European Journal of Pharmaceutical Sciences 196 (2024) 106760

Contents lists available at ScienceDirect

European Journal of Pharmaceutical Sciences

journal homepage: www.elsevier.com/locate/ejps oay,

ELSEVIER

Ex vivo gut-hepato-biliary organ perfusion model to characterize oral
absorption, gut-wall metabolism, pre-systemic hepatic metabolism and
biliary excretion; application to midazolam

L.J. Stevens ™, E. van de Steeg®, J.B. Doppenberg”, 1.P.J. Alwayn ™", C.A.J. Knibbe ¢,
J. Dubbeld *"

@ Department of Surgery, Leiden University Medical Center (LUMC), Leiden, the Netherlands

b LumMc Transplant Center, Leiden University Medical Center (LUMC), Leiden, the Netherlands

¢ Metabolic Health Research, The Netherlands Organization for Applied Scientific Research (TNO), Leiden, the Netherlands

4 Division of Systems Biomedicine and Pharmacology, Leiden Academic Center for Drug Research (LACDR), Leiden & Department of Clinical Pharmacy, St. Antonius
Hospital Nieuwegein & Utrecht, Leiden University, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Ex vivo perfusion
Physiological model
First-pass effect
Oral bioavailability
Midazolam

To date, characterization of the first-pass effect of orally administered drugs consisting of local intestinal ab-
sorption and metabolism, portal vein transport and hepatobiliary processes remains challenging. Aim of this
study was to explore the applicability of a porcine ex-vivo perfusion model to study oral absorption, gut-
hepatobiliary metabolism and biliary excretion of midazolam.

Slaughterhouse procured porcine en bloc organs (n = 4), were perfused via the aorta and portal vein. After 120
min of perfusion, midazolam, atenolol, antipyrine and FD4 were dosed via the duodenum and samples were
taken from the systemic- and portal vein perfusate, intestinal faecal effluent and bile to determine drug and
metabolite concentrations.

Stable arterial and portal vein flow was obtained and viability of the perfused organs was confirmed. After
intraduodenal administration, midazolam was rapidly detected in the portal vein together with 1-OH midazolam
(Eg.pv of 0.16+0.1) resulting from gut wall metabolism through oxidation. In the intestinal faecal effluent, 1-OH
midazolam and 1-OH midazolam glucuronide (Eg.intestine 0.051+£0.03) was observed resulting from local gut
glucuronidation. Biliary elimination of midazolam (0.04+0.01 %) and its glucuronide (0.01+0.01 %) only
minimally contributed to the enterohepatic circulation. More extensive hepatic metabolism (Fy 0.354+0.07) over
intestinal metabolism (Fg 0.78+0.11) was shown, resulting in oral bioavailability of 0.27+0.05.

Ex vivo perfusion demonstrated to be a novel approach to characterize pre-systemic extraction of midazolam
by measuring intestinal as well as hepatic extraction. The model can generate valuable insights into the ab-
sorption and metabolism of new drugs.

1. Introduction

In order to determine the oral bioavailability of a drug, character-
ization of gut-wall, liver and biliary processes is of great importance
(Algahtani et al., 2013). Insight into the extent of intestinal absorption
and metabolism, portal venous blood concentrations and hepatic
metabolism and biliary excretion is crucial in the early stages of drug
development to understand the pharmacokinetics (PK) and select com-
pounds that achieve a desirable systemic exposure. This is especially the
case for compounds prone to CYP3A metabolism which reduce the oral

bioavailability due to first-pass metabolism in both the gut wall and
liver. Oral bioavailability, determined by the fraction absorbed (F,),
fraction escaping gut-wall elimination (Fg) and fraction escaping he-
patic elimination (Fy) show the importance of the intestine and liver in
this process (Varma et al., 2010).

However, the assessment of F,, Fg and Fy is extremely challenging
and rarely performed due to ethical and technical reasons (Paine et al.,
1996; Peters et al., 2016). Therefore, preclinical evaluation is needed to
assess the oral absorption and concentrations of drug and metabolite in
the systemic circulation. The possibility to study Fg and Fy in a
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preclinical in vitro model is also limited as it remains difficult to reca-
pitulate complete organ function behaviour within a single model. Such
a single model could provide highly relevant information in early drug
development for several fields of research, for example, in physiologi-
cally based pharmacokinetic (PBPK) modelling prediction. This is
especially crucial as precise predictions can effectively reduce attrition
and failure rates within the drug development process, while also aiding
in the determination of initial starting dosages of compounds (Heikkinen
et al., 2012). Recent advancements in organ perfusion techniques have
created new opportunities for studying physiological processes in an ex
vivo setting. Normothermic machine perfusion (NMP) has been
demonstrated in numerous studies to maintain ex vivo liver, kidney,
pancreas and even intestinal function for several hours (Nicholson and
Hosgood 2013; Eshmuminov et al., 2020; Hamed et al., 2021; Ogbe-
mudia et al., 2021). In the field of pharmacology, NMP has proven to be
advantageous for determining the hepatic and biliary clearance as well
as renal clearance (Posma et al., 2020; Clark et al., 2021; Stevens et al.,
2021; Stevens et al., 2023). The intact vasculature and presence of the
elimination routes of these whole-organ models offers greater potential
of studying absorption, distribution, metabolism and elimination
(ADME) process compared to cellular preclinical systems (Rowland
et al.,, 1973). While the majority of studies focus on perfusion with a
single organ, a few studies have investigated the possibility of a
multi-organ perfusion model to study physiological processes (Chung
et al., 2013; He et al., 2018; Li et al., 2019; Chen et al., 2021). These
studies, combining liver and kidneys in one circuit, show that combi-
nation of organs is beneficial for the biochemical environment and as
well can reduce the impact of warm ischaemia and reperfusion injury
(Chung et al., 2012; He et al., 2018). Together, the option to perfuse
multiple organs allows in-depth analysis of ADME processes like gut wall
metabolism, portal vein concentrations, hepatic uptake and biliary
excretion. Simultaneously, it maintains a favourable biochemical envi-
ronment through the inclusion of homoeostatic organs.

