secretion 

more than CP-III in bile. Additionally, the simulated ratio changed when the amount of CP-I in the 

infusion mixture was varied. When the CP-I amount was halved, the simulated ratio decreased to 

1.5, matching a mean ratio of 1 observed in the experiment. Conversely, when the CP-I amount was 

doubled, the simulated ratio increased to 4.6, which closely corresponds to the observed mean ratio 

of 4.2 (Table 3). These results indicate that the model accurately captures the liver's preference for 

CP-I secretion over CP-III in bile, as evidenced by the agreement between simulated and observed 

biliary secretion ratios under different infusion conditions. 

Next, we simulated the effect of inhibition of the hepatic elimination on the biliary and urinary 

secretion of CP-I and CP-III. Moriondo et al.[36] used a bile fistula rat model to measure the effect of 

phenoldibromopthalein sulfonate (BSP), an inhibitor of Oatp and Mrp2 [38-39], on CPs excretion in 

bile and urine under equimolar infusions of CP isomers. We simulated the rat CP model with 4 hours 

equimolar CP infusion (50 µg/h) followed by concomitant 3 hour bromosulphophthalein (BSP) 

intravenous infusion as conducted in the study. The inhibitory effect of BSP on Oatp and Mrp2 was 

implemented as an exponential function of time. Figure 4 (A-C) compares the simulation and the 

experimental results. CP-I biliary secretion increases significantly upon the start of CP infusion and 

then decreases when BSP is introduced at the 4-hour mark (Figure 4A) Similarly, Figure 4B shows 

that CP-III biliary secretion also increases until 4 hours and subsequently declines. This observation 

aligns with the experimental results. Furthermore, the simulation indicates that CP-I biliary secretion 

remains higher than CP-III, which is consistent with the experimental findings. Additionally, the 

simulation reveals that as liver excretion of CPs decreases due to liver transportes inhibition due to 

BSP infusion, both CP-I and CP-III levels in urine increase (Figure 4C). Overall, the simulation 

successfully reproduces the dynamics of CPs in plasma following a decrease in hepatic elimination 

of CPs, as observed in the experimental study.  

Table 3. Model simulated biliary excretion ratio (CP-III/CP-I) with intravenous infusion with same 

and different proportion of CP-I and CP-III . 

CP-I infusion rate 

(µg/h) 

CP-III infusion rate 

(µg/h) 
Simulation Observed [31] 

60 60 2.5 2 

30 60 1.5 1 

60 30 4.6 4.2 

 

Figure 4. Model simulation showing the effect of concomitant infusion of bromosulphophthalein 

(BSP) with equal amounts of CP-I and CP-III. (A) CP-I biliary secretion (B) CP-III biliary secretion, (C) 

CP-I, and CP-III biliary secretion. Data was extracted using the WebPlotDigitizer tool (URL: 

https://apps.automeris.io/wpd/ ) . Experimental data [30] with error bars (mean ± SD) represent 

observed data. CP-I, Coproporphyrin-I ; CP-III, Coproporphyrin-III. 
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3.3. CP-I and CP-III Disposition, and Liver Transporters Changes in Bile Duct Ligated (BDL) Rats 

After validating the model in healthy rats, we used the rat CP model to simulate the rat BDL 

study [11] by decreasing the canalicular elimination of both isomers. The study aimed to evaluate the 

biomarker potential of CP-I and CP-III for Oatp and Mrp3 in NASH. 

Figure 5 (A–D) shows that the plasma and liver CP-I levels increased during BDL compared to 

the control. The increase was around 3.6-fold (vs. observed 3.3 ± 0.6 - fold) on day 1 and 4-fold (vs. 

observed 4.3±03 fold) on day 14 in the plasma and approximately 2-fold on day 3 (vs. observed 

2.42±1.6-fold) and 14 (vs. observed 1.4±0.6 –fold) in the liver. The simulation of CP-I in both plasma 

and liver matched well with the observed data. 

CP-III levels increased significantly in the plasma and liver during BDL. The increase was 

approximately 10-fold on day 1 and 7-fold on day 14 in the plasma and about 3-fold on day 2 and 2-

fold on day 14 in the liver. However, the model could only adequately describe the CP-III profile in 

plasma and liver once it considered a decrease in the renal secretion of CP-III (Figure 5 C-D). 

