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Physiologically-based	pharmacokinetic	model	for	estrogen	in	women	

	

Figure	 S1:	 Physiologically	 based	 Pharmacokinetic	 model	 for	 estradiol	 in	 women.	 Distribution	 of	 estradiol	

between	 venous	 and	 arterial	 blood	 compartments	 and	 16	 tissue	 compartments	 is	 represented.	 The	 liver	 is	

represented	as	a	permeability-limited	tissue,	while	all	other	compartments	well	mixed.	Estradiol	enters	the	model	

through	 synthesis	 into	 the	 gonads,	 oral	 dosing	 (p.o.)	 into	 the	 intestine,	 and	 intravenous	 dosing	 (i.v.)	 into	 the	

venous	blood.		Estradiol	is	removed	from	the	model	through	extra-hepatic	clearance	(CLeh)	from	the	kidney,	and	

intrinsic	clearance	from	the	liver.	Intrinsic	clearance	is	modelled	as	either	a	single	ODE	(Clint),	ODE-based	model	of	

liver	metabolism	(LiverODE),	or	a	genome-scale	metabolic	network	(GSMN)	as	described	in	text.		
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Model	Overview	

The	PBPK	model	was	created	in	COPASI	v4.14	[1],	and	was	based	upon	the	previously	published	human	

female	model	of	Plowchalk	and	Teeguarden	 [2].	The	model	 is	 comprised	of	venous	and	arterial	blood	

compartments,	 plus	 16	 tissue	 compartments.	 With	 the	 exception	 of	 the	 liver,	 all	 compartments	 are	

described	as	well-mixed,	rapid	equilibrium	compartments.	The	liver	is	treated	as	a	permeability-limited	

compartment	with	a	separate	tissue	blood	compartment	[2,	3].	Finally,	compartments	to	represent	 i.v.	

and	 oral	 delivery	 were	 added	 to	 the	 model,	 inputting	 into	 the	 venous	 blood	 and	 intestine	

compartments,	respectively.	

	 As	 estradiol	 is	 an	 endogenous	 compound,	 an	 estrogen	 biosynthesis	 reaction	 was	 added	 using	

mass	 action	 kinetics,	 mimicking	 the	 production	 of	 estradiol	 in	 the	 uterus.	 The	 rate	 constant	 for	 this	

reaction	was	fitted	to	achieve	a	steady-state	blood	concentration	of	0.15nM	total	estradiol,	consistent	

with	 the	 published	 literature	 [4,	 5].	 As	 estradiol	 in	 the	 blood	 is	 approximately	 98%	 bound	 to	 plasma	

proteins,	this	equates	to	a	free	plasma	concentration	of	approximately	0.003	nM	[6].	 	

	 Generic	 physiological	 parameters	 were	 taken	 from	 Bosgra	 [3]	 and	 estradiol-specific	 parameters	

from	 Plowchalk	 and	 Teeguarden	 [2],.	 These	 were	 used	 to	 populate	 ordinary	 differential	 equations	 as	

described	by	Peters	[7].	

	 To	examine	the	impact	of	parameter	robustness	on	model	predictions	we	performed	a	sensitivity	

analysis,	with	steady-state	concentration	of	plasma	estradiol	as	the	measured	effect.	As	shown	in	figure	

S2,	body	weight	and	estradiol	biosynthesis	rate	were	the	two	most	sensitive	parameters.	Body	weight	is	

an	 important	 anthropometric	 value,	 and	 used	 to	 estimate	 blood	 volume	 though	 the	 prediction	 of	 the	

body	 surface	 area.	 As	 such,	 it	 is	 not	 surprising	 that	 this	 is	 a	 sensitive	 factor,	 displaying	 an	 inverse	

relationship	 to	 E2{venous},	 and	 in	 fact	 reflects	 an	 important	 biological	 relationship.	 The	 biosynthesis	

rate	 has	 an	 direct	 relationship	 with	 E2{venous},	 reflecting	 the	 fact	 that	 increased	 input	 of	 E2	 into	 the	

model	 will	 produce	 an	 increased	 E2	 steady-state	 level	 if	 clearance	 remains	 constant.	 As	 such,	 the	

sensitivity	 of	 this	 parameter	 may	 be	 of	 more	 concern	 as	 it	 will	 have	 significant	 impact	 on	 basal	 E2	

concentrations,	 receptor	 occupancy	 etc.	 To	 mitigate	 this	 risk,	 the	 biosynthesis	 rate	 was	 fitted	 to	

repordice	the	observed	experimental	data	on	basal	E2	steady-state	concentrations	in	the	blood,	and	is	

fixed	 throughout	 all	 simulations.	 As	 such,	 while	 this	 parameter	 has	 a	 high	 potential	 to	 impact	 on	

simulation	results,	it	is	constrained	in	a	manner	that	will	limit	its	impact	on	model	predictions.		
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Figure	S2:	Scaled	sensitivity	analysis	for	PBPK	model	of	estrogen	in	women.		

	

Reactions	

Reactions	 Parameters	 Ref	

v1	 Adipose:	E2	exit	to	venous	blood	

�∀#∃%&∋( ∗ 	
+,−./0123(5611.)

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v2	 Adipose:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �∀#∃%&∋(	[nM/h]	

	 	

v4	 Artery:	E2	binding	to	Albumin	

�2∀=>(=? ∗ �������∀=>(=? ∗ �1 − �2. �������∀=>(=? ∗ �2	

[nM/h]	

k1	=	3600	h
-1

	

k2	=	6.12e+7	h
-1

	

[9]	

v5	 Artery:	E2	binding	to	SHBG	

�2∀=>(=? ∗ ����∀=>(=? ∗ �1 − �2. ����∀=>(=? ∗ �2	

[nM/h]	

k1	=	3600	h
-1

	

k2	=	5400	h
-1

	

[9]	

v6	 Bone:	E2	exit	to	venous	blood		

�Ο&Π( ∗ 	
+,51Θ3
80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v7	 Bone:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �Ο&Π(	[nM/h]	

	 	

v8	 Brain:	E2	exit	to	venous	blood		

�Ο=∀∃Π ∗ 	
+,5Ρ−/Θ(5611.)

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v9	 Brain:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �Ο=∀∃Π	[nM/h]	

	 	

v10	 Clearance:	Extra-hepatic	

�2Σ∃#Π(? ∗ �1	[nM/h]	

k1	=	5	h
-1

	 [2]	

v11	 Clearance:	Intrinsic	

�2Τ∃Υ(=(ς(ΤΤ∋) ∗ �1	[nM/h]	

k1	=	(0.018466 ∗ �����	����ℎ�)	h
-1

	 *	

v12	 Dose:	IV_bolus	

�2β&∋(_δε ∗ �1	[nM/h]	

K1	=	250	h
-1

		

										

	

	

V13	 Dose:	IV_infusion	

�1	[nM/h]	

K1	=	as	required	 [2]	

V14	 Dose:	oral	

�2β&∋(_&=∀Τ ∗ �1	[nM/h]	

K1	=	0.025	h
-1

	 	

v15	 Gonads:	Exit	to	venous	

�φ&Π∀#∋ ∗ 	
+,γ1Θ−.2(5611.)

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v16	 Gonads:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �φ&Π∀#∋	[nM/h]	

	 	

v17	 Gonads:	E2	biosynthesis	 k1	=	5	h
-1
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�������ℎ���� ∗ �1	[nM/h]	

v18	 Gonads:	E2	binding	to	ER	

�2φ&Π∀#∋(ς(ΤΤ∋) ∗ ��φ&Π∀#∋(ς(ΤΤ∋) ∗ �1 − �2. ��Τ∃Υ(=(ς(ΤΤ∋) ∗

�2	[nM/h]	

k1	=	1000	h
-1

	

k2	=	100	h
-1

	

[2,	

10]	

v19	 Gonads:	Permeability-limited	access	

�2φ&Π∀#∋(ΟΤ&&#) ∗ �1 − �2φ&Π∀#∋ ς(ΤΤ∋ ∗ �2	[nM/h]	

k1	=	1000	h
-1	

k2	=	100	h
-1

	

[2,	

10]	

V20	 Heart:	E2	exit	to	venous	blood		

�λ(∀=> ∗ 	
+,m3−Ρν

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

V21	 Heart:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �λ(∀=>	[nM/h]	

	 	

V22	 Intestine:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �∃Π>(∋>∃Π( 	[nM/h]	

	 	

v23	 Kidney:	E2	exit	to	venous	blood		

�Σ∃#Π(? ∗ 	
+,ο/.Θ3π

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v24	 Kidney:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �Σ∃#Π(?	[nM/h]	

	 	

v25	 Liver:	E2	binding	to	ER	

�2Τ∃Υ(=(ς(ΤΤ∋) ∗ ��Τ∃Υ(=(ς(ΤΤ∋) ∗ �1 − �2. ��Τ∃Υ(=(ς(ΤΤ∋) ∗ �2	

[nM/h]	

k1	=	3600	h
-1

	

k2	=	900	h
-1

	

[2]	

V26	 Liver:	E2	exit	to	venous	blood		

�Τ∃Υ(=(Υ(Π&θ∋) ∗ 	
+,6/ρ3Ρ(5611.)

