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CP (Coproporphyrin) Description of Mechanistic Models 

SI.1.1 Overview: The CP model was developed to predict hepatic transporter activity using the profile of coproporphyrin in the diseased state. Here, the modeling approach and the modeling details are described.
Coproporphyrin I (CP-I) and Coproporphyrin III (CP-III) are synthesized during heme synthesis. Heme synthesis predominantly occurs in the erythroblast and liver. CP-I and CP-III are eliminated from the body via bile and urine. Hepatic elimination of CP-I and CP-III does not involve much metabolism, and they are transported via hepatic uptake transporters (Oatp) and efflux transporters (Mrp3 and Mrp2). Under impairment of liver excretory functions condition, the CP-I and CP-III profile in plasma and urine are expected to change due to altered liver transporter activities. CP QSP model was constructed to understand the role of hepatic uptake (Oatp) and efflux transporters (Mrp2 and Mrp3) using the CP-I and CP-III disposition.
The model network is shown in the figure [1]. The model contains three compartments-Plasma, Liver and Intestine. The model includes the following processes - 1. Synthesis of CP-I and CP-III 2. Hepatic uptake and efflux CP-I and CP-III across the sinusoidal (plasma side) 3. Hepatic efflux of CP-I and CP-III  across the canalicular side 4. Fecal elimination of CP-I and CP-III from the intestine to feces  5. Enterohepatic circulation of CP-I and CP-III from the intestine to plasma  6. Renal elimination of CP-I and CP-III from plasma to urine. The model ordinary differential equations (ODEs), flux expressions, and model parameters are described in this document.
The rat CP model contains seven differential equations and 16 fluxes. MATLAB (R2018b) was used to build the model and simulation.
The mouse Coproporphyrins mechanistic model is similar in design compared to rat model.

SI.1.2. Key Assumptions 
In order to build the CP mechanistic model followings assumptions were made
1. The distribution of CP-I and CP-III is homogenous in liver.
2. Coproporphyrins are predominantly formed in extra-hepatic location (80%). The remaining are synthesized in liver [1].
3. The enterohepatic circulation of Coproporphyrins  are  very low [2]
4. Coproporphyrins are not metabolized in liver.



Figure 1: Model network showing species (metabolites) and fluxes
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SI.1.3 List of differential equations
Model contains 7 differential equations. These simultaneous equations are solved using ode15s (Stiff ode solver) in matlab. The list of differential equations are given below: 
	




	Equations
	
	

	1
	

	
	

	
	
CP1plasma is determined by extrahepatic synthesis, enterohepatic circulation , transporter mediated and diffusion mediated transport across liver and renal elimination of CPI
	
	

	2
	



	
	

	
	
CP-III in plasma is determined by extrahepatic synthesis, enterohepatic circulation, transporter mediated and diffusion mediated transport across liver and renal elimination of CP-I.





	
	

	3
	

	
	

	
	

CP-I in liver is determined by hepatic synthesis, transporter mediated and diffusion mediated transport across sinusoidal and canalicular transporters.

	
	

	4
	

	[footnoteRef:1] [1:  - Compartmental factor computed as  a ratio of plasma and intestinal volume
- Compartmental factor computed as a ratio of liver and plasma volume] 

	

	
	
CP-III in liver is determined by hepatic synthesis, transporter mediated and diffusion mediated transport across sinusoidal and canalicular transporters.
	
	

	5
	

	[footnoteRef:2] [2: - Compartmental factor computed as  ratio of plasma and liver volume
] 

	[19,20]

	
	
	
	

	6
	CP-I in Intestine is determined by canalicular transporter mediated ,diffusion mediated transport ,fecal elimination and enterohepatic circulation





CP-III in Intestine is determined by canalicular transporter mediated ,diffusion mediated transport ,fecal elimination and enterohepatic circulation

	[footnoteRef:3] [3: 
] 

	[21–26]
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	[footnoteRef:4] [4: 
] 

	[27–38]

	
	Regulator is modeled to incorporate the regulation on sinusoidal transporter under the disease state
	
	

	
	
	[footnoteRef:5] [5: 
] 

	[32–34]








SI.1.4 Kinetics/fluxes
Transporters' kinetics is governed by MM kinetics (Michaelis-Menton). Other processes are modeled by linear kinetics. The kinetic expression of each flux is given below:

1. Oatp mediated CP-1 transport



2.  Mrp3 mediated CP-1 transport




3.          Oatp mediated CP-III transport


4. Mrp3 mediated CP-III transport





















5. CP-I diffusion from plasma to liver


    
6. Mrp2 mediated CP-I transport



7. CP-I liver diffusion


8. CP-I fecal elimination



9. CP-I enterohepatic circulation



10. CP-III diffusion from plasma to liver


    
11. Mrp2 mediated CP-III transport











12. CP-III liver diffusion



13. CP-III fecal elimination



14. CP-III  enterohepatic circulation















Table1 : Parameter values used in rat and mose model
	Parameter Name
	Description 
	Value
 Rat  model
	Value 
Mice  model
	Unit
	Reference

	kmOatpCPI
	Affinity constant of CPI for Oatp
	1.66
	1.66
	µM
	[3]

	kmMrp2CPI
	Affinity constant of CPI for Mrp2
	7.7
	7.70
	µM
	[4]

	kmMrp3CPI
	Affinity constant of CPI for Mrp3
	3.75
	3.75
	µM
	[5]

	kmOatpCPIII
	Affinity constant of CPIII for Oatp
	2.44
	2.44
	µM
	[3]

	kmMrp2CPIII
	Affinity constant of CPIII for Mrp2
	7.7
	7.70
	µM
	[5]

	kmMrp3CPIII
	Affinity constant of CPIII for Mrp3
	3.75
	3.75
	µM
	[5]