The aim of the study was to explore the applicability of a porcine ex
vivo perfusion model to characterize oral absorption, gut wall meta-
bolism, first pass hepatic metabolism and biliary excretion by pre-
systemic measurements of midazolam and metabolite concentrations
in portal vein, intestinal faecal effluent and systemic and bile
measurement

2. Materials and methods
2.1. Chemicals

Heparin, sodium taurocholate, insulin, dexamethasone, atenolol,
antipyrine and FD4 were purchased from Sigma-Aldrich, Zwijndrecht,
the Netherlands. Epoprostenol was purchased from R&D systems
(Minneapolis, USA). Calcium gluconate 10 % was obtained from Phar-
mamarket (Hove, Belgium). Aminoplasmal 10E was obtained from (B
Braun Melsungen AG, Melsungen, Germany). Midazolam was obtained
from Spruyt Hillen (Ijsselstein, the Netherlands).

2.2. Organ procurement

En bloc organs were obtained from a local slaughterhouse, in
compliance with the guidelines of the Dutch food safety authority. Pigs
(Netherlands Landrace, approximately 6 months of age with body weight
between 100 and 120 kg) were anesthetized by a standardized proced-
ure of electrocution followed by exsanguination (termination). Three
liters of blood was collected during exsanguination in a container sup-
plemented with 25,000 IU of heparin. Per industry guidelines, carcasses
were cleaned in a pig washing & whipping machine using 70 °C water
for approximately 3-5 min and dehaired through scalding. Slaughter
offal was dissected from the carcasses, keeping all organs and vascular
structures intact.
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2.3. Porcine en bloc organ preservation and model development

After receiving the organ package, the heart, lungs and oesophagus
were dissected. Thereafter the abdominal aorta was proximally cannu-
lated (25 Fr). In order to create a closed abdominal compartment for
arterial perfusion, the abdominal aorta was ligated distal from the renal
arteries. The lumbar arteries were separately ligated. A cold flush was
initiated within ~15 min after termination (warm ischaemic time),
using Histidine-Tryptophan-Ketoglutarate (HTK) solution (Plegistore,
Warszawa in Poland) by applying a pressure of 80 mmHg (pressure bag
Endomed, Uden, the Netherlands). During the flush, the entire colon was
dissected from the organ package. After approximately 7 L of HTK so-
lution, an additional portal flush was performed. The portal vein was
partially dissected and cannulated at both ends (Supplemental Fig. 1)
resulting in 1) portal vein — intestinal side cannulation (25 Fr) (efferent),
and 2) a portal vein - liver side (afferent), (25 Fr). Additional flush at the
portal vein — liver side was applied with 2 L of HTK. Thereafter, the
organs were transported on static cold storage. At the laboratory, the
stomach was removed and the small intestine was shortened to
approximately 2 m preserving the duodenum and the proximal part of
the jejunum (~1.5 m). A cannula was placed in the orifice of the duo-
denum to allow for administration of (dissolved) compounds. A clamp
was placed on the cannula before and after administration of compound
(s) in order to prevent backflow. To make intestinal outflow possible at
the jejunal side, a second cannula was inserted. Thereafter the common
bile duct was cannulated to the liver side, while the cystic duct, derived
from the gall bladder, was ligated to restrict bile flow to the gall bladder.
Lastly, the ureters were cannulated which was the final step before
initiation of normothermic perfusion.