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v27	 Liver:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �Τ∃Υ(=(∀=>(=?)	[nM/h]	

	 	

v28	 Liver:	E2	input	from	intestine	

�2∃Π>(∋>∃Π( ∗ �∃Π>(∋>∃Π( 	[nM/h]	

	 	

v29	 Liver:	E2	input	from	spleen	

�2∋%Τ((Π ∗ �∋%Τ((Π	[nM/h]	

	 	

v30	 Liver:	E2	input	from	stomach	

�2∋>&σ∀ςλ ∗ �∋>&σ∀ςλ	[nM/h]	

	 	

v31	 Liver:	E2	input	from	pancreas	

�2%∀Πς=(∀∋ ∗ �%∀Πς=(∀∋	[nM/h]	

	 	

v32	 Liver:	Permeability-limited	access	

�2Τ∃Υ(=(ΟΤ&&#) ∗ �1 − �2Τ∃Υ(= ς(ΤΤ∋ ∗ �2	[nM/h]	

k1	=	1000	h
-1	

k2	=	277.8	h
-1

	

[2]	

v33	 Lung:	E2	exit	to	arterial	blood		

�ΤθΠφ ∗ 	
+,6τΘγ
80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v34	 Lung	E2	input	from	venous	blood	

�2Υ(Π&θ∋ ∗ �ΤθΠφ	[nM/h]	

	 	

v35	 Muscle:	E2	exit	to	venous	blood		

�σθ∋ςΤ( ∗ 	
+,υτ2ϖ63(5611.)

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	
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v36	 Muscle:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �σθ∋ςΤ(	[nM/h]	

	 	

v37	 E2	oral	elimination	

�2Υ(Π&θ∋ ∗ �ΤθΠφ	[nM/h]	

k1	=	0.01	h
-1	

	

[2]	

v38	 Pancreas:	E2	input	from	arterial	blood	

�2β&∋(_&=∀Τ ∗ �1	[nM/h]	

	 	

v39	 Rest-of-body	(ROB):	E2	exit	to	venous	blood		

�ωξψ ∗ 	
+,ζ{9
80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v40	 Rest-of-body	(ROB):	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �ωξψ	[nM/h]	

	 	

V41	 Skin:	E2	exit	to	venous	blood	

�∋Σ∃Π ∗ 	
+,2ο/Θ(5611.)

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v42	 Skin:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �∋Σ∃Π	[nM/h]	

	 	

v43	 Spleen:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �∋%Τ((Π	[nM/h]	

	 	

v44	 Stomach:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �∋>&σ∀ςλ	[nM/h]	

	 	

v45	 Thymus:	E2	exit	to	venous	blood	

�>λ?σθ∋ ∗ 	
+,νmπυτ2

80

9:

		[nM/h]	

Kp	=	1	

BP	=	1	

	

[2,	8]	

v46	 Thymus:	E2	input	from	arterial	blood	

�2∀=>(=? ∗ �>λ?σθ∋	[nM/h]	

	 	

v47	 Venous:	E2	binding	to	Albumin	

�2Υ(Π&θ∋ ∗ �������Υ(Π&θ∋ ∗ �1 − �2. �������Υ(Π&θ∋ ∗

�2	[nM/h]	

k1	=	3600	h
-1

	

k2	=	6.12e+7	h
-1

	

[9]	

v48	 Venous:	E2	binding	to	SHBG	

�2Υ(Π&θ∋ ∗ ����Υ(Π&θ∋ ∗ �1 − �2. ����Υ(Π&θ∋ ∗ �2	

[nM/h]	

k1	=	3600	h
-1

	

k2	=	5400	h
-1

	

[9]	

	

Balance	Equations	

��2(������)

��
	

v1	+	v6	+	v8	+	v12	+	v13	+	v15	+	v20	+	v23	+	v26	+	v35	+	v39	+	v41	

+	v45	–	v34	–	v47	–	v48	[nM/h]	

�����(������)

��
	

–v48	[nM/h]	

��2. ����(������)

��
	

	v48	[nM/h]	

��������(������)

��
	

	–v47	[nM/h]	

��2. �������(������)

��
	

	v47	[nM/h]	

��2(��������)

��
	

	v33	–	v2	–	v4	–	v5	–	v7	–	v9	–	v16	–	v21	–	v22	–	v24	–	v27	–	v36	–	



	

	

8	

v38	–	v40	–	v42	–	v43	–	v44	–	v46	[nM/h]	

�����(��������)

��
	

	–v5	[nM/h]	

��2. ����(��������)

��
	

	v5	[nM/h]	

��������(��������)

��
	

		–v4	[nM/h]	

��2. �������(��������)

��
	

		v4	[nM/h]	

��2(�������)

��
	

		v2	–	v1	[nM/h]	

��2(����)

��
	

		v7	–	v6	[nM/h]	

��2(�����)

��
	

		v9	–	v8	[nM/h]	

��2(������_�����)

��
	

		v16	–	v15	–	v19	[nM/h]	

��2(������_�����)

��
	

v19	–	v18	

���(������_�����)

��
	

-v18	

��2. ��(������_�����)

��
	

v18	

��2(�����)

��
	

	V21	–	v20	[nM/h]	

��2(���������)

��
	

	V22	+	v14	–	v28	–	v37		[nM/h]	

��2(������)

��
	

	v24	–	v23	–	v10	[nM/h]	

��2(�����_�����)

��
	

	v27	+	v28	+	v29	+	v30-	+	v31	–	v26-	v32	[nM/h]	

��2(�����_�����)

��
	

		v32	–	v25	–	v11	[nM/h]	

���(�����_�����)

��
	

-v25	[nM/h]	

��2. ��(�����_�����)

��
	

v25	[nM/h]	

��2(����)

��
	

	v34	–	v33	[nM/h]	

��2(������)

��
	

	v36	-	v35	[nM/h]	

��2(��������)

��
	

	v38	–	v31	[nM/h]	

��2(����. ��. ����)

��
	

	V40	–	v39	[nM/h]	

��2(����)

��
	

	v42	–	v41	[nM/h]	

��2(������)

��
	

	V43	–	v29	[nM/h]	

��2(������ℎ)

��
	

	v44	–	v30	[nM/h]	
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��2(�ℎ����)

��
	

	v46	–	v45	[nM/h]	

Global	Quantities	

Parameter	 Assignment	 Ref	

Compartments	Volumes	(L)	 	 	

Adipose		
����	����ℎ� ∗

1.2 ∗ ��� + 0.23 ∗ ��� − 10.8 ∗ 0 − 5.4
100

0.916
	

[11]	

Plasma_arterial	 2.66 ∗ ��� − 0.46 ∗ 0.33 ∗ 0.55

1.025
	

[3]	

Plasma_venous	 2.66 ∗ ��� − 0.46 ∗ 0.67 ∗ 0.55

1/025
	

[3]	

Bone	 �,.��∗�� �(∃φλ> ��.����

1.99
	

[3]	

Brain	
0.373 ∗ 3.68 − 2.68 ∗ �

��φ(
�.�� ∗ �

��φ(
�,�

1.035
	

[3]	

Gonads	
3.3 + 90 ∗ 1 − �

�
�φ(
��.�

�.�

1000
1.03

	

[3]	

Heart	 �,.��∗�� �(∃φλ> �,.��,

1.03
	

[3]	

Intestine	 �,.��∗�� �(∃φλ> ��.���

1.042
	

[3]	

Kidney	 ��.��∗�� �(∃φλ> �,.���

1.05
	

[3]	

Liver_blood	 �����_����� ∗ 0.075	 [2]	

Liver_cells	 ��.��∗�� �(∃φλ> ��.����

1.03
	

[3]	

Lung	 �,.�∗�� �(∃φλ> �,.��,

1.05
	

[3]	

Muscle	 ����	����ℎ� ∗ 0.93 − �������	��	��ℎ��	������������	

1.041
	

[3]	

Pancreas	 �,.��∗�� �(∃φλ> ��.���

1.045
	

[3]	

Rest-of-body	 ��.∗�� �(∃φλ> ��.��,

1.03
	

[3]	

Skin	 �,.��∗�� �(∃φλ> ��.��

1.5
	

[3]	

Spleen	 �,.��∗�� �(∃φλ> ��.�,�

1.054
	

[3]	

Stomach	 �,.��∗�� �(∃φλ> ��.,��

1.44
	

[3]	

Thymus	
14 ∗ 7.1 − 6.1 ∗ �

��φ(
��.� ∗ 0.14 + 0.86 ∗ �

��φ(
��.�

1000
1.03

	

[3]	
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Parameter	 Assignment	 Ref	

Organ	Blood	Flow	(L.h
-1
)	 	 	

Q1	 Adipose	 �������ς(ΤΤ∋������ ∗ 1.4 ∗ 0.916 ∗ 0.55		 [3]	

Q2	 Bone	 ����	������ ∗ 1.8 ∗ 1.99 ∗ 0.55	 [3]	

Q3	 Brain	 �����ς(ΤΤ∋������ ∗ 32.7 ∗ 1.035 ∗ 0.55	 [3]	

Q4	 Gonads	 ������ς(ΤΤ∋������ ∗ 0.8 ∗ 1.03 ∗ 0.55		 [3]	

Q5	 Heart	 �����	������ ∗ 70.8 ∗ 1.03 ∗ 0.55		 [3]	