	VmaxOatpCPI
	Maximum velocity of vCPIOatp flux
	864.74
	545
	nM/min
	Computed

	VmaxMrp2CPI
	Maximum velocity of vCPIMrp2 flux
	381.70
	374.35
	nM/min
	Computed

	VmaxMrp3CPI
	Maximum velocity of vCPIMrp3 flux
	178.22
	161.03
	nM/min
	Computed

	VmaxOatpCPIII
	Maximum velocity of vCPIIIOatp flux
	255.34
	707.26
	nM/min
	Computed

	VmaxMrp2CPIII
	Maximum velocity of vCPIIIMrp2 flux
	149.85
	500.79
	nM/min
	Computed

	VmaxMrp3CPIII
	Maximum velocity of vCPIIIMrp3 flux
	58.81
	217,68
	nM/min
	Computed

	kCPIrenalElimination
	Rate constant for CP-I  renal elimination flux 
	0.035
	0.025
	/min
	Computed

	kCPIplasmadiffusion
	Rate constant for CP-I diffusion mediated flux across sinusoidal membrane
	0.005
	0.0033
	/min
	Computed

	kCPIliverdiffusion
	Rate constant for CP-I diffusion mediated flux across canalicular membrane 
	0.0055
	0.0054
	/min
	Computed

	kCPIfecalElimination
	Rate constant for  CP-I faecal elimination flux  
	0.00085
	0.00082
	/min
	Computed

	kCPIEhc
	Rate constant for CP-I enterohepatic circulation flux
	9.54E-4
	9.11E-5
	/min
	Computed

	kCPIIIrenalElimination
	Rate constant for CP-III renal elimination flux 
	0.10
	0.015
	/min
	Computed

	kCPIIIplasmadiffusion
	Rate constant for CP-III diffusion across sinusoidal membrane
	0.001
	0.0029
	/min
	Computed

	kCPIIIliverdiffusion
	Rate constant for CP-III diffusion across canalicular membrane
	0.002
	0.0072
	/min
	Computed

	kCPIIIfecalEliimination
	Rate constant for CP-III faecal elimination 
	0.0007
	0.0021
	/min
	Computed

	kCPIIIEhc
	Rate constant for CP-III entero-hepatic ciculation flux 
	8.54E-5  
	0.00023
	/min
	Computed

	vCPISyn
	CPI Extrahepaic Synthesis  rate
	0.159
	0.0238
	nM/min
	Computed

	vCPIhepaticSyn
	CPI Hepaic Synthesis rate  
	0.031
	0.0066
	nM/min
	Computed

	vCPIIISyn
	CPIII Extrahepaic Synthesis rate 
	0.76
	0.080
	nM/min
	Computed

	vCPIIIhepaticSyn
	CPI Hepaic Synthesis rate
	0.14
	0.022
	nM/min
	Computed

	Liver volume
	Volume of liver
	0.01
	0.0018
	Litre
	[6]

	Plasma volume
	Volume of plasma
	0.007
	0.0020
	Litre
	[6]

	Intestinal volume
	Volume of intestine
	0.011
	0.0020
	Litre
	[6]

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	








 SI.1.5. Regulation of hepatic uptake and efflux transporter 
The expression of the hepatic uptake (Oatp) and efflux transporters (Mrp3) are under complex regulatory mechanisms. Under the impairment of hepatic excretory function, some endogenous metabolites, such as bile salts and conjugated bilirubin, act as a sensor that activates several nuclear hormone receptors. These regulators mediate the control of the expression of hepatic uptake and efflux transporters [1,2,3]. This regulatory process is modeled empirically in the current model. The regulation of the hepatic transporter and efflux transporters is implemented by modeling a surrogate species for nuclear receptors whose turnover depends on the canalicular transport, including Mrp2 activity.

Oatp Regulation: 
Oatp regulation is implemented by an exponential function of the regulator. The time constant of the exponential function is computed using the BDL (Bile duct ligation) experimental data
The exponential function is given below

Where
Ainitial = 1
Afinal=0.7
Regulator=Concentration of regulator in an experiment
Regulator homeo= Concentration of regulator in control rat
k= Constant estimated using experimental data=0.2880











Mrp3 Regulation:
Mrp3 regulation was implemented by an exponential function of the regulator. The time constant of the exponential function was computed using the BDL experimental data
The exponential function is given below
 
Where
Ainitial = 1
Afinal=6
Regulator=Concentration of regulator in an experiment
Regulatorhomeo= Concentration of regulator in control rat
k= Constant estimated using experimental data=0.2880

SI.1.6. How synthesis rate of CP-I and CP-III were calculated?
Flux balance analysis (FBA) was used to calculate steady state fluxes (PMID: 20212490). FBA is a useful technique to determine solution space using the mass conservation principle and other constrains. Two constraints are used in the FBA – 1. The enterohepatic circulation of CP-I and CP-III is low (10%) 2. The hepatic efflux rate of CP-I and CP-III is 50% compared to that of hepatic uptake rate of CP-I and CP-III. In computing the synthesis rate of CP-I and CP-III at the steady state, all the simultaneous differential equation was set at zero. The renal and biliary secretions of CP-I and CP-III were measured in the naïve control rats and were used in FBA. 




SI.1.7 How the maximum velocity (Vmax) of the transporters and the rate constants of the other processes were computed?
The maximum velocity of transporters and rate constants of the other processes were calculated from the steady state fluxes calculated using FBA analysis. The steady state values were taken from the control rat in plasma, liver and bile compartments.
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