2.4. Normothermic machine perfusion

The porcine organs (n = 4) were perfused using the Liver Assist™
device (XVIVO, Groningen, the Netherlands) (Fig. 1A, B). The reservoir
included in the disposable set was too small to fit the organs, therefore a
custom made organ reservoir was made. The newly developed reservoir
consisted of a box (60 x 40 x 20 cm box) with a built in drain connecting
the box with the Liver Assist reservoir. An mesh basket (60 x 40 x 15
cm) was suspended in the box. The organs were placed in the mesh
basket, enabling the venous outflow of the organs flowing in the box and
subsequently to the Liver Assist reservoir via the drain. The system was
filled with 3 L perfusion fluid containing autologous red blood cells and
plasma (ratio 1:1), supplemented with 10 mL (10 %) mannitol and 18
mg dexamethasone, 75 pg epoprostenol and 10 mL 10 % calcium glu-
conate. Insulin, taurocholate, heparin, epoprostenol and aminoplasmal
10E were provided as continuous infusion at a rate of 10 U/h, 1041 U/h,
10 mL/h (2 % w/v), 8 ug/h and 10 mL/hr respectively to keep the liver
metabolically active (Stevens et al., 2021). Gas delivery to the Liver
Assist™ device consisted of 40 % oxygen at 1.5 L/min and the tem-
perature was set at 39 °C. An arterial pressure was set at 60-80 mmHg.
Due to reduction in the intestinal length and thereby reduction in the
vascular bed, the portal vein flow could result in an insufficient flow.
Therefore, portal perfusion was applied via the portal vein-liver side
(Supplemental Fig. 1), with a pressure between 8 and 11 mmHg. The
aorta and portal vein received perfusate from the reservoir, venous
outflow of the organs was open and flowed back to the reservoir
(Fig. 1B). Continuous recirculation of the perfusate was applied. During
normothermic perfusion, absorption of fluid into the intestine was
observed. To retain a sufficient perfusate level, red blood cells and
plasma of a blood type-matched pig was used when a decrease in hae-
matocrit was observed (<20 % haematocrit), otherwise ringers lactate
was used to replenish the perfusate level. The en bloc organs were
perfused for a total time of 420 min.
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Fig. 1. Representation of the ex vivo perfusion model including liver, spleen, pancreas, intestine and kidneys. (A) Visual appearance of the model during normo-
thermic machine perfusion in one of the experiments. Organs and cannula’s are indicated, pancreas is indicated since it is not visible. (B) Simplified schematic
representation of the gut-hepatobiliary perfusion model. Sample points are indicated by the eppendorfs including the systemic perfusate, portal vein perfusate, bile,
urine and intestinal faecal effluent. Drug were dosed in the duodenum mimicking the oral dosing pathway indicated by the arrow towards the intestine ‘oral dosing’.
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2.5. Drug administration during normothermic perfusion

20 mg midazolam, 25 mg atenolol, 50 mg antipyrine and 1 mL of 10
mM FITC-Dextran 4000 (FD4) were dissolved in Williams E medium (50
mL) and dosed via the cannula in the duodenum. Exact luminal con-
centration of the compounds is not known since luminal fluid was
already present in the intestine resulting in further dilution of the
compounds. T = 0 min was defined as time of starting the bolus into the
duodenum. Subsequently, intestinal faecal effluent, portal vein
perfusate, systemic perfusate and bile samples were taken for the
following 240 min at time points t = 0, 15, 30, 45, 60, 90, 120, 150, 180,
210 and 240 min after dosing. Samples were centrifuged directly after
collection and immediately stored at <—70 °C until further processing.
Drug concentrations of midazolam, 1-OH midazolam, 1-OH midazolam
glucuronide, atenolol and antipyrine in the portal vein perfusate, sys-
temic perfusate, intestinal faecal effluent, bile and tissue were deter-
mined by LC-MS/MS and UPLC analysis as described below

2.6. Organ function assessment

During the perfusion experiment, blood gas analysis was executed
every hour by measuring a blood gas panel, electrolytes and a haema-
tology panel using a blood gas analyser (iSTAT Alinity, Abbot Point of
Care Inc., Princeton, NJ). Additionally, arterial and portal vein flow and
resistance values were reported from the Liver Assist™ device. Next to
blood gas analysis, the following parameters were measured in systemic
perfusate and bile samples to study viability of the organs. Intestine:
Intestinal barrier integrity was characterized by measuring FD4 and
atenolol and antipyrine. FD4 was analysed using a BioTek Synergy HT
microplate reader (BioTek Instruments Inc., Winooski, VT) with an
excitation/emission wavelength of 485 nm and 528 nm. FD4 concen-
tration were determined by measuring the fluorescence in relative
fluorescence units (rfu). Bioanalysis of atenolol and antipyrine is
described below. Liver: lactate concentrations in the perfusate were
measured by bloodgas analysis, bile production was collected in frac-
tions and volume was measured from the collection tubes throughout
the perfusion. Total bilirubin, alanine transaminase (ALT) and aspartate
transaminase (AST) concentration were determined in the systemic
perfusate (Reflotron-Plus system, Roche diagnostics, Almere, the
Netherlands). Pancreas: C-peptide levels were measured using an ELISA
(Sigma Aldrich, Zwijndrecht, the Netherlands) according to manufac-
tures description and amylase in intestinal faecal effluent was measured
(Reflotron-Plus system, Roche diagnostics, Almere, the Netherlands).
Kidney: systemic perfusate sodium, potassium and blood urea nitrogen
(BUN) were determined using bloodgas analysis. No assessments were
performed to study the viability of the spleen.