Q6	 Intestine	 ���������	������ ∗ 59.0 ∗ 1.042 ∗ 0.55		 [3]	

Q7	 Kidney	 ������	������ ∗215*1.05*0.55	 [3]	

Q8	 Liver	(arterial)	 �����ς(ΤΤ∋������ ∗ 16.4 ∗ 1.03 ∗ 0.55		 [3]	

Q9	 Liver	(venous)	 ����� �������� + ��������� + �������� + ������ + ������ℎ		 [3]	

Q10	 Lung	 �������	������		 [3]	

Q11	 Muscle	 ������	������ ∗ 2.4 ∗ 1.041 ∗ 0.55		 [3]	

Q12	 Pancreas	 ��������	������ ∗ 29.5 ∗ 1.045 ∗ 0.55		 [3]	

Q13	 Rest-of-Body	 ���	������ ∗ 18.8 ∗ 1.03 ∗ 0.55		 [3]	

Q14	 Skin	 ����ς(ΤΤ∋������ ∗ 7.7 ∗ 1.5 ∗ 0.55		 [3]	

Q15	 Spleen	 ������	������ ∗ 81.5 ∗ 1.054 ∗ 0.55		 [3]	

Q16	 Stomach	 ������ℎ	������ ∗ 25.3 ∗ 1.044 ∗ 0.55		 [3]	

Q17	 Thymus	 �ℎ����	������ ∗ 18.5 ∗ 1.03 ∗ 0.55		 [3]	

CO	 Cardiac	Output	
��

��

∃ϒΠ
∃′�,��

	

	

Parameter	 Assignment	 Ref	

Other	Measurements	 	 	

Body	Surface	Area	(BSA)	 0.007184 ∗ ����	����ℎ��.�,� ∗ 	����ℎ��.�,�	 [3]	

Body	Mass	Index	(BMI)	 ����	����ℎ�

����ℎ�,
	

	

Liver	weight	(g)	 �����ς(ΤΤ∋ ∗ 1000 ∗ 1.03	 	
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Detailed	mechanistic	model	of	estrogen	metabolism	in	the	liver	

	
Figure	S3:	Mechanisitic	model	of	estrogen	metabolism	in	the	liver.	Compartments	are	indicated	as	boxes,	

metabolic	conversions	as	solid	lines,	binding	reactions	as	dashed	lines	and	transport	reactions	as	dotted	lines.	

Enyzmes	responsible	for	metabolic	conversions/transport	reactions	are	indicated.	E2=estradiol	and	E1=estrone.	

For	both	E1	and	E2,	metabolites	are	identified	as	3G=3-glucoronide;	3S=3-sulphate;	2OH,	4OH	and	

16aOH=hydroxylation	at	2,	4	and	16a	positions;	2Me	and	4Me=methoxylation	at	2	and	4	positions.		

	

Model	Overview	

The	liver	model	for	estradiol	metabolism	was	created	in	COPASI	v4.14	[1]	and	comprises	five	

compartments:	an	input	compartment	representing	either	medium	or	blood;	an	output	compartment	

representing	medium	or	bile;	and	three	compartments	representing	parts	of	the	hepatocyte,	namely	

apical	membrane	space,	basolateral	membrane	space,	and	cell	interior.	Within	the	input	compartment,	

estradiol	is	present	as	E2	and	E2free	to	represent	diffusion-limited	access	of	estradiol	to	cells.	E2free	

represents	the	bulk	of	estradiol	in	the	input	compartment,	while	E2	represents	estradiol	immediately	

bordering	cells	that	can	gain	access	to	the	cell	membrane	and	enter	cells.	This	diffusion-limited	access	is	

simulated	through	first	order	kinetics,	with	a	rate	constant	based	upon	previously	used	estimates	for	

chemical	diffusion	through	medium	[12].	Movement	between	compartments	is	through	either	passive	

diffusion	or	active	transport.	Within	the	hepatocyte,	estradiol	is	subject	to	sequestration	through	

binding.	Both	specific	(i.e.	binding	to	the	estrogen	receptor)	and	non-specific	binding	are	included	

Estradiol	undergoes	a	number	of	metabolic	conversions,	indicated	by	arrows	with	the	responsible	

enzyme(s)	named.	Briefly,	estradiol	is	intraconverted	with	estrone	through	the	actions	of	

17β-hydroxysteroid	dehydrogenase	1	and	2	[13,	14].	Both	estradiol	and	estrone	are	metabolised	via	
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Phase	I	and	Phase	II:	CYP1A1	and	CYP3A4	during	Phase	I	metabolism	[15,	16]	and	SULT1E1,	SULT2A1,	

UGT1A1,	UGT1A3	and	UGT2B7	during	Phase	II	metabolism	[17].	In	addition,	the	catecholamine	

metabolites	of	E1	and	E2	CYP-mediated	hydroxylation	are	potent	mutagens,	are	readily	deactivated	

through	the	action	of	catechol-O-methyltransferase	(COMT)	[18].	

The	kinetic	parameters	for	enzymatic	and	active	transport	reactions	(Km	and	Kcat)	were	either	obtained	

directly	from	the	published	literature	or	inferred	from	experimental	data.	Protein	abundances	were	

retrieved	from	the	Model	Organism	Protein	Expression	Database	(MOPED)	[19].	Calculation	of	passive	

diffusion	rate	constants	was	through	the	method	of	van	de	Waterbeemd	[20],	with	logP	values	retrieved	

from	the	Human	Metabolome	Database	(HMBD)	[6].	Where	experimental	logP	values	were	not	

available,	the	ALOGPS	prediction	was	used,	which	has	been	extensively	validated,	with	root	mean	

square	error	<0.35	across	approximately	13,000	predictions	[21].	

Model	development	

The	mechanistic	model	of	estradiol	metabolism	in	the	liver	was	based	upon	the	known	fates	of	estradiol	

in	the	liver	as	described	by	current	literature:	these	include	Phase	I	and	II	metabolism,	intracellular	

binding	(both	specific	and	non-specific),	and	membrane	transport	(passive	and	active).	For	each	protein	

species,	concentrations	were	taken	from	the	protein	abundance	database	MOPED,	while	kinetic	

parameters	were	obtained	either	from	the	published	literature	or	inferred	from	experimental	data,	as	

indicated	in	the	supplementary	information.	Steady-state	concentrations	of	all	species	within	the	model	

were	predicted	as	follows:	first,	the	basal	levels	of	estradiol	in	primary	human	hepatocytes	was	

determined	as	approximately	15nM	by	UPLC-MS	(see	below	for	method).	Estradiol	from	the	medium	is	

expected	to	contribute	little	to	this	value,	as	naïve	mediums	have	been	reported	to	possess	low	levels	of	

estrogens	(0.4nM)	[22].	Second,	a	biosynthesis	term	was	introduced	in	to	the	model	to	reflect	

endogenous	production	of	estrogens	in	hepatocytes.	Third,	all	terminal	species	in	the	network	(i.e.	

medium	and	bile	compartment	species)	were	fixed	with	the	exception	of	estradiol	and	estrone	in	the	

medium.	Fourth,	the	biosynthesis	rate	constant	was	varied	until	steady-state	concentrations	of	estradiol	

were	consistent	with	the	experimental	data.		

Measurement	of	estradiol	metabolism	in	primary	human	hepatocytes	

Due	to	the	mechanistic	nature	of	the	model	architecture,	and	the	use	of	experimentally	derived	

protein	 abundance	 and	 enzyme	 kinetic	 parameters,	 the	 model	 should	 accurately	 reproduce	 the	

metabolism	and	disposition	of	estradiol	within	a	healthy	human	liver,	or	more	precisely	the	hepatocyte	

component	 of	 the	 liver,	 without	 the	 requirement	 for	 any	 data	 fitting.	 To	 examine	 this,	 we	 exposed	

primary	human	hepatocytes	to	1000	nM	estradiol	 in	vitro,	and	measured	the	 levels	of	estradiol	 in	 the	

medium	and	cell	lysate	over	8	hours	by	UPLC-MS.		

Female	primary	human	hepatocytes	were	a	kind	gift	from	Dr	Katherine	Fenner	(Pfizer,	Sandwich,	

UK).	Lebovitz	L-15	medium	with	L-glutamine	and	amino	acids,	plus	100x	non-essential	amino	acids	were	

purchased	 from	 Invitrogen	 (Paisley,	 UK).	 Estradiol,	 estrone,	 sodium	 glycolate,	 2-(N-

morpholino)ethanesulfonic	 acid	 and	 poly-L-lysine	 were	 purchased	 from	 Sigma-Aldrich	 (Poole,	 UK).	 LC-

MS	measurement	of	estradiol	and	estrone	was	undertaken	using	a	Waters	H-class	UPLC	system,	coupled	

with	a	Xevo-TQS,	Acquity	BEH	C8	1.7um,	2.1	x	5mm	van	guard	pre-column	and	an	Acquity	BEH	C8	1.7	

μm	2.1	x	100	mm	column	(Waters,	Elstree,	UK).	Optima	grade	methanol	and	water	were	purchased	from	
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Fisher	 Scientific	 (Loughborough,	 UK),	 and	 amber	 samples	 vial,	 inserts	 and	 PTFE/Silicon	 caps	 were	

purchased	from	Chromacol	(VWR,	Lutterworth,	UK).	All	other	reagents	were	of	cell	culture	or	molecular	

grade,	as	appropriate,	and	purchased	from	Sigma-Aldrich.	

