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Abstract

Ischemia-reperfusion injury (IRI) is an intrinsic risk associated with liver transplantation. Ex vivo hepatic machine perfusion (MP) is
an emerging organ preservation technique that can mitigate IRI, especially in livers subjected to prolonged warm ischemia time
(WIT). However, a method to quantify the biological response to WIT during MP has not been established. Previous studies used
physiologically based pharmacokinetic (PBPK) modeling to demonstrate that a decrease in hepatic transport and biliary excretion
of the tracer molecule sodium fluorescein (SF) could correlate with increasing WIT in situ. Furthermore, these studies proposed
intracellular sequestration of the hepatocyte canalicular membrane transporter multidrug resistance-associated protein 2 (MRP2)
leading to decreased MRP2 activity (maximal transport velocity; Vmax) as the potential mechanism for decreased biliary SF excre-
tion. We adapted an extant PBPK model to account for ex vivo hepatic MP and fit a six-parameter version of this model to con-
trol time-course measurements of SF in MP perfusate and bile. We then identified parameters whose values were likely
insensitive to changes in WIT and fixed them to generate a reduced model with only three unknown parameters. Finally, we fit
the reduced model to each individual biological replicate SF time course with differing WIT, found the mean estimated value for
each parameter, and compared them using a one-way ANOVA. We demonstrated that there was a significant decrease in the
estimated value of Vmax for MRP2 at the 30-min WIT. These studies provide the foundation for future studies investigating real-
time assessment of liver viability during ex vivo MP.

NEW & NOTEWORTHY We developed a computational model of sodium fluorescein (SF) biliary excretion in ex vivo machine
perfusion and used this model to assess changes in model parameters associated with the activity of MRP2, a hepatocyte mem-
brane transporter, in response to increasing warm ischemia time. We found a significant decrease in the parameter value
describing MRP2 activity, consistent with a role of decreased MRP2 function in ischemia-reperfusion injury leading to decreased
secretion of SF into bile.

ischemia-reperfusion injury; liver transplantation; machine perfusion; physiologically based pharmacokinetic modeling; sodium flu-
orescein excretion

INTRODUCTION

Liver transplantation (LT) is considered to be the only defini-
tive treatment for end-stage liver diseases (1). Because of the
scarcity of donors and the rising incidence of liver disease (e.g.,
hepatocellular carcinoma), there is a pressing requirement for

methodologies that not only increase the pool of transplantable
organs but also facilitate the assessment of liver viability before
LT (2–7). To expand the donor organ pool, there has been an
increased adoption of “marginal” organs, characterized by an
extended warm ischemia time (WIT), with the aid of machine
perfusion (MP) technology (8–10). WIT is defined as the period
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from the cessation of blood flow to the point of perfusion with
a cold preservation solution, which critically amplifies the
extent of ischemia-reperfusion injury (IRI) (11, 12). Recently,
normothermic MP has been associated with better early liver
function compared with the traditional static cold storage
methods (13). Thus, normothermic, ex vivo MP may represent
a strategy for reducing IRI, which ultimately may increase the
number of viable organs available for use in LT. Given the rela-
tive novelty of this technique, however, there is an eminent
need for increased understanding of the physiological changes
that occur during hepatic IRI and ex vivoMP.

Bile production has been identified as a tool to assess liver
viability for transplantation (14). Furthermore, recent studies
have shown that decreased hepatic transport and biliary
excretion of the Food and Drug Administration (FDA)-
approved tracer molecule sodium fluorescein (SF) is associ-
ated with increased WIT and hepatic IRI in rats (10, 15).
Specifically, SF and its metabolite SF glucuronate (SFG) are
transported into the hepatocyte via the organic anionic-
transporting polypeptide 1B2 (OATP1B2) transporter (16–18).
Both SF and SFG are thought to be transported out of the he-
patocyte into the sinusoid via the multidrug resistance-asso-
ciated protein 3 (MRP3) transporter due to structural
similarity to other molecules conjugated with fluorescein (17,
19–21). Finally, SF and SFG are thought to be excreted into
the bile via the hepatocyte canalicular membrane trans-
porter MRP2 (10, 15, 17). It is thought that, in the presence of
hepatic IRI, MRP2 is sequestered inside the hepatocytes,
away from the canalicular membrane, decreasing the overall
capacity of the hepatocytes to transport SF (and other
metabolites) into the bile in a dose-dependent manner (10,
15, 22). Although this has been studied previously in situ,
there are currently no studies examining biliary SF excre-
tion kinetics in ex vivo MP livers (10, 15). In addition, data-
driven physiologically based pharmacokinetic (PBPK) mod-
eling provides a mechanistic and quantitative approach to
connect variations in hepatocyte transport and biliary
excretion of SF due to hepatic IRI with variations in physio-
logical parameters representative of the dominant proc-
esses defining liver viability through the process of model
parameterization.

The primary goal of this study was to 1) develop and
parameterize a data-driven PBPKmodel describing perfusate
and biliary SF excretion kinetics during ex vivo MP of livers,
2) use the ex vivoMP liver PBPKmodel to describe SF kinetic
data measured in-house with varying levels of WIT and he-
patic IRI, and 3) correlate changes in the model parameter
values with increasing WIT and hepatic IRI. We hypothe-
sized that increasing WIT and hepatic IRI will correlate with
a decrease in the model parameter value associated with
MRP2-mediated SF transport into the bile. We tested this hy-
pothesis by fitting our model to the ex vivo MP SF kinetic
data from perfusate and bile with varying levels of WIT.
Overall, these studies aim to develop a correlation between
WIT and MRP2 activity using quantitative analysis of SF
excretion obtained from ex vivo MP rat livers. These studies
aim to serve as a foundation for future quantitative research
investigating real-time assessment of liver viability during
ex vivo MP, which we hope will eventually be able to be used
as a clinical benchmark to help inform liver viability during
transplant.