2.7. Bioanalysis

The concentration of midazolam in systemic perfusate, portal vein
perfusate, bile and tissues was quantified using LC-MS/MS (Waters,
Etten-Leur, the Netherlands). Atenolol and Antipyrine in the different
matrixes were measured using UPLC (Waters, Etten-Leur, the
Netherlands). Perfusate, bile and tissue samples were deproteinized with
acetonitrile (1:3) with the addition of 10 of uL the isotopically labelled
internal standards midazolam (1 pg/mL). Thereafter samples were
vortexed, centrifuged and supernatant was transferred to 96 well plate
and dried under nitrogen. Samples were then dissolved in 100 uL 10 %
ACN + 0,1 % formic acid and injected in to LC-MS/MS for quantification

Conc. midazolamiy® = 't

— Conc. midazolamyysemic circulation
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of midazolam, 1-OH midazolam and 1-OH midazolam glucuronide
(supplemental Table 1 and 2) and UPLC for quantification of antipyrine
and atenolol (supplemental Table 3 and 4). Chromatograms of mid-
azolam, atenolol and antipyrine are shown in supplemental Fig. 2.

2.8. Data analysis

Data obtained during the perfusion studies was analysed using
Graphpad prism version 8 (Graphpad, California, USA). Values for the
area under the concentration time curve (AUC) were calculated using
the linear trapezoidal method. Oral bioavailability was calculated based
on Fg and Fy:

F=F,«Fg*Fy=F,*(1—Eg)*(1—Ey) (¢}

To calculate intestinal gut-wall extraction of midazolam (Eg), mid-
azolam metabolism into 1-OH midazolam in the intestinal lumen (Eg.
intestinal lumen) and in the portal vein (Eg.py) was calculated (Paine et al.,
1996)

mdz—metab.
A Uclme st. effluent ( 2)

A Uc{ndzfmemb.

intest. effluent

— AUC™

Intest. effluent

Intestinal extraction (Eg_inestine) =

0, + (AUC) O — AuCOt-ei)
3)

Intestinal extraction (EG,I,V) =
0 (AUCI—OH _AUCIJN—OH—CGIM>

pv

pv

+ Opy * (AUC’”‘/Z — AUCZ,dz—cam)

Where Q,y is the portal vein flow, superscripts mdz and mdz-metab.
refer to the parent drug and metabolites (Supplemental Fig. 3). Sub-
scripts pv, s and intest. effluent refer to portal vein perfusate, systemic
perfusate and intestinal faecal effluent respectively. AUC represents the
area under the plasma concentration time curve. To determine Eg in the
portal vein, a systemic sample (without contribution of the liver is
needed (Paine et al., 1996), here considered as pv' ™%l and
pvOH-eae” (qypplemental Fig. 3). The AUG); O was considered the
systemic circulation without liver, calculated as followed:

The portal vein - liver in concentrations of midazolam and metabo-
lites were calculated based on FD4 measurements. Since FD4 is not
metabolized by the liver, a dilution factor could be calculated based on
FD4 portal vein perfusate concentration and FD4 systemic perfusate
concentration. Using the FD4 data, the pre liver in concentrations and
subsequent AUC (AUCII,V‘OH‘CGIC*) was calculated.

i, 1—OH
Portal VeWiptestinal_side (4)

FD4yortalside

FD4gystemic circulation

Portal vein' =0t — calex —

Where Portal vein intestinal side sample (supplemental Fig. 1) is the
portal vein blood flow directly coming from the intestine. The mid-
azolam concentration in the portal vein (AUC}TVdz ~ cdler) as calculated in
a similar fashion as the 1-OH concentration in the portal vein.

Fraction escaping gut wall (Fg) metabolism was defined by intestinal
gut-wall extraction (Eg) of midazolam:

Fg = (1-Eg) )

Hepatic extraction ratio (Ey) of midazolam was determined using
portal vein (based on FD4 diluted calculation) and perfusate samples.

Hepatic extraction (Ey) =
- yr———
Conc. midazolamy® = <+

(6)
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Based on the hepatic extraction ratio, the fraction escaping hepatic
elimination could be calculated:

Fny=(1—Ey) 7)
3. Results
3.1. Organs show proper viability and function during perfusion