In a rat BDL study [11], protein expression of different isoforms of Oatp was reported. There 

was a significant decrease in Oatp1a1 (3.72 ±1.14 fmol/mg in control vs. 1.09 ± 0.36 fmol/mg in BDL 

rats), Oatp1a6 (1.52 ± 0.45 fmol/mg in control vs. 0.62 +/- 0.15 fmol/mg in BDL rats), Oatp1a4 (3.72 ± 

1.14 fmol/mg in control vs. 1.09 ± 0.36 fmol/mg in BDL rats), but no change in expression was 

observed for Oatp1b2, on the 14th day in BDL rats. The simulation results indicate that Oatp activity 

decreased by 40% on the 14th day in the BDL rat (Figure 6), which falls within the range of the 

measured activity for different Oatp isoforms, considering Oatp1b2 being the major transporter for 

CPs [37]. The model simulated Mrp3 activity increased 3.2-fold (Figure 6) on the 14th day during bile 

duct ligation, comparable to the increased protein expression (5.77 ± 0.73-fold observed on the fifth 

day in an earlier rat BDL study [40]. 

 

Figure 5. Comparison of model simulated plasma and liver CP-I and CP-III and with observed data 

in BDL rat. (A) Plasma CP-I, (B) Liver CP-I, (C) Plasma CP-III, (D) Liver CP-III. Symbols, continuous 

line represents simulated data. Data was extracted using the WebPlotDigitizer tool (URL: 

https://apps.automeris.io/wpd/ ) Experimental data [11] with error bars (mean ± SEM) represent 

observed data. CP-I, Coproporphyrin-I; CP-III, Coproporphyrin-III, FC wrt control, Fold change with 

respect to control. 
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Figure 6. Model simulated change in transporter activity during bile-duct ligation (BDL) in rat. 

Symbol, FC wrt control, Fold change with respect to control. 

3.4. Sensitivity Analysis 

NASH can significantly impact the activity of Oatp, Mrp2, and Mrp3, thereby affecting the 

disposition of plasma CPs. To gain insight into the roles of these transporters on plasma CP-I, steady-

state continuation analysis was done using the rat CP model. In this analysis, all the model 

parameters were kept constant except for the transporters activity. Figure 7 displays the result of the 

sensitivity analysis and demonstrates the effect of changes in the activity of Oatp, Mrp3, and Mrp2 

activity on plasma CP-I. The analysis shows reduction in the activity of Oatp or Mrp2 increases 

plasma CP-I levels. A 90% decrease in Oatp activity leads to a 4-fold increase in plasma CP-I, while a 

90% decrease in Mrp2 activity results in a 2.5-fold increase. In contrast, a 10-fold increase in Mrp3 

activity causes a 3.8-fold increase in plasma CP-I. However, when Mrp3 activity is increased by the 

same amount (10-fold) in conjunction with a 90% decrease in Oatp and Mrp2 activity, the increase in 

plasma CP-I rises from 7-fold to 9.5-fold. This suggests that the sensitivity of Mrp3 decreases under 

reduced Oatp and Mrp2 activity. The analysis also highlights that Oatp is more sensitive compared 

to Mrp2 for regulating plasma concentration of CPs, as a 90% decrease in Oatp activity leads to a 

greater increase in plasma CP-I compared to a 90% decrease in Mrp2 activity. Overall, understanding 

the dependence of plasma CP-I on the combined changes in these three transporters (Oatp, Mrp3, 

and Mrp2) can aid in the interpretation of plasma CP-I levels concerning alterations in drug 

transporter activity. 
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Figure 7. Steady-state continuation analysis showing the impact of different transporters (Oatp, Mrp3, 

and Mrp2) on plasma CP-I level. Symbol, FC wrt control, Fold change with respect to control. 