Estradiol	was	prepared	at	1	mg/ml	with	0.1	%	DMSO	(v/v)	in	optima	grade	methanol,	and	then	

diluted	 to	 1	 µg/ml	 estradiol	 with	 2	 mM	 sodium	 glycocholate	 in	 optima	 grade	 methanol	 to	 enhance	

solubility.	Samples	were	dried	under	nitrogen	and	re-suspended	 in	HBSS	buffer	supplemented	with	10	

mM	 2-(N-morpholino)ethanesulfonic	 acid.	 Primary	 human	 hepatocytes	 were	 seeded	 at	 3.3	 x	 106	

cells/cm2	 in	 Lebovitz	 L-15	 medium	 with	 L-glutamine	 and	 amino	 acids.	 	 Plates	 were	 incubated	 for	 24	

hours	 to	 allow	 cell	 adherence,	 and	 then	 cells	 exposed	 to	 1000nM	 estradiol	 in	 serum-free	 medium.		

Samples	of	conditioned	medium	and	cell	lysate	were	taken	at	0,	15,	30,	45,	60,	90,	120,	150,	180,	210,	

240	minutes	and	then	hourly	until	8	hours.		

Conditioned	 medium	 samples	 were	 prepared	 for	 UPLC-MS	 analysis	 as	 follows:	 conditioned	

medium	 was	 vortexed	 for	 30	 seconds,	 left	 for	 30	 minutes	 at	 room	 temperature,	 and	 vortexed	 again.	

Acetonitrile	(1:1	v/v)	was	added,	the	sample	vortexed	for	30	seconds	and	left	at	room	temperature	for	

30	minutes.	Samples	were	then	vortexed	one	final	time	and	centrifuged	at	10,000	xg	for	15	minutes.	Cell	

lysates	 were	 prepared	 for	 UPLC-MS	 analysis	 as	 follows:	 cells	 were	 washed	 in	 ice-cold	 (4˚C)	 water	 and	

then	 harvested	 by	 scraping.	 	 The	 cell	 suspension	 was	 pipetted	 up	 and	 down	 vigorously	 and	 an	 equal	

volume	 of	 ice-cold	 acetonitrile	 (v/v)	 added.	 Samples	 were	 vortexed	 for	 30	 seconds,	 left	 on	 ice	 for	 30	

minutes,	and	then	vortexed	for	a	further	30	seconds.	Finally,	samples	were	centrifuged	at	10,000	xg	at	

4˚C	for	15	minutes.		

For	UPLC-MS	detection	of	estradiol	 in	conditioned	medium	the	methodology	of	Guo	et	al.	 [23]	

was	 used,	 with	 modifications.	 	 The	 separation	 of	 metabolites	 was	 carried	 out	 under	 reverse	 phase	

conditions	 using	 Fisher	 optima	 grade	 water	 as	 mobile	 phase	 A	 and	 optima	 grade	 methanol	 as	 mobile	

phase	B.		Supplementary	table	S1	shows	the	gradient	and	flow	rates	used.	Capillary,	cone	and	collision	

voltages	were	set	 to	1.6	KV,	30	V	and	32	V,	 respectively.	The	parent	 ion	 for	estradiol	was	detected	at	

269.2	m/z,	while	daughter	ions	were	detected	at	145.8	m/z	and	161.1	m/z.	

	

	

	

	

	

	

	

	

	

	

	

	

	

Time	 Solvent	A	(%)	 Solvent	B	(%)	
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0	 98	 2	

1	 98	 2	

2	 55	 45	

8	 55	 45	

9	 10	 90	

10	 10	 90	

15	 98	 2	

17	 98	 2	

Table	S1:	Liquid	Chromatography	inlet	gradients	used	for	detection	of	estrogens	in	conditioned	medium	and	cell	

lysates.	Solvent	A	=	Optima	grade	water	and	solvent	B	=	optima	grade	methanol.	Flow	rate	was	0.4	mL/min		

Estradiol	within	the	medium	exhibited	a	time-dependent	decrease	in	concentration,	consistent	with	first	

order	kinetics	(figure	S4a).	We	simulated	the	response	of	the	metabolic	model	to	1000	nM	estradiol,	and	

compared	this	to	experimental	data	(Figure	4a).	The	simulation	predicts	that	estradiol	rapidly	enters	the	

cell,	with	intracellular	levels	peaking	within	the	first	ten	minutes	before	decreasing	over	the	next	8	

hours.	Initial	simulations	demonstrated	a	non-linear	decrease	over	time,	but	significantly	

underpredicted	the	level	of	estrogen	remaining	in	the	medium,	suggesting	that	the	rate	of	clearance	

was	too	high.	It	is	well	established	that	primary	hepatocytes	lose	metabolic	capacity	over	time	in	

culture,	and	that	this	loss	is	not	even	across	all	enzyme	classes	[24,	25].	To	compensate	for	this,	‘a	

protein	expression	factor’	is	incorporated	into	the	model,	allowing	the	expression	of	all	proteins	in	the	

model	to	be	scaled	appropriately.	When	a	protein	expression	factor	of	0.1	was	used	the	predicted	

estradiol	concentration	over	time	was	contained	within	the	95%	confidence	intervals	for	the	

experimental	data	at	all	time	points.	Given	the	use	of	three	replicates	for	the	experimental	data,	this	

comparison	has	a	power	of	77%.		

	 To	examine	the	impact	of	parameter	robustness	on	model	predictions	we	performed	a	sensitivity	

analysis,	with	steady-state	concentration	of	medium	estradiol	as	the	measured	effect.	As	shown	in	

figure	S4b,	the	protein	expression	factor	and	biosynthesis	rate	were	the	two	most	sensitive	parameters.	

While	these	are	fitted	to	meet	the	observed	experimental	data,	they	are	held	constant	through	all	

simulations,	and	hence	this	sensitivity	is	not	a	significant	factor.	As	expected,	Kcat	and	Km	values	for	a	

number	of	metabolic	enzymes	were	also	shown	to	have	an	impact	on	predicted	medium	estradiol	

concentrations.	Derivation	of	robust	Km	paramaters	for	these	reactions	is	relatively	straightforward,	

with	several	publications	supporting	a	predicted	affinity	within	a	two-fold	margin	of	error.	In	

comparison,	the	calculation	of	Kcat	is	more	complex,	as	it	relies	on	two	factors:	accurate	estimation	of	

protein	levels	in	hepatocytes;	and,	estimation	of	the	protein	concentration	in	the	system(s)	used	for	

assessment	of	kinetic	data.	While	the	first	factor	can	be	derived	from	databases	such	as	MOPED	[19],	
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the	second	factor	is	more	complex	to	derive	as	the	required	information	is	rarely	presented	in	the	

literature.	As	such,	estimates	of	Kcat	are	more	likely	to	deviate	from	the	actual	value	by	larger	amounts.	

While	this	should	be	remembered	as	a	caveat	for	the	model,	it	should	be	noted	that	the	overall	impact	

of	any	errors	is	minimal	as	it	allows	the	robust	reproduction	of	the	in	vitro	metabolism	of	estradiol.	

However,	in	situation	where	the	level	of	individual	proteins	and/or	their	activity	is	examined	(e.g.	

prediction	of	genetic	variation),	this	uncertainty	may	be	more	important.	

	

	
Figure	S4:	Mechanistic	model	of	estrogen	metabolism	 in	the	 liver	reproduces	 in	vitro	data.	 (A)	Primary	human	

hepatocytes	were	exposed	to	1000nM	estradiol,	and	then	the	concentration	of	medium	estradiol	measured	over	

eight	 hours	 using	 LC-MS.	 Symbols	 represent	 mean	 concentration	 from	 three	 independent	 biological	 replicates,	

with	dashed	lines	representing	the	95%	confidence	interval	of	the	regression	curve.	Solid	lines	represent	simulated	

data.	(B)	Scaled	sensitivity	for	medium	estradiol			
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Reactions	 Parameters	 Refs	

v1	
Bile:	E13S	Clearance	

�13�Ο∃Τ( ∗ �1	[nM/h]	

k1	=	0	 	

v2	
Bile:	E217BG	Clearance	

�217��Ο∃Τ( ∗ �1	[nM/h]	

k1	=	0	

	
v3	

Hep:	2OHE1	->	2MeE1;	COMT	
,ξ�+�∗Σς∀>∗¤ξ∞ƒ

,ξ�+��♣σ
	[nM/h]	

kcat	=	198	h
-1

	

Km	=	7400	nM	
[18,	26,	27]	

v4	
Hep:	2OHE2	->	2MeE2;	COMT	

,ξ�+,∗Σς∀>∗¤ξ∞ƒ

,ξ�+,�♣σ
	[nM/h]	

kcat	=	408	h
-1

	

Km	=	108000	nM	
[18,	26,	27]	

v5	
Hep:	4OHE1	->	4MeE1;	COMT	

�ξ�+�∗Σς∀>∗¤ξ∞ƒ

�ξ�+��♣σ
	[nM/h]	

kcat	=	402	h
-1

	