Fig. 2A-N show organ specific viability and injury markers for the
intestine, liver, pancreas and kidney. The intestinal barrier function was
assessed by measuring the permeability FD4 and of atenolol, and anti-
pyrine. Varying but high levels of FD4 were collected from the intestinal
faecal effluent (1.2*108ﬂz1.0"'108 rfu/mL perfusate) while detection of
FD4 in the portal vein perfusate and systemic perfusate remained low
(0.03%108+0.03*10% rfu/mL perfusate vs 0.02+108+0.02%108 rfu/mL
perfusate respectively) indicating minimal leakage of FD4 into the
perfusate and thus a proper intestinal barrier (Fig. 2A). Besides FD4, the
permeability of atenolol and antipyrine was measured. Atenolol has a
moderately permeability and translocates via the paracellular route
while antipyrine is a high permeable drug which translocates via the
transcellular route. Atenolol was, on average, detected at slightly lower
concentrations in the portal vein perfusate compared to antipyrine
(supplemental Fig. 4), indicating proper preservation of transcellular
and paracellular transport routes (Fig. 2B, C). Additionally, intestinal
peristalsis was observed in all experiments between 30 and 120 min
after start of the perfusion and intestinal peristalsis remained
throughout the whole length of the experiment (Supplemental video 1).
Regarding liver viability, lactate levels showed to remain stable
throughout the perfusion with a small decline observed for 2 out of 4
experiments (Fig. 2D). Fig. 2E shows the bile production of the livers.
Bile production was very consistent throughout the perfusion time with
an average bile production of 148.42+36.81 mL after 420 min of
perfusion. ALT and AST increased 60 min after starting perfusion and
remained stable throughout the perfusion (Fig. 2F, G). Bilirubin showed
to be very stable in experiment 3 and 4 (9.1 and 9.3 pmol/L respec-
tively), however in experiment 1 and 2, increase in perfusate bilirubin
was observed (23.1 and 35 pmol/L respectively at t = 420 min)
(Fig. 2H). As a marker of endocrine and exocrine pancreas viability, C-
peptide secretion and intestinal amylase concentration were measured
in systemic perfusate and intestinal faecal effluent respectively. C-pep-
tide was detected in the systemic perfusate in all experiments at t = 60
min with a concentration of 8.47+1.38 ng/mL and remained stable
throughout the whole perfusion (Fig. 2I). The intestinal faecal effluent
showed to contain high concentrations of amylase (AUC 49,472 +
17,565 U/L) indicating active secretion by the pancreas (Fig. 2J). Fig. 2K
demonstrates the glucose kinetics during organ perfusion. In two the of
the multi-organ perfusion studies (study 1 and 4) stable glucose levels
throughout the perfusion were observed with a maximum glucose peak
of 11 mmol/L at 30 min indicating possible glucose regulation by the
pancreas. The other perfusions showed a peak glucose levels of ~39
mmol/L 60 min after perfusion, whereafter linear glucose uptake was
observed indicating glucose consumption by the various organs. In the
absence of a kidney function biomarker, systemic perfusate levels of
sodium, potassium and blood urea nitrogen (BUN) were measured
(Fig. 2L-N). Sodium and potassium levels remained stable throughout
the perfusion duration and minimally increased, indicating maintenance
of a proper biochemical environment. BUN increased during the perfu-
sion reaching a final concentration of 38.75+5.90 mmol/L at 420 min of
perfusion, retaining relatively low levels of perfusate BUN levels to
single organ perfusion (supplemental Fig. 5). Minimal urine output
(0-10 mL) was observed during perfusion. Together, these data shown
proper viability as well as functionality up to 420 min of perfusion of
different organs involved in the perfusion model (supplemental Fig. 6).
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3.2. Active midazolam absorption, metabolism and excretion

Absorption and metabolism of midazolam was studied to charac-
terize the viability of the intestine and liver. Fig. 3A-C illustrate the role
of the intestine (and liver) in midazolam metabolism. After an intra-
duodenal dose, midazolam was detected in the portal vein perfusate to a
higher extent than the systemic perfusate indicating active midazolam
absorption. The Cp,ox concentration in the portal vein was 426.47 nM, 90
min after administration. Corresponding Cpax in systemic perfusate was
80.16 nM at 90 min after administration. Portal vein concentration
decreased over time to 117.60 nM at 240 min after dosing, with a
perfusate concentration of 36.01 nM. Fig 3B shows the 1-OH midazolam
concentrations in the portal vein and systemic perfusate. 1-OH mid-
azolam concentrations showed to be higher in the portal vein compared
to the perfusate indicating active gut wall metabolism of midazolam to
its metabolite. Samples from the intestinal faecal effluent were taken to
assess midazolam and metabolite concentrations (Fig. 3C). Midazolam
was detected at higher levels compared to the metabolites 1-OH mid-
azolam and 1-OH midazolam glucuronide (2889-+2321 vs. 111.59
+86.22 vs. 1.31+1.06 uM/0-240 min respectively) showing incomplete
absorption of midazolam as well as gut-wall metabolism and interest-
ingly, excretion to the luminal side. Fig. 3D and E demonstrates the liver
contribution to the metabolism of midazolam. 1-OH midazolam glucu-
ronide was measured at slightly higher levels in the systemic perfusate
compared to the portal vein perfusate. Biliary excretion of midazolam
was demonstrated with a Cpax at 90 min (46.78 ng), and total biliary
excretion of 0.04 % (£0.01 %) of the administered dose. The metabolite
1-OH midazolam glucuronide was also detected in the bile, however
only in 1 out of 4 experiments, at minimal output (0.02 % of adminis-
tered dose). Fig. 3F shows the systemic midazolam profile. The metab-
olite, 1-OH midazolam was detected in the perfusate 30 min after dosing
and linearly increased throughout the perfusion with a Cpyax of 57.20 nM
at 210 min whereafter a decrease was observed. The midazolam
metabolite 1-OH midazolam glucuronide was detected in the perfusate
30 min after perfusion. The glucuronide demonstrated a more rapid
increase in its detection in the systemic perfusate over time (117.99 nM
at 240 min) compared to 1-OH midazolam. The relative slight increase
in the detection of 1-OH midazolam with the steep increase in the
detection of 1-OH glucuronide suggest metabolism of 1-OH into its
glucuronide.