3.4. Application of Models  

3.4.1. Large Increase of Plasma CP-I and III Levels in BDL Mice 

A 40-fold increase in plasma CP-I and a 60-fold increase in plasma CP-III on the tenth day during 

BDL in mice were reported [11]. A 200-fold on the third day and 67-fold on the seventh day in plasma 

CP-I was measured during BDL in mice (unpublished data). Such a high increase poses a question 

regarding the underlying mechanisms. To understand the mechanism behind these high increases, 

we proposed a hypothesis that a transient decrease in renal secretion in BDL mice might contribute 

to the observed elevations in CP-I and CP-III. Simulations were done by a reduction in the renal 

secretion of CP-I and CP-III and by reducing the canalicular transport of CPs to zero. The simulated 

profile of plasma CP-I (180-fold increase on the 3rd day and 35-fold increase on the 10th day, figure 

8 A) and CP-III (100-fold increase on the 3rd day and 60-fold increase on the 10th day, figure 8 C) 

explains the observed fold increases of plasma CPs in BDL mice. Figure 8B and Figure 8D show the 

simulated renal secretion of CP-I and CP-III, respectively. The tubular necrosis on the fourth day 

following the bile-duct ligation in rats supports the hypothesis of a transient reduction in renal 

secretion of CPs [41]. 

 

Figure 8. Comparison of model simulated plasma CP-I and CP-III with observed data and simulated 

biliary secretion CP-I and CP-III. (A) Plasma CP-I, (B) CP-I urinary secretion, (C) Plasma CP-III, (D) 

CP-III urinary secretion. Symbols, continuous line represents simulated data. Experimental data [11] 

with error bars (mean ± SEM) represent observed data. CP-I, Coproporphyrin-I; CP-III, 

Coproporphyrin-III. 

3.4.2. CP-I and CP-III in Oatp Knock-out (KO) Mice 

Shen et al. [15] measured CP-I and CP-III in Oatp KO mice to assess the CPs as potential markers 

for Oatp activity. To evaluate the impact of Oatp KO on plasma CP-I and III, we simulated the mouse 

CP model by reducing the Oatp activity to zero. Table 4 presents the comparison between simulated 

and observed values. The simulated plasma CP-I concentration (1.0 nM), and CP-I urinary secretion 
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(0.08 nmol/h/kg) closely resembled the observed values (0.98 + 0.03 nM for plasma CP-I and 0.15+0.05 

nmol/h/kg for CP-I urinary secretion). However, the simulated values for CP-III in plasma (5.3 nM) 

and urinary secretion (0.25 nmol/h/kg) were approximately 1.6 times lower than the observed values 

(8.76±0.92 nM for plasma CP-III and 0.61±0.17 nmol/h/kg for CP-III urinary secretion). We performed 

simulation with increased liver synthesis of CP-III to identify plausible mechanism. Our simulations 

revealed that a 7-fold increase in liver CP-III synthesis could account for the observed increase in 

plasma CP-III (simulation B, as shown in table 3). Therefore the mechanistic model helped identify 

gaps in the understanding of the experimental data but also provided a plausible mechanism to 

explain the observed results. 

Table 4. Model simulation results of CP-I and CP-III disposition in Oatp KO mice; * Simulations done 

with increased hepatic CP-III synthesis. 

Model Variables Simulation A Simulation B* Observed [15] 

Plasma CP-I (nM) 1.01 1.01 0.98±0.03 

Plasma CP-III (nM) 5.30 8.84 8.76±0.92 

CP-I urinary secretion 

(nmol/h/kg) 
0.08 0.08 0.15±0.05 

CP-III urinary secretion 

(nmol/h/kg) 
0.25 0.43 0.61±0.17 

3.4.3. Increase in CP-I and CP-III Concentrations in TR- Rats 

We used the rat CP model to investigate the possible mechanisms of increased CP-I and CP-III 

in the plasma and liver of Mrp2 deficient TR- rats [37]. The study found an increase in serum CP-I 

(~30-fold compared to control), serum CP-III (~ 8-fold compared to control), liver CP-I (0.15 nmol/mg 

in TR- vs. BLQ (below the limit of quantification) in control), and liver CP-III (0.10 nmol/mg in TR- 

vs. BLQ in control). The biliary excretion rate of CP-I was reduced by 40% (0.0051 ± 0.0018 and 0.0029 

± 0.0006 nmol/min control vs. TR- rats), and the biliary excretion rate of CP-III was reduced by > 99% 

(0.0051 ± 0.0018 and 0.0029 ± 0.0006 nmol/min control vs. TR- rats). The urine concentration of CP-I 

was ~ 30-fold higher than control rats, identical to the increase in plasma concentration. However, 

the urine concentration of CP-III in TR- rats was only ~ 2-fold higher, whereas the plasma 

concentration was ~ 8-fold higher compared to control rats. The lower increase in urine CP-III 

concentration suggests other mechanisms may be involved, such as a decrease in renal elimination 

for CP-III in TR-rats. Protein expression showed no differences in Oatps but a significant increase in 

Mrp3 in TR-rats compared to control rats. Mrp2 protein levels were not detected, as expected, in TR- 

rats. 