MATERIALS AND METHODS

SF Excretion Measurements of Ex Vivo Machine-
Perfused Livers with Varying Levels of IRI

To quantify the effects of IRI on hepatocyte bile produc-
tion, sodium fluorescein (SF) excretion data for ex vivo rat
livers undergoing machine perfusion (MP) were obtained
using the experimental protocol described in Fig. 1A, which
was adapted from Ref. 4. All animals were housed in an ani-
mal facility accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care. Animals had
ad libitum access to Purina LabDiet 5001 and reverse osmosis
water. All animals received humane care in accordance with
the National Institutes of Health’s Guide for Care and Use of
Laboratory Animals. The Institutional Animal Care and Use
Committee at the Medical College of Wisconsin approved all
experiments (application no. 00004857). Briefly, livers from
male, anesthetized (1%–3% isoflurane inhalation anesthesia
with 1 L/min O2), Sprague-Dawley rats (Charles River
Laboratories) were subjected to 0 (control), 10, 20, or 30 min
of warm ischemia time (WIT) (henceforth I10, I20, and I30,
respectively) by ligation of the hepatic artery and portal vein
using the protocol described. After the designated WIT, the
infrahepatic IVC was ligated, the portal vein was cannulated
with a 16-gauge catheter, and the bile duct was cannulated
with polyethylene tubing (PE10; Braintree Scientific). The
chest cavity was opened, and the suprahepatic IVC was can-
nulated with PE10 tubing. Livers were flushed with 50 mL of
lactated Ringer’s solution with 50 units of heparin (SAGENT
Pharmaceuticals), removed from the body cavity, and then
subjected to cold ischemia time (CIT) using cold lactated
Ringer’s solution while the MP system was prepared. To
ensure consistent cold ischemic injury across all samples, in
addition to varying WIT, we incorporated 3 h of CIT for all liv-
ers. This also provided adequate and uniform preparation
time for ex vivomachine perfusion setup in this experiment.

Next, livers were perfused for 1 h using the custom ex vivo
MP system described in Ref. 4. In brief, the normothermic
machine perfusion systemwas primed with 100mL of perfus-
ate [Dulbecco’s modified Eagle’s medium ¼ 72.3 mL, human
4% albumin ¼ 3.2 mL, human insulin aspart (100 IU/mL) ¼ 2
mL, penicillin-streptomycin (10,000 U/mL) ¼ 1 mL, L-gluta-
mine (200 mM) ¼ 1 mL, porcine packed red blood cell ¼ 20
mL, heparin (1,000 U/mL) ¼ 0.5 mL, and taurocholic acid so-
dium salt ¼ 25 mg] in a glass reservoir, which was placed on a
magnetic stirrer maintaining a temperature of �38�C. The
system was connected to a peristaltic pump and the oxygena-
tor. The portal vein was connected to the inflow of the system,
and the suprahepatic IVC was connected to the outflow. The
initial flow rate was set at 5 mL/min and was increased by 5
mL/min every 5 min up to a maximum of 30 mL/min or 12
mmHg of portal venous pressure. Subsequently, 0.4 mg/kg
(total rat weight) of SF (Sigma-Aldrich) was injected into the
reservoir perfusate at the end of the 1-h period. Finally, SF flu-
orescence measurements in the perfusate and bile were taken
at indicated time points using a CLARIOstar (BMG Labtech,
Ortenberg, Germany) microplate reader set at excitation
wavelength of 478 nm and emission wavelength of 505–552
nm using a gain of 1,000 for perfusate and 500 for bile (15).
Fluorescence measurements for five (IRI) or six (control)
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biological replicates from MP perfusate and bile for each
IRI duration are presented in Fig. 1B. Time-course fluores-
cence measurements for individual rats can be found in
Supplemental Fig. S1.

Calibration of Fluorescent Measurements and
Conversion to Units of Concentration

To convert between units of fluorescence and concentra-
tion, calibration curves were developed relating the two
quantities in both perfusate and bile background matrices.
These calibration curves are presented in Fig. 2A. Known
quantities of SF (x-axis) were spiked into MP perfusate, and
SF fluorescence was measured (y-axis). Linear regression was
performed to generate a relationship between SF fluores-
cence and concentration in MP perfusate. The bile calibra-
tion curve was adapted from Ref. 10. Individual fluorescence
measurements from Fig. 1B were then converted to units of
concentration by first subtracting background values (i.e.,
fluorescence at t ¼ 0 min) and then converting to concentra-
tion units via the calibration curve (Fig. 2B). The calibrated
time-course concentration measurements for individual rats
can be found in Supplemental Fig. S2. Of note, experimental
parameters (e.g., perfusate flow rates, bile volumes) were

recorded simultaneously with fluorescence measurements.
To maximize the number of complete datasets available for
modeling, any missing experimental variables for specific
time points were filled in with themean of the prior and sub-
sequent time points containing values for that variable for a
particular replicate.

Development of Ex Vivo Liver MP Computational Model

Figure 1A (left) shows a blueprint of the liver MP system
involving hepatic transport and biliary excretion. This infor-
mation was then translated into a schematic of SF biliary
excretion during ex vivo liver MP (Fig. 3). This schematic was
the foundation for the generation of the ordinary differential
equations (ODEs) for the physiologically based pharmacoki-
netic (PBPK) model used in subsequent analyses. In this
schematic, SF is injected into the perfusate-containing reser-
voir of the MP system over a short duration. The total vol-
ume of the reservoir (VR,tot) is 100 mL. Given the brevity of
the injection process, it was appropriate to set the initial con-
centration of SF [rat weight � 0.4 (mg/kg)/VR1] in the injec-
tion reservoir (reservoir 1) to be the initial condition for this
region; VR1 (reservoir 1 volume) is estimated from the meas-
ured initial concentration of SF in reservoir 1 for each

Figure 1. Experimental ex vivo liver machine per-
fusion (MP) data obtained by The Dr. Joohyun
Kim Laboratory (Froedtert Hospital Division of
Transplant Surgery). A: schematic of the ex vivo
liver MP experimental setup (left) and experimen-
tal timeline (right). B: sodium fluorescein (SF) fluo-
rescence measurements in perfusate and bile
over 60 min with varying levels of warm ischemia
time (WIT). Data are means ± SE (n ¼ 5 or 6 bio-
logical replicates).
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experiment. In addition, we assumed that perfusate sam-
pling occurred from reservoir 1. Although a stir bar was pres-
ent, allowing for mixing, we found through iterative model
design that it was necessary to account for incomplete mix-
ing by adding a mixing region (reservoir 2), which communi-
cates with the rest of the MP system and has volume
VR,2¼ 100 – VR,1 mL. Thus, SF is injected into reservoir 1 and
can then diffuse into reservoir 2 (characterized by mixing
constant Kmix). For simplicity, we defined Kmix to be a con-
stant fraction (a) of the flow F. Once in reservoir 2, the SF-
containing perfusate is pumped (characterized by perfusate
flow rate F) through a short amount of tubing into the ex
vivo liver. The minimal tubing volume (�1 mL) and rela-
tively high flow rate (�25 mL/min) compared with sampling
rate allowed for the use of computationally simple ODEs
rather than partial differential equations to account for the
dispersion (convection and diffusion) of SF through the tub-
ing (23) (Transit time ¼ 1 mL/25 mL/min ¼ 0.04 min transit
time� 10min sampling time).