3.3. High tissue levels of midazolam in the intestine

The concentration of midazolam, 1-OH midazolam and 1-OH mid-
azolam glucuronide after 240 min of perfusion were determined in in-
testine, liver and kidney tissue (Fig. 4A, B). Concentration of 1-OH
midazolam showed to be below the limit of quantification in all the
organs. Compared to kidney (0.12+0.08 nM/mg tissue) and liver (0.10
+0.03 nM/mg tissue), high concentrations of midazolam were observed
in the intestine (5.20+3.97 nM/mg tissue) (Fig. 4A). The conjugated
metabolite, 1-OH midazolam glucuronide, tended to show higher tissue
levels in the liver (0.06+0.08 nM/mg tissue) compared to intestine (0.02
+0.01 nM/mg tissue) and kidney (0.03+0.02 nM/mg tissue). However
this was mainly observed in 1 out of 3 studies.

3.4. Determination of the oral bioavailability

Based on the measured concentrations in the perfusate, portal vein
and intestinal lumen the Ey, Eg, Fg, Fy and subsequently F,, was
calculated. The Eg, metabolite formation to the gut lumen showed to be
less than the metabolite formation in the portal vein (0.051+0.03 vs.
0.16+0.10 respectively). Together, an Eg of 0.21+0.11 was measured in
our model (Fig. 5A). The Ey varied between 0.55 and 0.74 with an
average of 0.65+0.07. The Fg and Fy showed a value of 0.78+0.11 and
0.35+0.07 respectively, indicating more extensive hepatic metabolism
than through intestinal metabolism. Assuming a fraction absorbed of 1,
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perfusate (Eg-pv), combined showing the Eg total, and hepatic extraction of midazolam measured in the portal vein and systemic perfusate. (B) Fraction escaping gut
wall metabolism, fraction escaping hepatic extraction and oral bioavailability of midazolam. Data represents mean + SD of 4 individual experiments.

the Forq Was calculated to be 0.27+0.05.
4. Discussion

To date, complete ADME profiles with a focus on oral bioavailability
can only be studied in vivo models as it remains difficult to recapitulate
all organ functions within a single in vitro model. However, with the
innovations into state-of-the-art perfusion devices we have demon-
strated the ability to perfuse multiple abdominal organs en bloc in an ex
vivo setting. The model showed a stable flow, intestinal peristalsis was
observed throughout the experiment and viability of the organs was
demonstrated by bloodgas analysis, specific viability assays and by
showing absorption, metabolism and excretion of midazolam.

Although ex vivo NMP is typically conducted with a single organ, the
simultaneous perfusion of multiple organs occurs less frequently. Our
data indicates that the inclusion of multiple homoeostatic organs (e.g.
liver, kidneys and pancreas) holds significant advantages, especially in
maintaining the acid-base balance and glucose regulation of the
perfusate. This is also observed by Chung et al. (2012), Chung et al.
(2013) and He et al. (2018) showing the addition of a kidney to the liver
circuit improved the biochemical environment. During liver perfusion, a
spike in glucose concentration is typical (Watson and Jochmans 2018).
Interestingly, in two out of four perfusions only a slight increase
occurred. We hypothesize that the addition of the pancreas to the circuit
was beneficial for the glucose regulation and homoeostasis, as evidenced
by a concurrent production of C-peptide. Moreover, no additional
glucose infusion was needed, suggesting effective glucose regulation by
the pancreas. Delayed warm-up of organs in two of the perfusions might
explain the glucose rise at t = 60 min, affecting the pancreas function-
ality and viability. Using a multi-organ perfusion approach, including
homoeostatic organs, achieving prolonged perfusion will become more
feasible. Previous studies demonstrated prolonged abdominal organ
perfusion, with viability up to 24 h (Chien et al., 1989) and 45 h (Chen
et al., 2021). Both above mentioned studies used organs obtained before
sacrificing the animal, allowing for minimal warm ischaemic time
before preservation. To our knowledge, no other previous studies
demonstrated a multi-organ model using slaughterhouse organs, in
which warm ischaemia times are inherent. With this study we show the
possibility to use slaughterhouse material (waste material), contributing
to the 3R principle of reduction in the use of animal testing (Han 2023).
Additionally, the availability of slaughterhouse organs is a significant
advantage allowing for experimentation without the need for an animal
laboratory (Dengu et al., 2022). However, good agreements with the