Based on the above findings, we performed simulations using three mechanisms: (1) no change 

in Oatp activity, (2) a 10-fold increase in Mrp3 activity, and (3) reduced Mrp2 activity (set to zero). 

Figure 9A shows the simulation results for plasma CP-I and liver CP-I, showing only a ~ 7.6-fold 

increase in plasma CP-I (compared to the observed ~ 30-fold increase) and a 1.5-fold increase in liver 

CP-I. Figure 10 C shows the biliary clearance of CP-I was decreased by 84% (compared to the 

observed 40% decrease). However, the increase in plasma CP-III (simulated 6.6-fold increase vs. 

observed 8-fold increase) and decrease in CP-III biliary clearance (simulated 95% reduction vs. 

observed >99% reduction) is comparable to the observed CP-III disposition in TR- rats (Figure 10 B 

and C). We then hypothesized if increased hepatic synthesis of CPs could explain the observed data. 

We performed simulations (Simulation B) by including the increased CP hepatic synthesis with the 

three inputs used in earlier simulations (Simulation A) . A 15-fold increase in hepatic CP-I synthesis 

and a 1.8-fold increase in hepatic CP-III synthesis account for the increased plasma CP-I (~30-fold 

increase) and decrease in biliary clearance (40% reduction) (Figure 9 A and C). Although the 

simulated CP-III biliary clearance is slightly higher (simulated 94% reduction vs. observed >99% 

reduction) than the observed decrease, simulation B accounts for the differential reduction in the 

biliary concentration of CP-I and CP-III. In summary, the simulations found that the increased 

plasma, liver concentrations, and reduction of biliary clearance of CP-I and CP-III in TR- rats could 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 September 2023                   doi:10.20944/preprints202309.0208.v1

https://doi.org/10.20944/preprints202309.0208.v1


 12 

 

be explained by altered Mrp3, decrease in CP-III renal elimination, and increased hepatic synthesis 

of CPs. 

 

Figure 9. Comparison of model simulated and observed data in TR- rats [33]. Simulation details are 

given the text. FC, fold change; CP-I, Coproporphyrin-I ; CP-III, Copropophyrin-III. 

4. Discussion 

In the current work, we extended our earlier work where we evaluated if CP-I and CP-III, 

endogenous substrates of the OATP-MRP axis, are a suitable tool to detect the changes of the 

transporter activities in the NASH animal models and patients [11]. The objective of the current study 

was to gain a quantitative and mechanistic understanding of the altered disposition of CP-I and CP-

III, and its relation to changes in transporter activity during NASH. To achieve this, we developed 

mechanistic models for rats and mice. This modeling work is the first of its kind to investigate the 

role of transporters in the disposition of CP-I and CP-III in preclinical disease animal models. We 

successfully recapitulated the disposition of CP-I and CP-III in plasma and liver in healthy control 

rats and mice. In addition, we dissected the underlying mechanisms of the changes in CP disposition, 

various mouse and rat NASH models. 

Model validation of a mechanistic model is different from pharmacometrics and PK/PD models 

where the emphasis is on established methods such as goodness-for-fit and visual predictive check 

plots [42]. A mechanistic model should ideally be validated using different experimental data to 

evaluate if the model represents normal physiology [37]. To this end, simulations were performed 

for infusion experiments in rats administered with the same and different proportions of CP’s (Table 

2) and concomitant infusion of BSP, a transporter inhibitor, to understand the role of liver 

transporters on CP-I and CP-III disposition (Figure 4). The model successfully reproduced the 

observed CP’s disposition in bile and urine. These validation experiments show that the model 

captures the essential physiology of CPs in the rat and support its ability to accurately represent the 

disposition of CPs in the context of liver transporters. 