The subsequent portions of this PBPK model are adapted
from Ref. 10. Briefly, SF-containing perfusate enters the he-
patic sinusoids where SF and its metabolite SFmonoglucuro-
nide (SFG) can be transported into or out of the hepatocytes
via OATP1B2 and MRP3 transporters, respectively, on the

hepatocyte basolateral membrane. The remaining SF and
SFG in the perfusate are returned to reservoir 2 via pumping
(F). Once inside the hepatocyte, SF can be converted to SFG
via a glucuronidation reaction (SF metabolism) or SF and
SFG can be transported into the bile via the MRP2 trans-
porter on the hepatocyte canalicular membrane. Once inside
the bile, SF is cleared via an experimentally cannulated bile
duct (characterized by bile flow rate FB) (Fig. 3).

Using this schematic, model ODEs were developed using
mass balance accounting for mixing, convective transport,
and the action of hepatocyte glucuronide enzyme and mem-
brane proteins (OATP1B2/MRP3 and MRP2). For mixing
and convective processes, concentration gradients were
considered to account for the thermodynamic driving
force. For unidirectional enzymatic and transport proc-
esses, appropriate Michaelis–Menten equations were
implemented (10, 24):

JS ¼ dCP

dt
¼ VmaxCS

Km þ CS
: ð1Þ

This equation provides the unidirectional flux for a specific
substrate (JS) through an enzyme or transport process, where
CS and CP are substrate and product concentrations, respec-
tively, for an enzymatic process. Using simple Michaelis–

Figure 2. Conversion of fluorescence measure-
ments to concentration measurements for use in
computational models. A, left: calibration curve
showing a linear relationship between SF fluores-
cence and concentration in ex vivo liver machine
perfusion perfusate obtained by The Dr. Joohyun
Kim Laboratory (Froedtert Hospital Division of
Transplant Surgery). Right: nonlinear calibration
curve relating SF concentration in bile to SF fluo-
rescence obtained previously (10). B: conversion
of fluorescence data in Fig. 1B to concentration
units. Data are means ± SE (n ¼ 5 or 6). SF, so-
dium fluorescein.
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Menten kinetics, the glucuronidation reaction of SF to SFG
can be expressed as:

J2 ¼ Vmax;2CH;SF

Km;2 þ CH;SF
: ð2Þ

We then sought to apply the concept of Michaelis–
Menten kinetics to membrane transport facilitated by
transport proteins. We hypothesized that, given the struc-
tural similarity between SF and SFG, and the fact that SF
and SFG use the same transporters, the two compounds
would likely compete for binding spots on transport pro-
teins as has been shown previously (25, 26). However, the
maximal transport velocity (Vmax) would likely differ
between the molecules due to different catalytic activities
for SF and SFG (27). Specifically, we hypothesize that
Vmax,SFG would likely be greater than Vmax,SF due to
increased water solubility of SFG, leading to a higher cat-
alytic activity and faster overall transport across the he-
patocyte membrane via a transporter (28, 29). To account
for this hypothesis, we defined Vmax,1,SFG and Vmax,3,SFG to
be directly proportional to Vmax,1,SF and Vmax,3,SF with

proportionality constants >1 (b1 and b2, respectively).
Thus, Eq. 1 for unidirectional transport of SF becomes:

JSF ¼
Vmax;SF

CSF
Km;SF

1 þ CSF
Km;SF

þ CSFG
Km;SFG

ð3Þ

and a similar equation can be written for SFG incorporating the
appropriate b term (30). As in Ref. 10, we hypothesized that the
Michaelis–Menten constants (Km,SF and Km,SFG) would likely
remain similar between the SF and SFG. Thus, Eq. 3 reduces to:

JSF ¼ Vmax;SFCSF

Km þ CSF þ CSFG
ð4Þ

and a similar equation can be written for SFG. This formulation
is appropriate for the unidirectional transport of SF and SFG via
the irreversible MRP2 transporter on the hepatic canalicular
membrane. Thus, the flux equation for theMRP2 transporter for
SF or SFG from the hepatocyte into the bile can bewritten as:

JX;3 ¼ Vmax;3;XCH;X

Km;3 þ CH;SF þ CH;SFG
; ð5Þ

where CH represents concentration in the hepatocyte and X
is either SF or SFG.

For the bidirectional transport of SF and SFG via the reversi-
ble OATP1B2/MRP3 transporter on the hepatic basolateral
membrane, we assumed these transporters are coupled, thereby
functioning as a single transporter as in Ref. 10. Incorporating
this assumption, the bidirectional transport flux equation for
OATP1B2/MRP3 can be appropriately derived:

JX;1 ¼ Vmax;1;X CS;X � CH;Xð Þ
Km;1 þ CS;SF þ CH;SF þ CS;SFG þ CH;SFG

; ð6Þ

where CS is the concentration in the sinusoid, CH is the con-
centration in the hepatocyte, and X is either SF or SFG.

Using these flux terms andmass balance, ODEs describing
themodel schematized in Fig. 3 can now be developed:

VR1
dCR1;SF

dt
¼ Kmix CR1;SF � CR2;SFð Þ ð7Þ

VR1
dCR1;SFG

dt
¼ Kmix CR1;SFG � CR2;SFGð Þ ð8Þ

VR2
dCR2;SF

dt
¼ Kmix CR1;SF � CR2;SFð Þ � F CR2;SF � CS;SFð Þ ð9Þ

VR2
dCR2;SFG

dt
¼ Kmix CR1;SFG � CR2;SFGð Þ � F CR2;SFG � CS;SFGð Þ ð10Þ

VS
dCS;SF

dt
¼ F CR2;SF � CS;SFð Þ � J1;SF ð11Þ

VS
dCS;SFG

dt
¼ F CR2;SFG � CS;SFGð Þ � J1;SFG ð12Þ

VH
dCH;SF

dt
¼ J1;SF � J2 � J3;SF ð13Þ

VH
dCH;SFG

dt
¼ J1;SFG þ J2 � J3;SFG ð14Þ

VB
dCB;SF

dt
¼ J3;SF � FBCB;SF ð15Þ

Figure 3. Model schematic adapted from Monti et al. (10) with permission
to account for ex vivo liver machine perfusion. SF is injected into the per-
fusate reservoir (reservoir 1), which is then mixed into the remainder of the
reservoir (reservoir 2) that connects to the ex vivo rat liver. SF-containing
perfusate enters the liver sinusoids (sinusoid), where SF and its conjugate
SF monoglucuronide (SFG) are transported into and out of the hepato-
cytes via the combined action of the OATP1B2/MRP3 transporters. Once
inside the hepatocytes, SF is converted to SFG via a glucuronidation reac-
tion, and both SF and SFG are transported into the bile via the MRP2 trans-
porter. This model has a maximum of six parameters for which
physiological values (particularly during IRI) are unknown: Vmax,1,SF, Vmax,1,