Km	=	53000	
[18,	26,	27]	

v6	
Hep:	4OHE2	->	4MeE2;	COMT	

�ξ�+,∗Σς∀>∗¤ξ∞ƒ

�ξ�+,�♣σ
	[nM/h]	

kcat	=	204	h
-1

	

Km	=	24000	nM	
[18,	26,	27]	

v7	
Hep:	E1	->	16αOHE1;	CYP3A4	

♦�∗Σς∀>∗¤♥♠���

♦��♣σ
	[nM/h]	

kcat	=	30	h
-1

	

Km	=		64000	nM	
[28,	29]	

v8	
Hep:	E1	->	2OHE1;	CYP1A2	

+�∗Σς∀>∗¤♥♠��,

+��♣σ
	[nM/h]	

kcat	=	552	h
-1

	

Km	=	1900	nM	
[28,	29]	

v9	
Hep:	E1	->	2OHE1;	CYP3A4	

+�∗Σς∀>∗¤♥♠���

+��♣σ
	[nM/h]	

kcat	=	42	h
-1

	

Km	=	102000	nM	
[28,	29]	

v10	
Hep:	E1	->	4OHE1;	CYP1A2	

+�∗Σς∀>∗¤♥♠��,

+��♣σ
	[nM/h]	

kcat	=	120	h
-1

	

Km	=	17000	nM	
[28,	29]	

v11	
Hep:	E1	->	4OHE1;	CYP3A4	

+�∗Σς∀>∗¤♥♠���

+��♣σ
	[nM/h]	

kcat	=	30	h
-1

	

Km	=	78000	nM	
[28,	29]	

v12	
Hep:	E1	->	E13G;	UGT1A1	

+�∗Σς∀>∗↔←ƒ���

+,�♣σ
	[nM/h]	

kcat	=	15.2	h
-1

		

Km	=	38000	nM	
[30]	

v13	
Hep:	E1	->	E13G;	UGT1A3	

+�∗Σς∀>∗↔←ƒ���

+,�♣σ
	[nM/h]	

kcat	=	186.6	h
-1

	

Km	=	77000	nM	
[30]	

v14	
Hep:	E1	->	E13S;	SULT1E1	

+�∗Σς∀>∗↑↔→ƒ�+�

+��♣σ
	[nM/h]	

kcat	=	8.46e+6	h
-1	

km	=	6	nM	
[31]	

v15	
Hep:	E1	->	E2;	HSD17B1	

+�∗Σς∀>∗�↑β��ψ�

+,�♣σ
	[nM/h]	

kcat	=	5400	h
-1

	

Km	=	70000	nM	
[32]	

v16	
Hep:	E2	->	16αOHE2;	CYP1A2	

+,∗Σς∀>∗¤♥♠��,

+,�♣σ
	[nM/h]	

kcat	=	42	h
-1

	

Km	=	58000	nM	
[29]	

v17	
Hep:	E2	->	16αOHE2;	CYP3A4	

+,∗Σς∀>∗¤♥♠���

+,�♣σ
	[nM/h]	

kcat	=	24	h
-1

	

Km	=	75000	nM	
[29]	

v18	
Hep:	E2	->	2OHE2;	CYP1A2	

+,∗Σς∀>∗¤♥♠��,

+,�♣σ
	[nM/h]	

kcat	=	660	h
-1

	

Km	=	20000	nM	
[15,	29,	33]	

v19	
Hep:	E2	->	2OHE2;	CYP3A4	

+,∗Σς∀>∗¤♥♠���

+,�♣σ
	[nM/h]	

kcat	=	48	h
-1

	

Km	=	54000	nM	
[29,	33-35]	
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v20	
Hep:	E2	->	4OHE2;	CYP1A2	

+,∗Σς∀>∗¤♥♠��,

+,�♣σ
	[nM/h]	

kcat	=	54	h
-1

	

Km	=	28000	nM	
[29]	

v21	
Hep:	E2	->	4OHE2;	CYP3A4	

+,∗Σς∀>∗¤♥♠���

+,�♣σ
	[nM/h]	

kcat	=	18	h
-1

	

Km	=	111000	nM	
[29]	

v22	
Hep:	E2	->	E1;	HSD17B1	

+,∗Σς∀>∗�↑β��ψ�

+,�♣σ
	[nM/h]	

kcat	=	43.4	h
-1

	

Km	=	2000	nM	
[36]	

v23	
Hep:	E2	->	E1;	HSD17B2	

+,∗Σς∀>∗�↑β��ψ,

+,�♣σ
	[nM/h]	

kcat	=	16926	h
-1

	

Km	=	110000	nM	
[37]	

v24	
Hep:	E2	->	E217βG;	UGT1A1	

+,∗Σς∀>∗↔←ƒ���

+,�♣σ
	[nM/h]	

kcat	=	212.5	h
-1

	

Km	=	35000	nM	
[30]	

v25	
Hep:	E2	->	E217βG;	UGT1A3	

+,∗Σς∀>∗↔←ƒ���

+,�♣σ
	[nM/h]	

kcat	=	48.5	h
-1

	

Km	=	35000	nM	
[30]	

v26	
Hep:	E2	->	E217βG;	UGT2B7	

+,∗Σς∀>∗↔←ƒ,ψ�

+,�♣σ
	[nM/h]	

kcat	=	102.7	h
-1

	

Km	=	11000	nM	
[30]	

v27	
Hep:	E2	->	E23G;	UGT1A1	

+,∗Σς∀>∗↔←ƒ���

+,�♣σ
	[nM/h]	

kcat	=	470.6	h
-1

	

Km	=	23000	nM	
[30]	

v28	
Hep:	E2	->	E23G;	UGT1A3	

+,∗Σς∀>∗↔←ƒ���

+,�♣σ
	[nM/h]	

kcat	=	145.5	h
-1

	

Km	=	47000	nM	
[30]	

v29	
Hep:	E2	->	E23S;	SULT2A1	

+,∗Σς∀>∗↑↔→ƒ,��

+,�♣σ
	[nM/h]	

kcat	=	93.7	h
-1

	

Km	=	14	nM	
[38,	39]	

v30	
Hep:	E2	biosynthesis	

�������ℎ���� ∗ �1	[nM/h]	

k1	=	0.76	h
-1

	

	
v31	

Hep:	E2	binding	to	ER	

�2 ∗ �� ∗ �1 − �2. �� ∗ �2	[nM/h]	

k1	=	3600	h
-1

	

k2	=	900	h
-1

	

[2]	

v32	
Hep:	E2	binding	to	NSB	

�2 ∗ ��� ∗ �1 − �2. ��� ∗ �2	[nM/h]	

k1	=	0.1	h
-1

	

k2	=	0.1	h
-1

	

[2]	

v33	
Medium:	16αOHE1	->	degraded	

16����1 ∗ �1	[nM/h]	

k1	=	0	

	
v34	

Medium:	16αOHE2	->	degraded	

16����2 ∗ �1	[nM/h]	

k1	=	0	

	
v35	

Medium:	2MeE1	->	degraded	

2���1 ∗ �1	[nM/h]	

k1	=	0	

	
v36	

Medium:	2MeE2	->	degraded	

2���2 ∗ �1	[nM/h]	

k1	=	0	

	
v37	

Medium:	2OHE1	->	degraded	

2���1 ∗ �1	[nM/h]	

k1	=	0	

	
v38	

Medium:	2OHE2	->	degraded	

2���2 ∗ �1	[nM/h]	

k1	=	0	

	
v39	

Medium:	4MeE1	->	degraded	

4���1 ∗ �1	[nM/h]	

k1	=	0	

	v40	 Medium:	4MeE2	->	degraded	 k1	=	0	 	
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4���2 ∗ �1	[nM/h]	

v41	
Medium:	4OHE1	->	degraded	

4���1 ∗ �1	[nM/h]	

k1	=	0	

	

v42	
Medium:	4OHE2	->	degraded	

4���2 ∗ �1	[nM/h]	

k1	=	0	

	

v43	
Medium:	E1	->	degraded	

�1 ∗ �1	[nM/h]	

k1	=	0	

	

v44	
Medium:	E13G	->	degraded	

E13G	 ∗ �1	[nM/h]	

k1	=	0	

	

v45	
Medium:	E13S	->	degraded	

E13S	 ∗ �1	[nM/h]	

k1	=	0	

	

v46	
Medium:	E2	->	degraded	

�2 ∗ �1	[nM/h]	

k1	=	0	

	

v47	
Medium:	E217BG	->	degraded	

�217�� ∗ �1	[nM/h]	

k1	=	0	

	

v48	
Medium:	E23G	->	degraded	

�23� ∗ �1	[nM/h]	

k1	=	0	

	

v49	
Medium:	E23S	->	degraded	

�23� ∗ �1	[nM/h]	

k1	=	0	

	

v50	
Transport:	16αOHE1	basolat	->	hep	

16αOHE1 ∗ �1	[nM/h]	

k1	=	7.04	h
-1

	

[6,	20]	

v51	
Transport:	16aOHE1	basolat	->	medium	

16αOHE1 ∗ �1	[nM/h]	

k1	=	7.04	h
-1

	