slaughterhouse is essential to ensure proper quality of the organs during
resection of the en bloc organs out of the carcass. The complexities
encountered in small intestinal and multivisceral organ transplantation
show similarities to our developed ex vivo model (Abu-Elmagd et al.,
2009). We observed extensive fluid secretion into the small intestines. It
is known that the small intestine secretes 8-9 liters water including
electrolytes per day which is reabsorbed by the ileum and the colon
tissue (Field 1974; Donohoe and Reynolds 2010). Extensive excretion is
a phenomena known in small intestine transplantation; colectomy pa-
tients suffer from severe diarrhoea after surgery indicating the inability
to reabsorb the secreted fluid. Furthermore, in a rat intestine-transplant
model obtained after circulatory death, abnormalities were shown in
intestinal secretion (Teitelbaum et al., 1993; Goulet et al., 2009). Also
Pang et al. (1985) reported the hypersecretion into the lumen of the
intestine in a gut-liver in situ rat perfusion model, however this could be
overcome by the infusion of noradrenaline and dexamethasone. This
strategy limiting hypersecretion is promising for future multi-organ
experiments and would possibly enable to include the whole small in-
testine allowing for even better absorption studies.

To demonstrate the applicability of the perfusion model to study the
first pass effect and oral bioavailability, the metabolism of midazolam
was studied. Since midazolam is metabolized by the intestine as well as
the liver by CYP3A in both of these organs, valuable insight can be
generated regarding the extent of involvement of the organs into the
first-pass metabolism. Intestinal absorption of midazolam was observed
followed by detection of 1-OH midazolam and 1-OH midazolam glucu-
ronide in the portal vein and systemic perfusate indicating CYP3A
metabolism and UGT1A4 and UGT2B4/2B7 activity in the intestine and
liver. Additionally, the presence of these metabolites in the intestinal
faecal effluent suggest gut wall metabolism and intestinal glucur-
onidation to some extent. High levels of 1-OH midazolam in the portal
vein perfusate indicate gut-wall metabolism, while extensive hepatic
glucuronidation was observed. This was evidenced by increasing levels
of the glucuronide in the systemic perfusate assuming a higher expres-
sion of UGT enzymes in the liver compared to intestinal UGT expression.
Minor urine excretion was observed during the perfusion and thus uri-
nary elimination of midazolam and the metabolites could not be studied.
We hypothesize that the limited urine production could be due to
perfusate conditions, ischaemia reperfusion injury or the water flux from
the perfusate to the intestinal lumen, limiting the ‘need’ to produce
urine for the kidneys.