SFG, Vmax,2, Vmax,3,SF, Vmax,3,SFG, and Kmix. MRP3, multidrug resistance-asso-
ciated protein 3; OATP1B2, organic anionic-transporting polypeptide 1B2;
SF, sodium fluorescein.
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VB
dCB;SFG

dt
¼ J3;SFG � FBCB;SFG: ð16Þ

Here, VX is the volume of a region X. Model ODEs were
then solved using the MATLAB (MathWorks) ode15s func-
tion, with experimentally measured initial concentration of
SF in the perfusate in reservoir 1 and zero initial concentra-
tions for all other variables in all other regions. In thismodel,
there are six parameters for which values are potentially
unknown: Vmax,1,SF, b1, Vmax,2, Vmax,3,SF, b2, and a (Table 2).
Average values for other known physiological parameters
can be found in Table 1.

Parameter Estimation and Quality Control

Unknown parameters were estimated using a pseudo-
Monte Carlo parameter estimation protocol described in Ref.
34. Briefly, a sum-squared error (SSE) function was used to
compare between the model solution and the measured data
on SF concentrations in the perfusate in reservoir 1 and in
the bile. This SSE function was weighted to approximately
equalize the contributions of the bile and perfusate SF data-
sets to the total SSE (see Fig. 1B):

SSEperfusate ¼ R
Modelperfusate �Dataperfusate

max Dataperfusate
� �

 !2

ð17Þ

SSEbile ¼ R
Modelbile �Databile

max Databileð Þ
� �2

ð18Þ

SSEtot ¼ 2� SSEperfusate þ SSEbile: ð19Þ
The MATLAB function fmincon was used to minimize the

SSE function with the interior point optimization algorithm
using random initial guesses (34, 35). Parameter estimates
were randomized from their initial guesses, and estimates
were bounded between 1/10 and 10 times their initial values,
except for the flow fraction parameter a for Kmix, which was
bounded between 0.2 and 1. Parameters were estimated
1,000 times to generate distributions for individual parame-
ters. Finally, the parameter set with the most frequently esti-
mated values is presented in Table 2. Insensitive model
parameters were fixed (see RESULTS) and subsequent model-
ing analysis used only one iteration of fitting. Table 3 shows
parameters estimated by fitting to average datasets for con-
trol and IRI conditions, and parameter sets for fitting to indi-
vidual replicates can be found in Supplemental Table S1.

Nested models (i.e., models formulated from the same sche-
matic but with a smaller number of unknown parameters)
can be evaluated using the F-statistics:

F ¼ dfB
SSEB

SSEA � SSEB

dfA � dfB

� �
; ð20Þ

where A is the simpler model with less estimated parame-
ters; B is the more complex model with more estimated pa-
rameters; df is the degrees of freedom, which is the
difference in the number of data points (14 data points) and
the number of estimated parameters (3 or 6 parameters); and
SSE is the sum-squared error. The F-statistic can then be
used to obtain a P value using the F distribution, which can
help determine if the increase in model complexity due to
additional parameters is justified by a sufficient decrease in
SSE (34, 36).

Error sensitivity plots help to assess the contribution of
each parameter to the SSE cost function. The SSE for the
final optimal parameter set selected through pseudo-Monte
Carlo parameter estimation (p0) is calculated (SSE0). Next,
each parameter is individually increased or decreased by a
small amount (p) and the SSE is recalculated (SSE). The
ratios of p/p0 and SSE/SSE0 are then plotted as x,y-pairs.
This process is repeated until the parameter is changed by
0.5 or 1.5 times its original value. The entire procedure is
then repeated for each parameter and plotted.

RESULTS

Effects of WIT on SF Excretion during MP

The time-course data for sodium fluorescein (SF) excre-
tion into bile from perfusate during machine perfusion (MP)
with increasing warm ischemia time (WIT) are shown in

Table 2. Six-parameter model estimates

Parameter Value Units

F 23.50 mL
FB 0.01 mL/min
VR,1 41.60 mL
VR,2 58.40 mL
Total rat liver volume 17.78 mL (31)
Vmax,1,SF 1.50 mg/min
b1 (Vmax,1,SF/Vmax,1,SFG) 3.00 mg/min
Vmax,2 0.23 mg/min
Vmax,3,SF 2.25 � 10�4 mg/min
b2 (Vmax,3,SF/Vmax,3,SFG) 12.50 mg/min
a (F/Kmix) 2.58 Unitless

Table 1. Physiological parameters

Parameter Description Value Units Reference

Dose Initial dose of SF injected into reservoir 1 0.40 mg/kg Experimentally determined
Rat weight Average rat weight of biological replicates 0.36 kg Experimentally determined
VR,tot Total volume of perfusate in MP reservoir 100 mL Experimentally determined
Liver density Conversion between liver weight and volume 1.00 g/mL (31)
VS Fraction of liver volume accounted for by the sinusoids 0.18 mL (31)
VH Fraction of liver volume accounted for by hepatocytes 0.28 mL (31)
VB Fraction of liver volume accounted for by bile 4.00 � 10�3 mL (31–33)
Km,1 Michaelis–Menten constant for SF/SFG influx into hepatocytes 9.30E-03 mg/mL (18)
Km,2 Michaelis–Menten constant for SF conversion to SFG 0.21 mg/mL (10)
Km,3 Michaelis–Menten constant for SF/SFG efflux into bile 5.80E-04 mg/mL (10)

SF, sodium fluorescein; SFG, SF monoglucuronide.
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Fig. 2B. Raw fluorescence values for SF in perfusate and
bile are shown in Fig. 1B. After 10 min, concentrations of
SF were larger in bile than in perfusate, indicating that the
liver is concentrating SF in the bile over the 60-min sam-
pling period. Perfusate kinetics show a two-phase decay
with an initial fast phase between �0 and 20 min postin-
jection followed by a slower phase between 20 and 60 min.
Bile kinetics show an initial peak around 20 min followed
again by a gentle decay. In general, the kinetic profiles for
each condition were similar; however, qualitatively, the
largest shift in kinetic profile was elicited with 30 min
WIT, over the 60-min sampling period. Finally, bile
kinetics for 0 min WIT show similar kinetic trends to pre-
vious investigations using in situ livers, providing corrob-
oration for our methodology (15).