Additionally, the steady-state simulation of CP models successfully captures the observed 

plasma concentrations and hepatic and renal elimination of CP-I and CP-III in rats and mice. Notably, 

the plasma concentrations of CP-III are higher than CP-I in both species, with a 9-fold difference in 

rats and a 3-fold difference in mice. However, in monkeys and humans, the plasma concentrations of 

CP-III are lower than CP-I [44-45]. The relative ratio of CP-III to CP-I in plasma suggests a species-

specific difference in the disposition of CPs between rodents and primates. Nevertheless, it is worth 

noting that in monkeys and humans, CP-I is primarily eliminated via liver elimination (>85% of total 

CP elimination), similar to what was observed in the present study with rats [22]. In cynomolgus 

monkeys, the reported biliary and urinary elimination rates of CP-III were 0.7 nmol/h and 1.19 

nmol/h, respectively [22.44]. In rats, the corresponding rates were 0.87 nmol/h/kg and 1.0 nmol/h/kg 

in the present study. These data indicate that both species excrete a similar proportion of CP-III 

through the liver, with 38% in monkeys and 46% in rats. The similarity in hepatic elimination of CP-
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I and CP-III between rodents and monkeys suggests that the mechanistic model developed in current 

study, based on rodents, is relevant for understanding CP disposition in monkeys and potentially 

humans as well. 

Moreover, rodent BDL model is a useful NASH model in studying different features observed 

in NASH patients such as fibrosis, portal inflammation, and hepatic encephalopathy [45-46]. Similar 

changes in sinusoidal transporter activities have been reported in the BDL model compared to the 

NASH model reflecting the compensatory changes due to blockage in the canalicular transport [41-

42]. In addition, the reported reduction in Mrp2 activity, the key canalicular transporter for CP-I and 

CP-III, in different NASH animal models and NASH patients makes the BDL model more relevant 

from CPs disposition standpoint [49]. CPs were also found to be significantly increased in obstructive 

cholestasis in humans emphasizing the importance of monitoring their profile in the BDL model [50]. 

Model results showed a reasonably good match of dynamics of observed CP-I in plasma and liver 

compartments and liver transporter activity of Oatp and Mrp3. However, model explained the CP-

III profile in plasma and liver by hypothesizing the decrease in its renal secretion indicating the 

involvement of renal transport function in BDL rat.  

Furthermore, the current mechanistic models allow us to obtain mechanistic understanding on 

the role of Oatp, Mrp2, and Mrp3 on the plasma disposition of CP-I and CP-III. These transporters 

show altered activity in NASH patients and pre-clinical NASH model [47.51]. The protein expression 

of Oatp has been reported to decrease in rodent cholestasis (BDL), partial cholestasis (ethinyl 

estradiol rat), and diet-induced NASH models [11, 52-53] Although the protein expression of Mrp3 

is up-regulated in this cholestasis and NASH rodent model [54-55], the functional activity of Mrp2 is 

also likely to be decreased due to its mislocalization from canalicular membrane, as reported both in 

the human NASH and MCD (methionine choline diet) -induced rodent NASH model [56-57]. 

Interestingly, CP-I and CP-III were found to be significantly increased both in the MP 

(methapyrilene)-induced rat NASH model and in the choline-deficient high-fat diet (CAHFD) 

induced mice NASH model [11]. The observed increase in CPs in the NASH models may be the result 

of the combined effect of these transporters and a mechanistic model is the appropriate tool to 

address the role of these transporters on plasma CPs level. Figure 6 analysis provides various 

possibilities of changes in the activity of these transporters on plasma CP-I and helps in interpreting 

the increased CP-I in terms of changes in the activity of Oatp, Mrp2 and Mrp3. Additional 

experimental and computational approaches are required to interpret the physiological relevance of 

the changes in the transporter’s activity based on plasma CP-I disposition. 

The mouse CP model revealed a discrepancy between an increase in CP-III and a loss of Oatp 

activity in Oatp knockout mice. Similarly, the rat CP model identified a discrepancy between 

observed plasma CP-I and CP-III in Mrp2-deficient TR- rats based on transporter activity changes. 