[6,	20]	

v52	
Transport:	16aOHE1	hep	->	basolat	

16αOHE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v53	
Transport:	16aOHE1	medium	->	basolat	

16αOHE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v54	
Transport:	16aOHE2	basolat	->	hep	

16αOHE2 ∗ �1	[nM/h]	

k1	=	6.05	h
-1

	

[6,	20]	

v55	
Transport:	16aOHE2	basolat	->	medium	

16αOHE2 ∗ �1	[nM/h]	

k1	=	6.05	h
-1

	

[6,	20]	

v56	
Transport:	16aOHE2	hep	->	basolat	

16αOHE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v57	
Transport:	16aOHE2	medium	->	basolat	

16αOHE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v58	
Transport:	2MeE1	basolat	->	hep	

2MeE1 ∗ �1	[nM/h]	

k1	=	7.1	h
-1

	

[6,	20]	

v59	
Transport:	2MeE1	basolat	->	medium	

2MeE1 ∗ �1	[nM/h]	

k1	=	7.1	h
-1

	

[6,	20]	

v60	
Transport:	2MeE1	hep	->	basolat	

2MeE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v61	
Transport:	2MeE1	medium	->	basolat	

2MeE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v62	
Transport:	2MeE2	basolat	->	hep	

2MeE2 ∗ �1	[nM/h]	

k1	=	7.3	h
-1

	

[6,	20]	
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v63	
Transport:	2MeE2	basolat	->	medium	

2MeE2 ∗ �1	[nM/h]	

k1	=	7.3	h
-1

	

[6,	20]	

v64	
Transport:	2MeE2	hep	->	basolat	

2MeE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v65	
Transport:	2MeE2	medium	->	basolat	

2MeE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v66	
Transport:	2OHE1	basolat	->	hep	

2OHE1 ∗ �1	[nM/h]	

k1	=	6.63	h
-1

	

[6,	20]	

v67	
Transport:	2OHE1	basolat	->	medium	

2OHE1 ∗ �1	[nM/h]	

k1	=	6.63	h
-1

	

[6,	20]	

v68	
Transport:	2OHE1	hep	->	basolat	

2OHE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v69	
Transport:	2OHE1	medium	->	basolat	

2OHE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v70	
Transport:	2OHE2	basolat	->	hep	

2OHE2 ∗ �1	[nM/h]	

k1	=	7.9	h
-1

	

[6,	20]	

v71	
Transport:	2OHE2	basolat	->	medium	

2OHE2 ∗ �1	[nM/h]	

k1	=	7.9	h
-1

	

[6,	20]	

v72	
Transport:	2OHE2	hep	->	basolat	

2OHE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v73	
Transport:	2OHE2	medium	->	basolat	

2OHE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v74	
Transport:	4MeE1	basolat	->	hep	

4MeE1 ∗ �1	[nM/h]	

k1	=	7.08	h
-1

	

[6,	20]	

v75	
Transport:	4MeE1	basolat	->	medium	

4MeE1 ∗ �1	[nM/h]	

k1	=	7.08	h
-1

	

[6,	20]	

v76	
Transport:	4MeE1	hep	->	basolat	

4MeE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v77	
Transport:	4MeE1	medium	->	basolat	

4MeE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v78	
Transport:	4MeE2	basolat	->	hep	

4MeE2 ∗ �1	[nM/h]	

k1	=	7.25	h
-1

	

[6,	20]	

v79	
Transport:	4MeE2	basolat	->	medium	

4MeE2 ∗ �1	[nM/h]	

k1	=	7.25	h
-1

	

[6,	20]	

v80	
Transport:	4MeE2	hep	->	basolat	

4MeE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v81	
Transport:	4MeE2	medium	->	basolat	

4MeE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v82	
Transport:	4OHE1	basolat	->	hep	

4OHE1 ∗ �1	[nM/h]	

k1	=	6.6	h
-1

	

[6,	20]	

v83	
Transport:	4OHE1	basolat	->	medium	

4OHE1 ∗ �1	[nM/h]	

k1	=	6.6	h
-1

	

[6,	20]	

v84	
Transport:	4OHE1	hep	->	basolat	

4OHE1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v85	 Transport:	4OHE1	medium	->	basolat	 k1	=	3.6	h
-1

	 [6,	20]	
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4OHE1 ∗ �1	[nM/h]	

v86	
Transport:	4OHE2	basolat	->	hep	

4OHE2 ∗ �1	[nM/h]	

k1	=	6.94	h
-1

	

[6,	20]	

v87	
Transport:	4OHE2	basolat	->	medium	

4OHE2 ∗ �1	[nM/h]	

k1	=	6.94	h
-1

	

[6,	20]	

v88	
Transport:	4OHE2	hep	->	basolat	

4OHE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v89	
Transport:	4OHE2	medium	->	basolat	

4OHE2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v90	
Transport:	E1	basolat	->	hep	

E1 ∗ �1	[nM/h]	

k1	=	7.63	h
-1

	

[6,	20]	

v91	
Transport:	E1	basolat	->	medium	

E1 ∗ �1	[nM/h]	

k1	=	7.63	h
-1

	

[6,	20]	

v92	
Transport:	E1	hep	->	basolat	

E1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v93	
Transport:	E1	medium	->	basolat	

E1 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v94	
Transport:	E13G	basolat	->	hep	

E13G ∗ �1	[nM/h]	

k1	=	5.53	h
-1

	

[6,	20]	

v95	
Transport:	E13G	basolat	->	medium	

E13G ∗ �1	[nM/h]	

k1	=	5.53	h
-1

	

[6,	20]	

v96	
Transport:	E13G	hep	->	basolat	

E13G ∗ �1	[nM/h]	

k1	=	3.61	h
-1

	

[6,	20]	

v97	
Transport:	E13G	medium	->	basolat	

E13G ∗ �1	[nM/h]	

k1	=	3.61	h
-1

	

[6,	20]	

v98	
Transport:	E13S	apical	->	bile	

E13S ∗ �1	[nM/h]	

k1	=	5.04	h
-1

	

[6,	20]	

v99	
Transport:	E13S	apical	->	hep	

E13S ∗ �1	[nM/h]	

k1	=	5.04	h
-1

	

[6,	20]	

v100	
Transport:	E13S	basolat	->	hep	

E13S ∗ �1	[nM/h]	

k1	=	5.04	h
-1

	

[6,	20]	

v101	
Transport:	E13S	basolat	->	medium	

E13S ∗ �1	[nM/h]	

k1	=	5.04	h
-1

	

[6,	20]	

v102	
Transport:	E13S	bile	->	apical	

E13S ∗ �1	[nM/h]	

k1	=	3.64	h
-1

	

[6,	20]	

v103	
Transport:	E13S	E13S	hep	->	apical	

E13S ∗ �1	[nM/h]	

k1	=	3.64	h
-1

	

[6,	20]	

v104	
Transport:	E13S	hep	->	basolat	

E13S ∗ �1	[nM/h]	

k1	=	3.64	h
-1

	

[6,	20]	

v105	
Transport:	E13S	medium	->	basolat	

E13S ∗ �1	[nM/h]	

k1	=	3.64	h
-1

	

[6,	20]	

v106	
Transport:	E13S	hep	->	bile;	ABCG2	

+��↑∗Σς∀>∗�ψ¤←,

+��↑�♣σ
	[nM/h]	

kcat	=	150	h
-1	

km	=	17000	nM	
[40]	

v107	 Transport:	E2	basolat	->	hep	 k1	=	7.17	h
-1

	 [6,	20]	
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E2 ∗ �1	[nM/h]	

v108	
Transport:	E2	basolat	->	medium	

E2 ∗ �1	[nM/h]	

k1	=	7.17	h
-1

	

[6,	20]	

v109	
Transport:	E2	hep	->	basolat	

E2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v110	
Transport:	E2	medium	->	basolat	

E2 ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v111	
Transport:	E217βG	apical	->	bile	

E217βG ∗ �1	[nM/h]	

k1	=	5.09	h
-1

	

[6,	20]	

v112	
Transport:	E217βG	apical	->	hep	

E217βG ∗ �1	[nM/h]	

k1	=	5.09	h
-1

	

[6,	20]	

v113	
Transport:	E217βG	basolat	->	hep	

E217βG ∗ �1	[nM/h]	

k1	=	5.09	h
-1

	

[6,	20]	

v114	
Transport:	E217βG	basolat	->	medium	

E217βG ∗ �1	[nM/h]	

k1	=	5.09	h
-1

	

[6,	20]	

v115	
Transport:	E217βG	bile	->	apical	

E217βG ∗ �1	[nM/h]	

k1	=	3.63	h
-1

	

[6,	20]	

v116	
Transport:	E217βG	hep	->	apical	

E217βG ∗ �1	[nM/h]	

k1	=	3.63	h
-1

	

[6,	20]	

v117	
Transport:	E217βG	hep	->	basolat	

E217βG ∗ �1	[nM/h]	

k1	=	3.63	h
-1

	

[6,	20]	

v118	
Transport:	E217βG	medium	->	basolat	

E217βG ∗ �1	[nM/h]	

k1	=	3.63	h
-1

	