Fitting and Analysis of Ex Vivo Liver MPModel to
Control Dataset

The solution of the model described in the previous sec-
tion and schematized in Fig. 3 was fit to the mean of each
timepoint SF concentrations in the reservoir 1 perfusate and
in the bile for the control dataset (Fig. 2B, top left) using six
unknown parameters and a pseudo-Monte Carlo parameter

estimation protocol described previously (34). Histograms
showing the frequency of estimation for the value of each pa-
rameter are shown in Fig. 4A. Histograms showing a small
range of estimated values for a particular parameter indicate
that this parameter is likely estimable within a relatively nar-
row range. Conversely, a large range of estimated values for
a particular parameter indicates that the model is relatively
insensitive to a change in the value of that parameter over a
wide range, that it is not estimable, and that the parameter
should likely be fixed in subsequent analysis given the data
available for fitting. Histograms for Vmax,2 and Vmax,3,SF show
a large peak at their most frequently estimated values as well
as an overall small range of estimated values. In contrast,
Vmax,1,SF shows a more flat distribution with a much larger
range (i.e., the most frequently estimated value is 1.5 mg/
min and the range is between 0 and 3 mg/min). In addition,
b1 and b2 show a large range of estimated values, and b1 in
particular shows a relatively flat distribution. Finally, a does
show a highly frequently estimated value; however, the
range of values is somewhat intermediate. This is expected
as a is related to experimental factors that are likely only par-
tially accounted for by the model. Figure 4B shows the
results of fitting the six-parameter model to the perfusate
and bile datasets, which readily describe the data. Table 2
shows the estimated values of parameters from this fitting.
Specifically, Vmax,1 for both SF and SF monoglucuronide
(SFG) and Vmax,2 were approximately three orders of magni-
tude larger than Vmax,3,SF and two orders of magnitude larger
than Vmax,3,SFG. Moreover, the ratio of Vmax,1,SFG to Vmax,1,SF

(b1) was estimated to be 3, whereas the ratio of Vmax,3,SFG to
Vmax,3,SF (b2) was estimated to be 12.5, consistent with what
we hypothesized. Figure 4C shows how changing eachmodel
parameter contributes to a change in the SSE function. It is
readily surmised that the two parameters with the largest
contribution to a change in SSE are Vmax,2 and Vmax,3,SF.
These data corroborate the findings from the histograms in
Fig. 4A, which indicate that Vmax,1,SF, b1, and b2 are insensi-
tive parameters and can be fixed in subsequent modeling
analysis.

We then simulated SF and SFG kinetics over an extended
timescale (2 h) and predicted SF and SFG concentrations in
all model regions (Fig. 4D). SF concentrations are predicted
to peak in reservoir 2, sinusoids, and hepatocytes around 10
min and to peak in the bile around 20 min. Appreciable lev-
els of SF are predicted to be found in the bile beyond 120
min, whereas SF concentration is predicted to approach
undetectable levels around 80 min in all other regions. The
peak concentration of SFG in the bile is predicted to be
around one order of magnitude larger than the peak SF con-
centration. This makes sense given that SF is consumed
through glucuronidation conversion to SFG and due to the
fact that both Vmax,1,SFG and Vmax,3,SFG are estimated to be
larger than their respective SF counterparts (Table 2), con-
sistent with our hypothesis. The concentration of SFG in all
other regions is predicted to be at least two orders of magni-
tude lower than the SFG concentration in the bile. This is
again due to the large estimated values for Vmax,1,SFG and
Vmax,3,SFG “pulling” SFG through hepatocytes into the bile.
We examined the biliary flux of SF and SFG in Fig. 4E (17).
Given that deposition of SF and SFG into the bile is achieved
through the J3,SF and J3,SFG terms in Eqs. 13–16, the biliary

Table 3. Three-parameter model estimates

Parameter WIT Value Units

Estimated
Vmax,2 0 0.19 mg/mL

10 0.14
20 0.15
30 0.04

Vmax,3,SF � 104 0 2.01 mg/mL
10 1.72
20 1.58
30 0.30

a (F/Kmix) 0 2.74 Unitless
10 2.79
20 2.52
30 3.55

Experimentally determined
VR,1 0 41.60 mL

10 41.91
20 48.64
30 43.41

VR,2 0 58.40 mL
10 58.09
20 51.35
30 56.59

F 0 23.50 mL/min
10 18.40
20 18.71
30 15.37

FB 0 0.01 mL/min
10 0.01
20 0.01
30 3.00 � 10�2

Fixed
Vmax,1,SF N/A 1.50 mg/min
Vmax,1,SFG/Vmax,1,SF N/A 3.00 mg/min
Vmax,3,SF/Vmax,3,SFG N/A 12.50 Unitless
Km,1 N/A 9.30 � 10�3 mg/mL
Km,2 N/A 0.21 mg/mL
Km,3 N/A 5.80 � 10�4 mg/mL
VS N/A 3.20 mL
VH N/A 14.58 mL
VB N/A 0.07 mL

WIT, warm ischemia time.
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flux plots in Fig. 4B show themagnitudes of these terms over
time. Although the relative magnitude of biliary flux of SF is
smaller than that of SFG, the shape of the SFG curve and the
time scale of SFG excretion were protracted relative to those
for SF.

Simulations Showing the Effects of Changing Model
Parameters and Model Reduction

Previous studies identified a decrease in MRP2 activity as
a putative marker for in situ hepatic ischemia-reperfusion
injury (IRI) (10, 15). These studies hypothesized that a
decrease in MRP2 activity (Vmax,3,SF) led to a proportional
decrease in biliary SF and that this could potentially be cor-
related with WIT and, by extension, degree of hepatic IRI
(10, 15). To test this hypothesis for ex vivo MP livers, we
simulated perfusate and biliary SF kinetics with changing
model parameters. We varied individual parameters between
0.5 and 1.5 times their original values and simulated perfus-
ate and bile SF kinetics with all other parameters remaining
constant (Fig. 5). In addition, we also simulated changes in
perfusate flow rate (Fig. 5G), bile flow rate (Fig. 5H), and dose
(Fig. 5I) to analyze changes in experimentally determined
factors. Figure 5, C and D, clearly demonstrates that Vmax,2

and Vmax,3,SF have the largest response to a change in the

model parameter value, consistent with model SSE sensitiv-
ity results in Fig. 4C. Furthermore, the directional arrows for
Vmax,2 (Fig. 5C) indicate that its response in the bile is inver-
sely related to the direction of the parameter change (i.e., an
increase in Vmax,2 leads to a decrease in the biliary SF and
vice versa). Conversely, biliary SF shows a high degree of
sensitivity toward changes in Vmax,3,SF, however, with correct
directionality (Fig. 5D). Previous results show similar trends
and corroborate our modeling studies (10). To provide fur-
ther model validation, we examined the effects of changing
experimental model parameters on model predictions.
We hypothesized that changes in experimental model pa-
rameters such as perfusate flow rate, bile flow rate, and
SF dose would lead to proportional changes in the biliary
SF kinetics (Fig. 5, G–I). Overall, biliary SF simulations
with varied experimental conditions supported this hy-
pothesis and corroborated our model predictions; how-
ever, changes in perfusate flow rate showed a blunted
response (Fig. 5G). This is due to the fact that, at the range
of flow rates analyzed, the system is flow-limited and
larger changes were necessary for a less blunted response.
These changes may not be practically relevant, however,
as a certain vascular pressure is required to maintain the
viability of the liver during MP (37).