Since Oatp and Mrp2 are essential transporters involved in the elimination of xenobiotic and other 

endogenous compounds such as bilirubin, it is not surprising that the inactivation of these 

transporters alters the hepatic elimination pathways. Consequently, the significant increase in plasma 

CP-I and CP-III may also be indicative of a change in hepatic heme synthesis and metabolism. In 

Oatp1a/1b gene cluster knockout (KO) rodents (Oatp1a/1b2/2), neither Mrp2 nor Mrp3 expression 

was altered. However, plasma bilirubin (both conjugated and unconjugated) and plasma bile acids 

were significantly elevated in Oatp1a/1b knockout mice compared to wild-type mice [58]. 

Interestingly, in unconjugated hyperbilirubinemia caused by Gilbert's syndrome, which is 

characterized by a decrease in hepatic UGT1A1 enzyme activity, changes in heme biosynthesis were 

reported [59-60]. Specifically, the activity of protoporphyrinogen oxidase, an enzyme involved in 

heme biosynthesis, was reduced, while delta-aminolevulinic acid (ALA) synthase, a rate-limiting 

enzyme of heme biosynthesis, was up-regulated [60]. These changes have direct implications for CP-

III biosynthesis [27]. Therefore, the model-derived insights into the increased hepatic biosynthesis of 

CP-I and CP-III in the Oatp KO mice and TR- rats genetic models suggest that further investigation 

into heme metabolism alterations is necessary to better understand the underlying mechanisms. This 

study could provide insights on the relationship between transporter deficiencies, heme metabolism, 

and changes in CPs plasma disposition. 
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The mechanistic model can be used to test or generate hypotheses to aid in understanding the 

underlying mechanism of the observed data. The current mice model provided a mechanistic 

understanding of high CP-I (mean 200-fold on 3rd day and mean 40-fold on 10th day) and CP-III 

(mean 98-fold on 3rd and 32-fold on 10th day) increase in the bile duct ligated mice. A similar increase 

in total bilirubin (mean 134-fold on 3rd day and mean 140-fold on 7th day) and total bile acids (mean 

114-fold on 3rd day and mean 77-fold on 7th day) were reported [61] in common bile duct ligated 

mice, indicating a positive correlation with CPs profile in liver disease. Simulation prediction can be 

verified by measuring CPs in the urine of the BDL mice model. Furthermore, CPs should be measured 

with bilirubin and bile acids in other NASH models to evaluate their biomarker potential for 

transporters activity compared to bilirubin and bile acid.  

The present models do not consider the role of renal transporters in the transport of CPs and the 

role of key enzymes in the biosynthesis of CPs. Significant changes in renal Oatp, Mrp2, and Mrp3 

were observed in the rat model of NASH although no studies have been published examining human 

NASH-related alteration of renal drug transporters [62]. The other important limitation in the current 

models is that the current rat and mouse mechanistic models do not consider the different isoforms 

of Oatp. Additionally, considering the different isoforms of Oatp is crucial for understanding the 

specific contributions of each isoform to CP disposition in plasma. By incorporating various isoforms 

of Oatp into the models, it would be possible to investigate the isoform-specific changes in protein 

expression and their impact on CPs disposition. Addressing these limitations in future work will 

enhance our understanding of CP disposition in the context of NASH and improve the interpretation 

of changes in plasma CP disposition as they relate drug transporter activity. It will contribute to a 

more comprehensive characterization of CPs as potential biomarkers for assessing drug transporter 

function in NASH and other liver diseases. 

5. Conclusions 

In conclusion, the current mechanistic models demonstrate its suitability to represent the CPs 

disposition in control and rodent BDL models. We have shown using the mechanistic model that the 

CP-I can be used to assess the drug transporter changes in the NASH liver and in rodent models 

involving alteration in Oatp, Mrp2, and Mrp3 activities. As the model includes the essential processes 

including biosynthesis and elimination, the mechanistic model provides a comprehensive 

understanding of CP disposition. This enables the evaluation of CPs as potential biomarkers for 

changes in drug transporter activity in various NASH models. The knowledge of changes in drug 

transporters learned from the preclinical assessment of drug transporters (Oatp, Mrp2, and Mep3) 

potentially apply to healthy subjects and NASH patients. 
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