[6,	20]	

v119	
Transport:	E217βG	E217BG	hep	->	bile;	ABCG2	

+,��≡≈∗Σς∀>∗�ψ¤←,

+,��≡≈�♣σ
	[nM/h]	

kcat	=	372417	h
-1	

km	=	44200	nM	
[41]	

v120	
Transport:	E217βG	E217BG	hep	->	bile;	MDR1	

+,��≡≈∗Σς∀>∗∞βω�

+,��≡≈�♣σ
	[nM/h]	

kcat	=	61981	h
-1	

km	=	6200	nM	
[42]	

v121	
Transport:	E217βG	E217BG	hep	->	bile;	MRP2	

+,��≡≈∗Σς∀>∗∞ω♠,

+,��≡≈�♣σ
	[nM/h]	

kcat	=	1.9e+7	h
-1	

km	=	98000	nM	
[43]	

v122	
Transport:	E217βG	E217BG	hep	->	apical;	MRP3	

+,��≡≈∗Σς∀>∗∞ω♠�

+,��≡≈�♣σ
	[nM/h]	

kcat	=	62976	h
-1	

km	=	26000	nM	
[44]	

v123	
Transport:	E217βG	E217BG	hep	->	apical;	MRP4	

+,��≡≈∗Σς∀>∗∞ω♠�

+,��≡≈�♣σ
	[nM/h]	

kcat	=	305035	h
-1	

km	=	30000	nM	
[45]	

v124	
Transport:	E23G	basolat	->	hep	

E23G ∗ �1	[nM/h]	

k1	=	5.09	h
-1

	

[6,	20]	

v125	
Transport:	E23G	basolat	->	medium	

E23G ∗ �1	[nM/h]	

k1	=	5.09	h
-1

	

[6,	20]	

v126	
Transport:	E23G	hep	->	basolat	

E23G ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v127	
Transport:	E23G	medium	->	basolat	

E23G ∗ �1	[nM/h]	

k1	=	3.6	h
-1

	

[6,	20]	

v128	 Transport:	E23S	basolat	->	hep	 k1	=	4.22	h
-1

	 [6,	20]	
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E23S ∗ �1	[nM/h]	

v129	
Transport:	E23S	basolat	->	medium	

E23S ∗ �1	[nM/h]	

k1	=	4.22	h
-1

	

[6,	20]	

v130	
Transport:	E23S	hep	->	basolat	

E23S ∗ �1	[nM/h]	

k1	=	3.97	h
-1

	

[6,	20]	

v131	
Transport:	E23S	medium	->	basolat	

E23S ∗ �1	[nM/h]	

k1	=	3.97	h
-1

	

[6,	20]	

v132	
Transport:	Diffusion	limited	access	in	medium:	E2free	=	E2	

E2free ∗ �1 − �2 ∗ �2	[nM/h]	

k1	=	3600	h
-1	

k2	=	3600	h
-1

	 [12]	

	

Balance	Equations	

�2���2(�������)

��
	

	v64	+	v65	–	v62	–	v63	[nM/h]	

�2�217��(�������)

��
	

	v117	+	v118	–	v113	–	v114	[nM/h]	

�4���2(�������)

��
	

	v88	+	v89	–	v70	–	v71	[nM/h]	

�2���2(�������)

��
	

	v72	+	v73	–	v62	–	v63	[nM/h]	

��2(�������)

��
	

	v109	+	v110	–	v107	–	v108	–	v31	[nM/h]	

�2�13�(�������)

��
	

	v96	+	v97	–	v94	–	v95	[nM/h]	

�2�1(�������)

��
	

	v92	+	v93	–	v90	–	v91	[nM/h]	

��23�(�������)

��
	

	v130	+	v131	–	v128	–	v129	[nM/h]	

��13�(�������)

��
	

	v104	+	v105	–	v100	–	v101	[nM/h]	

��23�(�������)

��
	

	v126	+	v127	–	v124	–	v125	[nM/h]	

�16����1(�������)

��
	

	v52	+	v53	–	v50	–	v51	[nM/h]	

�2���1(�������)

��
	

	v68	+	v69	–	v66	–	v67	[nM/h]	

16����2(�������)

��
	

	v56	+	v57	–	v54	–	v55	[nM/h]	

�4���1(�������)

��
	

	v84	+	v85	–	v82	–	v83	[nM/h]	

�4���2(�������)

��
	

	v80	+	v81	–	v78	–	v79	[nM/h]	

�2���1(�������)

��
	

	v60	+	v61	–	v58	–	v59	[nM/h]	

�4���1(�������)

��
	

	v76	+	v77	–	v74	–	v75	[nM/h]	

��217��(������)

��
	

	v115	+	v116	–	v110	–	v111	[nM/h]	
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��13�(������)

��
	

	v102	+	v103	–	v98	–	v99	[nM/h]	

��2(������)

��
	

	v108	+	v132	–	v110	–	v46	[nM/h]	

��1(������)

��
	

	v91	–	v93	–	v43	[nM/h]	

��217��(������)

��
	

	v142	+	v122	+	v123	–	v118	–	v47	[nM/h]	

���(������)

��
	

	–	v31	[nM/h]	

��2. ��(������)

��
	

	v31	[nM/h]	

�2���2(ℎ���)

��
	

	v62	+	v4	–	v63		[nM/h]	

��23�(ℎ���)

��
	

	v128	+	v29	–	v130		[nM/h]	

��13�(ℎ���)

��
	

	v94	+	v12	+	v13	–	v96		[nM/h]	

�2���2(ℎ���)

��
	

	v70	+	v18	+	v19	–	v72		[nM/h]	

�4���2(ℎ���)

��
	

	v86	+	v20	+	v21	–	v88	–	v6	[nM/h]	

��2(ℎ���)

��
	

	v30	+	v175	+	v15	–	v109	–	v32	–	v16	–	v17	–	v18	–	v19	–	v20	–	v21	–	

v21	–	v23	–	v24	–	v25	–v26	–	v27	–	v28	–	v29	[nM/h]	

��1(ℎ���)

��
	

	v90	+	v22	+	v23	–	v92	–	v7	–	v8	–	v9	–	v10	–	v11	–	v12	–	v13	–	v15	–	

v14	[nM/h]	

��13�(ℎ���)

��
	

	v99	+	v100	+	v14	–	v103	–	v104	–	v105	[nM/h]	

��217��(ℎ���)

��
	

	v112	+	v113	+	v24	+	v25	+	v65	–	v116	–	v117	–	v119	–	v120	–	v121	–	

v122	–	v123	[nM/h]	

��23�(ℎ���)

��
	

	v124	+	v27	+	v28	–	v126	[nM/h]	

�16����1(ℎ���)

��
	

	v50	+	v7	–	v52	[nM/h]	

�2���1(ℎ���)

��
	

	v66	+	v8	+	v9	–	v68	–	v3	[nM/h]	

�16����2(ℎ���)

��
	

	v54	+	v16	+	v17	–	v56	[nM/h]	

�4���1(ℎ���)

��
	

	v82	+	v10	+	v11	–	v84	–	v5	[nM/h]	

�4���2(ℎ���)

��
	

	v78	+	v6	–	v80	[nM/h]	

�2���1(ℎ���)

��
	

	v58	+	v3	–	v52	[nM/h]	

�4���1(ℎ���)

��
	

	v74	+	v5	–	v76	[nM/h]	

��2. ���(ℎ���)

��
	

	v40	[nM/h]	

����(ℎ���)

��
	

		–	v40		[nM/h]	
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Global	Quantities	

Parameter	 Assignment	 Ref	

Biosynthesis	Rate	Constant	 �������	����������	������ ∗ 6	 *	

Clearance:	extra	hepatic	(CLeh)	 0	 	

Protein	Expression	Factor	 0.1	 [24,	46]	

*	Biosynthesis	rate	constant	was	fitted	to	produce	a	steady-state	estradiol	concentration	consistent	with	

the	experimental	data	

Initial	Conditions	

Parameter	 Assignment	 Ref	

ABCG2	(heps)	 83 ∗ �������	����������	������	[nM]	 [19,	47]	

COMT	(heps)	 596 ∗ �������	����������	������	[nM]	 [19,	47]	

CYP1A2	(heps)	 13878 ∗ �������	����������	������	[nM]	 [19,	47]	

CYP3A4	(heps)	 10219 ∗ �������	����������	������	[nM]	 [19,	47]	

HSD17β1	(heps)	 541 ∗ �������	����������	������	[nM]	 [19,	47]	

HSD17β2	(heps)	 1435 ∗ �������	����������	������	[nM]	 [19,	47]	

MDR1	(heps)	 223 ∗ �������	����������	������	[nM]	 [19,	47]	

MRP2	(heps)	 153 ∗ �������	����������	������	[nM]	 [19,	47]	

MRP3	(heps)	 362 ∗ �������	����������	������	[nM]	 [19,	47]	

MRP4	(heps)	 100 ∗ �������	����������	������	[nM]	 [19,	47]	

SULT1E1	(heps)	 2932 ∗ �������	����������	������	[nM]	 [19,	47]	

SULT2A1	(heps)	 64067 ∗ �������	����������	������	[nM]	 [19,	47]	

UGT1A1	(heps)	 1980 ∗ �������	����������	������	[nM]	 [19,	47]	

UGT1A3	(heps)	 2684 ∗ �������	����������	������	[nM]	 [19,	47]	

UGT2B7	(heps)	 17959 ∗ �������	����������	������	[nM]	 [19,	47]	
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Quasi	steady-state	Petri	net	model	of	estrogen	metabolism	

	

Figure	S5:	Quasi	steady-state	Petri	net	 (QSSPN)	model	of	estrogen	metabolism.	The	model	 is	constructed	 in	

Petri	net	formalism,	where	circles	represent	pre-	and	post-	places	(i.e.	molecular	species),	and	squares	

represent	 transitions	 (i.e.	 reactions).	 Places	 contain	 tokens	 that	 represent	 the	 number	 of	 a	 given	

molecular	 species.	 Places	 and	 transitions	 are	 connected	 in	 two	 ways:	 directed	 arcs	 (line	 with	 arrow	

head)	 denotes	 the	 movement	 of	 tokens	 from	 the	 pre-place	 to	 the	 post-place,	 representing	 metabolic	

conversions	or	transport;	read	arcs	(line	with	filled	circle)	denotes	the	appearance	of	a	token	in	the	post-

place	that	does	not	consume	a	token	from	the	pre-place,	representing	catalysis	or	molecular	interation	

for	 example.	 The	 model	 is	 divided	 into	 several	 functional	 units,	 indicated	 by	 the	 grey-hatched	 boxes.	