Figure 4. Fitting of the six-parameter
PBPK ODE model to the control dataset.
A: histograms showing frequency of esti-
mated values for each parameter in the
six-parameter ODE model fit to the control
dataset using a pseudo-Monte Carlo pa-
rameter estimation approach (34) with
1,000 iterations. B: fits of the perfusate
and bile SF models (schematized in Fig. 3)
to the control dataset (Fig. 2B) using
pseudo-Monte Carlo parameter estimates.
The estimated parameter values are pre-
sented in Table 2. C: model sensitivity plot
showing the contribution of varying each
parameter to the sum squared error (SSE)
function. Model parameters were varied
between 0.5 and 1.5 times their original val-
ues (p0) and the SSE was calculated and
then plotted relative to its original value
(SSE0). Results from this analysis indicate
that Vmax,3,SF and Vmax,2 are large contribu-
tors to the sensitivity of the SSE function. D
and E: Simulations of all model state varia-
bles for SF (D) and SFG (E) over an extended
time course. F: simulations of biliary flux of
SF and SFG over an extended time course.
ODE, ordinary differential equation; PBPK
model, physiologically based pharmacoki-
netic model; SF, sodium fluorescein; SFG,
SFmonoglucuronide.
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Given the large number of unknown model parameters
relative to datapoints, we sought to reduce the model’s com-
plexity by fixing parameters whose variation led to little
change in the simulated perfusate and bile SF time courses.
It is clear from Fig. 5, A, B, and E, that changing Vmax,1,SF,
Vmax,1,SFG, and Vmax,3,SFG elicited little variation in the simu-
lated perfusate and bile SF time courses. This information is
corroborated by the sensitivity plots in Fig. 4C. Based on this
analysis, together with the analysis in Fig. 4, A and C, these
parameters were fixed to their course-grained estimated val-
ues in Table 2. Thus, a three-parameter reduced model was
developed where onlyVmax,2, Vmax,3,SF, and awere estimated.
There is a slight sensitivity of the perfusate curve to changes
in a (Fig. 5F), particularly around the early timepoints (t ¼
0–20 min). As a is related to reservoir mixing, and thus an
experimentally determined parameter, we expected this pa-
rameter to show some variability between experiments and,
thus, allowed it to vary in the reducedmodel.

Fitting of Reduced Ex Vivo MPModel to Average
Control and IRI Datasets

Next, given the excellent fit of the original six-parameter
model to the datasets, we tested the ability of the reduced
three-parameter model to fit the control and IRI datasets
(Fig. 6). Fitting of the control dataset with the three-parame-
ter model yielded nearly perfect fits, similar to the six-pa-
rameter model (SSE6 ¼ 0.00341, SSE3 ¼ 0.00346; F ¼
0.0406, P ¼ 0.99) supporting model reduction from six to
three parameters for the sake of model parsimony. Next, the
10-min WIT (I10), 20-min WIT (I20), and 30-min WIT (I30)
SF time courses were fitted using the reduced three-parame-
ter model (Fig. 6). Fitting of the I10 and I20 SF time courses

yielded nearly perfect fits, similar to the fit of the control
dataset. Although the model does run through all the error
bars for the 30-min WIT (I30) SF time course, the fit is quali-
tatively not as good as the fits for the other SF time courses.
There are many likely explanations for this phenomenon.
First, the I30 SF time-course data have a much higher global
variability than the other datasets, indicating that there may
be factors that the model has not accounted for. A smaller
bile flow rate and a subsequent smaller collected bile volume
may have contributed to the variability in the I30 dataset. As
can be seen in Supplemental Table S1, the bile flow rates for
the I30 condition are, overall, smaller than those for the con-
trol, I10, and I20 conditions, indicating reduced bile forma-
tion and secretion and reduced biliary region volume. Our
model assumes a constant 0.4% of hepatic volume as biliary
duct volume. Thus, given the same collection time, this
yields a smaller total volume for fluorescence measurement
and potentially is a contributor to the variability present in
the I30 dataset, which is not considered in themodel.

Fitting of Ex Vivo MPModel to Individual Datasets and
Analysis of Model Parameters

Finally, we wanted to assess our model’s robustness with
respect to experimental and biological variability. Thus,
using individualized rat parameters (e.g., total rat and liver
weights and bile flow rates), we fit the three-parameter
model schematized in Fig. 3 to the individual concentration
datasets in Supplemental Fig. S2 and obtained estimates for
Vmax,2, Vmax,3,SF, and a for each biological replicate. The
results of these 21 fittings are shown in Supplemental Fig. S3.
For verification, each of the three estimated and rat physio-
logical parameters were averaged over each biological

Figure 5. A–I: model simulations showing
the effect of changing single model param-
eters between 0.5 and 1.5 times their origi-
nal values on the measured state variables.
Note that the most noticeable change
occurs when Vmax,2, Vmax,3,SF, bile flow, and
SF dose are changed (C, D, H, I). Bile flow
and SF dose are experimentally measured
parameters that show an increase in bili-
ary SF as their values are increased as
expected, corroborating the model pro-
posed in Fig. 3. Vmax,2, however, shows an
increase in biliary SF upon decrease of
this parameter. Finally, Vmax,3,SF shows a
large change in biliary SF that is directly pro-
portional to the change in parameter. These
results corroborate the findings presented in
Fig. 4C and indicate which model parame-
ters can be fixed for parsimony and model
reduction (i.e., Vmax,1,SF, b1, and b2). SF, so-
dium fluorescein.
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replicate, and the model was simulated using these average
parameters and compared with mean data (Fig. 7A, solid
curves). The standard error (SE) for each parameter was also
calculated. The dotted curves in Fig. 7A represent model
simulations using the parameters ± SE. Estimated model pa-
rameters are compared in Fig. 7B using a one-way ANOVA
corrected for multiple comparisons using the Dunnett test.
Comparisons of all estimated model parameters to control
yielded nonsignificant results, except for Vmax,3,SF, which
was significantly smaller than the control value for the I30
condition. This result is in accordance with previously deter-
mined clinical findings, which suggest that a WIT of >20
min correlates with liver graft failure (12). We attempted to
determine if the functional changes determined bymodeling
corresponded with changes observable through hematoxy-
lin-eosin (H&E) staining and histologic evaluation. Paraffin-
embedded sections from each biological replicate were
stained with H&E and examined by a trained pathologist
(W.L.) using the Suzuki scoring algorithm (38). We were
unable to find any histologic evidence of IRI as determined
by Suzuki score (Supplemental Fig. S4 and Supplemental
Table S2). These findings may suggest that changes in biliary
function (i.e., a decrease in Vmax,3,SF) may precede histologic
evidence of IRI.