The hepatic extraction ratio calculated in the multi-organ model
showed to be 0.65 (£+0.07). Although minor to no hepatic extraction
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data of midazolam in pigs is known, the reported human hepatic
extraction ratio showed to be slightly lower (0.44+0.14) (Thummel
et al., 1996). Midazolam extraction is affected by the blood flow and the
activity of metabolizing enzymes (Dundee et al., 1986). Multiple studies
have demonstrated that porcine liver microsomes possess a higher
CYP3A4 activity compared to human liver microsomes (Thorn et al.,
2011; Mogi et al., 2012). Also our lab demonstrated a higher activity of
porcine liver microsomes compared to human liver microsomes (sup-
plemental Fig. 7). A higher activity of CYP3A can result in a higher
hepatic extraction ratio and thus a higher first-pass effect, confirming
the results observed in our perfusion model. Ochs et al., (Ochs et al.,
1987) demonstrated the intestinal and hepatic extraction of midazolam
in pigs by comparing oral administration versus iv administration. The
systemic venous / portal venous ratio of midazolam showed to be 0.15
indicating extensive hepatic extraction. IV administration showed
almost similar AUC values in systemic venous and portal venous samples
suggesting minimal intestinal extraction. This study showed that the
extraction of midazolam after duodenal administration could be
contributed to almost entirely hepatic metabolism. In humans, intestinal
extraction plays a more dominant role since extraction values of
0.43-0.44 have been reported for the intestine, indicating substantial
involvement of the intestine in the extraction process (Paine et al., 1996;
Thummel et al., 1996). Thummel et al. (1996) demonstrated a large
variation within the intestinal extraction (0.0 — 0.77), as also shown by
Brill et al. (2016) predicting extraction values between 0.05 and 0.8 in
morbidly obese patients. One possible explanation for the disparity in
observed intestinal extraction data between humans and pigs could be
variations in the abundance of CYP3A4 enzymes. Schelstraete et al.,
(Schelstraete et al., 2019) compared the CYP450 enzymatic status in
porcine livers and intestine to human enzymatic status. Duodenal rela-
tive quantitative results showed to be remarkably similar between pigs
and men (CYP3A4 88 % in pig vs 82 % in humans). However, intestinal
CYP450 microsomal activity was significantly lower in porcine micro-
somes for CYP3A, even up to 6-10 times lower as reported in human
(Galetin and Houston 2006). Subsequently, the overall oral bioavail-
ability showed to be 27 % in our model. Only two in vivo studies using
pigs (micro minipigs and Gottinger minipigs) reported the bioavail-
ability of midazolam after oral intake, showing values between 3.0 %
and 14 % (Ochs et al., 1987; Mogi et al., 2012; Lignet et al., 2016).
Although our reported oral bioavailability data is close to the reported in
vivo data, slight underprediction of the intestinal metabolism in our
model could affect the Fg and thus affect the oral bioavailability. The
slight underprediction of the intestinal metabolism could be due to the
inclusion of only ~2 m of small intestinal tissue. Although the highest
expression of CYP3A4 is detected in the duodenum and gradually de-
creases along the intestinal tract, metabolism further along the intestine
could have contributed to a higher intestinal metabolism (Paine et al.,
1996; Nishi et al., 2004; Berggren et al., 2007; Bruyere et al., 2010).
Moreover, temperature of the ex vivo organs might have influenced the
metabolism of midazolam. Despite maintaining the perfusate tempera-
ture at 38 °C which was monitored at the arterial and venous flow, the ex
vivo organs placed in a box were susceptible to cooling down. This could
result in lower tissue temperature that could have impacted the (intes-
tinal) absorption and metabolism of midazolam and be a reason for
variation in the results (Tortorici et al., 2007; van den Broek et al. 2010).
Besides detection of 1-OH midazolam and 1-OH midazolam glucuro-
nide, we observed multiple hydroxy and glucuronide metabolites (sup-
plemental Fig. 8) however, not quantified. This could also partly account
for the slight underprediction of metabolism. Also differences in pig
species used in these studies compared to our study can affect the Fg and
Fy and thus affect the oral bioavailability. Clinical studies using human
subjects show a higher midazolam bioavailability; between 29 and 44 %
(Allonen et al., 1981; Paine et al., 1996; Thummel et al., 1996). Taking
into account the higher CYP3A4 activity in the liver in pig studies,
human in vivo studies show lower Fy values resulting in a higher oral
bioavailability which is in line with our data. In summary, the generated
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hepatic and intestinal extraction data is in line with in vivo pig data. To
translate this data to humans, the use of physiologically based phar-
macokinetic (PBPK) modelling with allometric scaling could be applied.
Multiple pig PBPK models have been developed since there is a growing
use of pigs as preclinical species (Henze et al., 2019). On the other hand,
multi-organ perfusions can generate novel insights and input for these
PBPK modelling exercises. One of the challenges in PBPK modelling is to
dissect out the contributions of the intestines and liver, two serially
arranged organs in first-pass metabolism (Pang et al., 2017). Studying
PK processes of organs involved in ADME in an isolated environment
gives the ability to control the process. The ability to take (unlimited)
samples from different locations (e.g. different venous outflows) and
tissues over time can generate valuable information regarding the
contribution of each organ into the metabolism of a drug. Especially
sampling from the intestinal faecal effluent and the portal venous blood
generating insight into gut-wall metabolism is very unique. The model
presents numerous future perspectives; it offers the potential for
studying regional absorption as the expression of transporters like Pgp,
OATP and CYP enzymes varies along the intestinal tract (Vaessen et al.,
2017). Since the model closely resembles physiology, including intact
intestinal tissue and peristalsis the model could be used to study
formulation effects since sampling from the intestinal faecal effluent and
portal venous blood stream is feasible and dosing at a physiological pH
can be applied as the tissue is able to handle the enzymatic and pH
environment. A pre-digestion protocol designed to mimick stomach
digestion can even more accurately stimulate gastrointestinal condi-
tions, thus better simulate in vivo conditions. This is particularly
important as the stomach’s acidic environment aids in solubilizing and
dissolving drugs (Mitra and Kesisoglou 2013). Furthermore, the
gut-hepatobiliary model offers an excellent opportunity to study
drug-drug interactions (DDI) as DDI can occur at the intestinal as well as
the hepatic level as currently a combination of both models is needed in
order to properly predict the magnitude of DDI.

5. Conclusion

We have successfully developed a porcine ex vivo perfusion model of
multiple abdominal organs and demonstrated its capabilities and po-
tential use in studying ADME processes. Using this model we were able
to characterize pre-systemic extraction of midazolam by measuring the
intestinal as well as hepatic extraction. As a result, oral bioavailability
could be determined. Fyy, Fg and oral bioavailability findings were in line
with pig in vivo data. This model, complemented with physiologically
based pharmacokinetic modelling is a valuable approach to investigate
the first-pass effect and oral bioavailability of novel pharmaceutical
compounds. By employing this approach, valuable insights can be
generated into the absorption and metabolism of new drugs, thereby
facilitating the development and optimization of drug candidates for
human use.
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