These	 represent	 signalling	 (transcription	 factor	 activation	 and	 gene	 expression),	 constraints	 (liver	

turnover	and	glucose-lactate	dFBA),	objective	functions	and	connection	with	the	PBPK	model,	which	is	

also	represented	in	Petric	net	formalism.	

	

Model	Overview	

In	QSSPN,	molecular	 interactions	are	assigned	 into	one	of	 two	sets,	dependent	upon	 the	 timescale	of	

operation:	(1)	fast	reactions	(i.e.	millisecond	timescale)	are	designated	quasi-steady	state	fluxes,	and	are	

reconstructed	 using	 constraint-based	 modelling	 [48].	 This	 set	 most	 commonly	 includes	 metabolic	 and	

transport	 reactions;	 (2)	 the	 dynamic	 transition	 set	 includes	 all	 reactions	 that	 occur	 over	 longer	

timescales	 (i.e.	 seconds	 to	 hours),	 and	 is	 reconstructed	 using	 an	 extended	 Petri	 net	 [49];	 This	 set	

includes	signalling	pathways	and	gene	regulation.	As	these	two	sets	occur	over	different	timescales,	we	

assume	 a	 quasi	 steady-state	 due	 to	 timescale	 separation:	 effectivley,	 metabolic	 reactions	 occur	 in	 a	
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series	of	steady-states,	each	one	slightly	differnt	as	informed	by	the	gene	and	signal	regulatory	network	

reconstructed	 in	 the	 Petri	 net.	 For	 a	 full	 description	 of	 QSSPN,	 and	 its	 attendant	 software	 MuFINS,	

please	see	the	accompanying	papers	[50,	51].	

QSSPN	models	are	constructed	 in	Petri	Net	 formalism	using	the	SNOOPY	graphical	editor	 [52],	

which	can	be	directly	imported	into	the	MuFINS	software.	The	current	model	has	a	number	of	function	

units,	 indicated	 by	 the	 hatched	 grey	 boxes	 in	 figure	 S5.	 Gene	 regulation	 by	 phenytoin	 is	 reproduced	

through	the	 interaction	of	phenyoin	with	 the	pregnane	X-receptor	 (PXR),	 forming	PXRact.	This	species	

then	 activates	 transcription	 and	 translation	 or	 PXR	 target	 genes,	 the	 expression	 level	 of	 which	 set	

bounds	 for	 mapped	 reactions	 in	 Recon2.	 Liver	 turnover	 is	 used	 to	 set	 a	 constraint	 on	 the	 biomass	

reaction,	representing	the	minimum	level	of	resources	(e.g.	amino	acids,	ATP,	nucleotides	etc.)	required	

for	 the	 hepatocyte	 to	 be	 able	 to	 replenish	 itself.	 Objective	 functions	 set	 the	 reactions	 or	 metabolites	

that	will	be	maximised	during	FBA.	In	this	case,	metabolites	representing	external	glucose	and	estradiol	

degradation	 are	 used,	 with	 fluxes	 of	 interest	 extracted	 from	 the	 sample	 FBA	 solution	 to	 monitor	 the	

behaviour	of	the	system.	These	fluxes	are	scaled	by	the	number	of	hepatocytes	present	in	a	liver	(or	red	

blood	cells)	 to	reflect	whole	body	physiology.	The	model	 is	connected	to	the	PBPK	model	through	the	

species	E2{liver}.	

A	major	role	of	the	 liver	 is	to	buffer	 lactate	 levels	 in	the	blood,	preventing	acidosis.	Red	blood	

cells	produce	lactate	through	respiration,	and	this	is	secreted	into	the	blood.	The	liver	consumes	lactate	

from	the	blood,	converting	it	into	glucose.	The	glucose	objective	within	the	QSSPN	forms	part	of	a	dFBA	

module	reproducting	this	behaviour.	It	adds	an	additional	constraint	whereby	the	GSMN	must	maintain	

glucose	 and	 lactate	 levels	 in	 the	 blood	 at	 4mM	 and	 1.5mM,	 respectively	 (Figure	 S5;	 [19]).	 A	 second	

important	role	of	the	liver	is	the	detoxification	of	ammonia,	a	product	of	amino	acide	degradation.	The	

liver	converts	ammonia	to	urea,	which	can	then	be	excreted	from	the	body	 in	urine.	The	flux	towards	

urea	 production	 is	 measured	 from	 the	 estradiol	 degradation	 objective	 function,	 and	 scaled	 by	 the	

number	 of	 hepatocytes	 to	 predict	 urea	 flux	 into	 the	 blood.	 Urea	 is	 removed	 through	 a	 transition	

representing	 excretion	 from	 the	 body,	 with	 the	 rate	 fitted	 to	 produce	 the	 known	 blood	 urea	 level,	

approximately	4mM	(Figure	S6b;	[19]).	Neither	estrogen	or	phenytoin	exposure	impact	on	the	predicted	

blood	urea	levels	(data	not	shown).	

Addition	 of	 phenytoin	 to	 the	 model	 results	 in	 activation	 of	 the	 nuclear	 receptor	 PXR,	 and	

increased	 expression	 of	 PXR	 target	 genes.	 Figure	 S6c	 shows	 that	 upon	 addition	 of	 80µM	 phenytoin	

(time=0),	 an	 increase	 in	 target	 gene	 mRNA	 occurs,	 and	 is	 reaches	 a	 new	 steady	 state	 within	

approximately	4	hours.	Protein	 levels	also	 increase,	approaching	a	new	steady	state	by	the	end	of	the	

simulation	period	(48	hours).	As	protein	levels	pass	the	thresholds	specificed	within	the	QSSPN	model,	

bounds	for	mapped	reactions	are	 increased.	 In	the	case	of	the	PXR	target	gene	CYP3A4,	this	 increases	

the	capacity	of	the	metabolic	network	to	convert	estradiol	to	its	catecholamine	metabolites,	leading	to	

increases	in	the	estradiol	degradation	flux	(Figure	S6c)					
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Figure	S6:	Simulation	results	for	PBPK-GMSN	model	of	estradiol	in	women.	The	response	of	the	body	to	a	

1mg	oral	dose	of	estradiol	was	simulated	over	48	hours	and	the	levels	of	(A)	estradiol	and	(B)	glucose,	

lactate	and	urea	predicted	in	the	blood.	(C)	The	simulation	was	re-run	with	the	addition	of	80µM	

phenytoin.	mRNA	and	protein	levels	of	the	PXR	target	gene	CYP3A4	were	predicted,	as	well	as	the	flux	

towards	estradiol	degradation		 	
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Anthropometric	Data	

Overview	

To	generate	a	virtual	patient	population,	data	was	extracted	from	the	2013-14	U.S.	National	Health	and	

Nutrition	Examination	Survey	(NHANES	[53]).	Data	for	1495	females	were	extracted	using	the	age	range	

18-45	 inclusive,	 to	 represent	 a	 post-pubescent	 but	 pre-menopausal	 population.	 The	 first	 ten	 of	 these	

were	 selected	 to	 act	 as	 the	 virtual	 patient	 population.	 The	 anthropometric	 data	 for	 age,	 weight	 and	

height	 did	 not	 differ	 significantly	 between	 this	 sub-population	 and	 the	 total	 dataset.	 We	 do	 note,	

however,	that	the	mean	weight	is	significantly	higher	than	the	commonly	used	60kg	for	a	female,	being	

75.7kg.	 In	 addition,	 the	 distribution	 is	 significantly	 non-normal.	 These	 represent	 a	 modern	 U.S.	

population,	 and	 reflect	 the	 increase	 in	 obese	 individuals	 within	 this	 population	 during	 the	 last	 few	

decades.	

	

	

Figure	S7:	Summary	anthropometric	statistics	for	NHANES	2013-14.	Anthropometric	data	for	age,	weight	and	

height	 for	 females	 18-45	 were	 extracted	 from	 the	 2013-14	 NHANES.	 Individual	 values	 are	 presented,	

along	with	the	population	mean	(±	s.d.)	
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