DISCUSSION

In this study, we 1) used an in-house experimental data-
driven physiologically based pharmacokinetic (PBPK) com-
putational modeling approach to generate a parsimonious
PBPK model of ex vivo liver machine perfusion (MP) (Figs.
2–5), 2) fit this model to liver MP sodium fluorescein (SF)
time-course datasets with varying amounts of warm ische-
mia time (WIT) (Figs. 6 and 7), and 3) compared estimates of

critical model parameters by fitting the PBPK liver MPmodel
to individual biological replicates using parameters obtained
for each rat liver (Fig. 7 and Supplemental Fig. S3). We found
that 1) ex vivo SF hepatic transport and biliary excretion
kinetics can be described using a three-parameter version of
the model proposed in Ref. 10 modified to account for MP
livers (Figs. 3–5), 2) this model can also be appropriately
adjusted via fitting to account for increasing WIT leading to
increased hepatic ischemia-reperfusion injury (IRI) (Figs. 6
and 7), and 3) of the three critical parameters that were
adjusted for fitting to the IRI SF datasets, only the maximal
transport velocity of MRP2 for SF (Vmax,3,SF) was sensitive to
aWIT of>20min (Fig. 7B).

The results of our modeling studies demonstrated qualita-
tively similar results to those shown in previous studies (39).
There is some quantitative deviation between the results
presented in this study and previous studies, which can
likely be attributed to the fact that previous studies were
conducted in situ as opposed to ex vivo (39). Overall, these
results provide corroborative evidence that strengthens the
relationship between decreased SF hepatic transport and bil-
iary excretion with increasing WIT that has previously been
established in the literature (10, 15). Furthermore, these stud-
ies examined the SF/WIT relationship in a different system
and yielded similar results as previous work (10, 15). This evi-
dence supports generalization of the SF/WIT relationship
and the foundational “liver-centric” model proposed in Ref.
10. In that light, future modeling-based research may focus
on scaling our ex vivo MP liver PBPK model to account for
human liver physiology or applying the liver-centric model
to different scenarios such as integration into a PBPK model
accounting for whole body physiology. In addition, the liver-
centric model may be expanded to account for the spatial
heterogeneity in liver ultrastructure as in Ref. 40 to help

Figure 6. Fitting of the reduced three-parameter
PBPK ODE model (see Figs. 4C and 5) to each data-
set presented in Fig. 2B using pseudo-Monte Carlo
parameter estimation approach (34). The estimated
parameter values are presented in Table 3. ODE, or-
dinary differential equation; PBPK model, physiologi-
cally based pharmacokinetic model.
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understand the susceptibility of hepatic zones to IRI. Future
experimental and clinical studies may focus on detecting
changes in SF hepatic transport and biliary excretion during
ex vivo MP and using this information to back-calculate WIT
using the PBPK model developed in this study. Ultimately,
back-calculating WIT from SF excretion could be used to
define an “effective warm ischemia time” (WITeff) that could
subsequently be used as a clinical heuristic by surgeons to
quantitatively assess donor organ viability. A WITeff for a do-
nor liver that is below a well-defined threshold may help
guide clinicians, in the correct clinical context, to use a do-
nor liver that, under current guidelines, may otherwise be
considered unsuitable for transplant. Functional WIT is
currently determined using various hemodynamic and ox-
ygenation parameters in the context of donation after cir-
culatory death (11). An assessment of donor livers through
effective WIT (WITeff) may enhance our understanding of
the biological impact of functional WIT, providing a more
precise evaluation of ischemic damage and organ viability.
This approach suggests that integrating WITeff as a metric
could bridge the gap between clinical observations and bi-
ological outcomes, potentially leading to improved strat-
egies for organ evaluation and utilization (41). In addition,

the transplant surgeon will likely need to integrate the
WITeff findings with additional measurements of liver
function (e.g., lactate clearance, aminotransferase levels,
and pH) to obtain a more holistic assessment of liver func-
tion. For example, our laboratory has investigated trends
in aminotransferase levels and other cytokine markers
during MP to help assess the overall functional and inflam-
matory statuses of the donor liver prior to transplantation
(4). Although the ultimate goal of integrating WITeff into
standard clinical practice likely requires many future
experiments and clinical trials, the work in this study
helps to establish a quantitative and mechanistic relation-
ship between SF excretion and WIT during ex vivo MP.

Computational modeling is an important tool for the dis-
covery of emergent properties of complex biological systems
(34). Through the iterative process of computational model-
ing, we were able to uncover three important properties of
the liver-centric model proposed in Ref. 10 that were not
considered in that original work.

The first emergent property was the idea of competition
between SF and SFG for OATP1B2/MRP3 and MRP2 trans-
porters. Although the original liver-centric model proposed
in Ref. 10 hypothesized that SF and SFG used the same

Figure 7. Fitting of the three-parameter PBPK ODE
model to each individual SF time-course datasets (see
Supplemental Fig. S2). A: recapitulation of mean fitting
using mean of individual parameters ± SE. The three-
parameter PBPK ODE model was fit to the individual
time-course datasets in Supplemental Fig. S2 (see
Supplemental Fig. S3). Parameters for Vmax,2, Vmax,3,SF,
and a were estimated. Parameters were pooled for each
condition and averaged, and the model was simulated
using the mean parameter set (solid curves) and then
compared with the mean data ± SE (see Fig. 2B). The
model was then resimulated using the mean parameter
set ± SE for each parameter (dotted curves). B: compari-
son of the estimated model parameter values for increas-
ing values of WIT. Vmax,3,SF was the only parameter
showing a statistically significant difference from control
at the 30-min WIT (P value adjusted for multiple compari-
sons¼ 0.0320, which is less than the a priori determined
a value of 0.05). ODE, ordinary differential equation;
PBPK model, physiologically based pharmacokinetic
model; SF, sodium fluorescein; WIT, warm ischemia time.
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transporters to enter hepatocytes and bile, this model also
assumed that there was a large number of transporters rela-
tive to the concentrations of SF and SFG. Formulation of
model equations using this assumption allows for simpler
flux equations. Although application of this assumption to
flux equations may effectively describe these experimental
data, this assumption ignores the possibility of competition
between the two molecules for a single transporter. This
effect, which is well established, may come into play as the
interaction between differing pathologies (i.e., steatosis and
IRI) and their effects on transplant viability are investigated
(25, 26, 39). Thus, to facilitate future modeling efforts and for
a more holistic mathematical description of the transport
kinetics, SF/SFG competition was integrated into the trans-
port flux equations (Eqs. 5 and 6). Future studies could focus
on the use of a competitive MRP2 inhibitor to mimic the
action of SFG competition in combination with a potent in-
hibitor of hepatic glucuronidation to nullify the background
effects of endogenously produced SFG to experimentally
confirm this hypothesizedmechanism.

The second emergent property about the ex vivo liver MP
system presented in this study was the idea of incomplete
mixing in the reservoir. During the model design phase, we
had initially only incorporated one reservoir. Although this
design gave a rough estimate of the data, key datapoints at
time 0 and around the inflection point of the perfusate curve
(t ¼ 10–30 min) were systematically missed after fitting. To
account for this, we hypothesized that once SF was injected
into the top of reservoir 1, there was a small delay for it to be
completely mixed into reservoir 2 and communicate with
other components of the MP system. Although this may
seem to be a minor, technical detail, it is important to con-
sider incomplete mixing to avoid systematic error in future
studies.

The third emergent property was the ratio of the maximal
transport velocities (Vmax) associated with SFG and SF. For
both Vmax,1 and Vmax,3, we found that the ratios of the Vmax-
es for SFG to SF were estimated to be >1, indicating that SFG
was transported more readily than SF. As mentioned previ-
ously, this may be due to the increased hydrophilicity of SFG
relative to SF leading to faster transport across the hepato-
cyte membrane on both the sinusoid and canalicular sides of
the cell (see RESULTS).

Although the studies presented in this article represent a
thorough analysis of the data provided, there are still several
limitations. First, Fig. 2B shows that as WIT increases, the
overall variability in the SF measurements in the bile also
increases. This is particularly apparent at the 30-min WIT.
This may be due to the sluggish bile flow rates for that con-
dition (see Table 3 and Supplemental Table S1), as it is
likely more difficult to make measurements with such a
small volume of bile. This could be remedied by the addi-
tion of variable volume for the biliary duct region or a
higher concentration of choleretic agents in future experi-
ments (4, 42). Moreover, this fact may be symptomatic of
globally diminished bile production that is directly related to
the hepatic IRI (14). In addition, as mentioned earlier, a WIT
of>20min has been associated with failure of liver transplan-
tation in humans (12). It is reasonable to hypothesize that nor-
mal cell death processes such as breakdown of hepatocyte
membranes occur after the withdrawal of critical nutrients

and oxygen and buildup of toxic metabolites that occurs dur-
ing ischemia (43). Thus, the membranes that normally effec-
tively compartmentalize SF into the sinusoids, hepatocytes,
and bile may not be as effective as they are in the control, I10,
and I20 conditions, allowing for SF to more freely equilibrate
between model regions. As OATP1B2/MRP3 and MRP2 are
membrane transporters, damage to the membrane could eas-
ily be extended to damage to the transporters themselves (44,
45). Moreover, mitochondrial damage is also cited to be a fac-
tor in hepatic ischemic injury (43). A paucity of energetic
compounds such as ATP could lead to a decrease in MRP2
transport velocity (since MRP is an ATP-dependent pump),
leading to the blunted response as seen in the lower right
panel of Fig. 6. Future in vitro research is likely required to
definitively determine the precise mechanism of hepatic is-
chemic injury. It is clear from Fig. 6, however, that SF biliary
kinetics differ in the I30 condition compared with the control,
I10, and I20 conditions.

Second, although the smaller production of bile may be
unavoidable, optimization of the experimental procedure
may involve optimizing SF doses to facilitate measurement
by ensuring the concentrations being tested are within the
linear range of the fluorescence assay or changing the
detection method altogether to a chromatographic or mass
spectrometry-based assay. Although these detection meth-
ods may increase sensitivity and are acceptable for labora-
tory-based research, they are generally more costly, and
further optimization will be necessary for implementation
in the clinic if more complex detection methods are
applied. Third, in this study, all data relating to SFG were
predictions based on the output of our ex vivo MP PBPK
model. Future studies could focus on obtaining time
courses for both SF and SFG to further refine the model
proposed in these studies.

Fourth, the MP system used in this study was custom built
by experimentalists to facilitate computational modeling
studies. Other laboratories attempting to replicate and
expand upon our studies may find it necessary or prudent to
optimize the MP system for their conditions. In doing so,
model parameters such as a are likely to change signifi-
cantly. Furthermore, it may be necessary to use partial dif-
ferential equations to more accurately describe the data
obtained from amodifiedMP system if large amounts of tub-
ing are used (23). Finally, throughout this discussion, we
briefly discussed potential clinical applications of this
study’s findings. Although immediate application is limited
and rigorous testing is necessary for clinical adoption, the
foundational information presented herein paves the way
for further research and subsequent clinical trials.

In conclusion, we developed a PBPKmodel of SF excretion
kinetics from perfusate into bile in ex vivo MP rat livers sub-
jected to varying amounts of IRI. Through these studies, we
were able to identify that the transport velocity of the he-
patic transporter MRP2 was significantly reduced from base-
line at 30 min of WIT. Using PBPK modeling allowed for a
nuanced interpretation of changes in SF kinetics due to
modified MRP2 activity during IRI, an insight not immedi-
ately evident from raw experimental data. This refinement
enhances our ability to interpret complex biological trans-
port systems, paving the way formore accurate experimental
analyses.
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DATA AVAILABILITY

The model is developed in MATLAB. The MATLAB code and
the associated data files used to generate all the results in this
study as well as the Supplemental Materials can be found at
https://github.com/MCWComputationalBiologyLab/Monti_ExVivo_
MP_2024. The MATLAB code and the datasets analyzed during
the current study can also be obtained from the corresponding
authors on request.

SUPPLEMENTAL MATERIAL

Supplemental Figs. S1–S4 and Tables S1 and S2: https://
figshare.com/s/480f8e49bbbcf6721ae0.
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