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Abstract:

A clear understanding of oral drug absorption is an important
aspect of the drug development process. The permeability of drug
compounds across intact sections of small intestine from numerous
species, including man, has often been investigated using modified
Ussing Chambers. The maintenance of viable, intact tissue is
critical to the success of this technique. This study therefore aimed
to assess the viability and integrity of tissue from patients
undergoing pancreatoduodenectomy, for use in cross-species
Ussing chamber studies. Electrical parameters (potential
difference; mV, short-circuit current; pA.cm™ and resistance;
Q/cm?) were monitored over the duration of each experiment, as
was the permeability of the paracellular marker atenolol. The
permeability values (Papp; cm/s x107®) for a training-set of
compounds, displaying a broad range of physicochemical properties
and known human fraction absorbed values, were determined in
both rat and human jejunum, as well as Caco-2 cell

monolayers. Results indicate that human jejunum sourced from
pancreatoduodenectomy remained viable and intact for the duration
of experiments. Permeability values generated in rat and human
jejunum correlate well (R?> = 0.86), however the relationship
between permeability in human tissue and Caco-2 cells was
comparatively weak (R? = 0.58). Relating permeability to known
human fraction absorbed (hFabs) values results in a remarkably
similar relationship to both rat and human jejunum Papp values.

It can be concluded that human jejunum sourced from
pancreatoduodenectomy is a suitable source of tissue for Ussing
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chamber permeability investigations. The relationship between
permeability and hFabs is comparable with results reported using
alternative test compounds.
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Abstract.
A clear understanding of oral drug absorption is an important aspect of the drug development
process. The permeability of drug compounds across intact sections of small intestine from
numerous species, including man, has often been investigated using modified Ussing Chambers.
The maintenance of viable, intact tissue is critical to the success of this technique. This study
therefore aimed to assess the viability and integrity of tissue from patients undergoing
pancreatoduodenectomy, for use in cross-species Ussing chamber studies. Electrical parameters
(potential difference; mV, short-circuit current; uA.cm'2 and resistance; Q/cmz) were monitored
over the duration of each experiment, as was the permeability of the paracellular marker atenolol.
The permeability values (Papp; cm/s x107®) for a training-set of compounds, displaying a broad
range of physicochemical properties and known human fraction absorbed values, were
determined in both rat and human jejunum, as well as Caco-2 cell monolayers. Results indicate
that human jejunum sourced from pancreatoduodenectomy remained viable and intact for the
duration of experiments. Permeability values generated in rat and human jejunum correlate well
(R* = 0.86), however the relationship between permeability in human tissue and Caco-2 cells was
comparatively weak (R* = 0.58). Relating permeability to known human fraction absorbed
(hFabs) values results in a remarkably similar relationship to both rat and human jejunum Papp
values.
It can be concluded that human jejunum sourced from pancreatoduodenectomy is a suitable
source of tissue for Ussing chamber permeability investigations. The relationship between

permeability and hFabs is comparable with results reported using alternative test compounds.

Keywords: Ussing Chamber, absorption, drug development, pancreatoduodenectomy
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Introduction
The measurement and prediction of oral drug absorption in the early drug discovery process is a
complex task fraught with interpretation difficulties resulting from species-specific interactions
and the limited physiological relevance of certain in vitro tools. Cell based assays such as Caco-2
are commonly used as an up-front screening tool for indicating the permeability of candidate
compounds and by extrapolation, the “absorption potential”’. These cells are also often used for
mechanistic studies in order to identify potential interactions with efflux transporters that could
limit intestinal absorption or prevent access to the site of action [1]. Preclinical pharmacokinetic
(PK) studies performed during lead optimisation give the first in vivo measure of absorption and
can highlight potential limitations in bioavailability caused by intestinal processes. However, the
use of rat, dog and mouse species at this stage may give contrasting data, leading to significant
difficulty in accurately predicting the likely situation in man.
Modified Ussing chambers have been used for some time to study the permeability and
absorption potential of New Chemical Entities (NCEs) across excised sections of intact intestinal
tissue. In this way, species and region specific difference in permeability, transport and
metabolic capability have been identified [2-5]. The significant advantage offered by Ussing
chamber studies over cultured cell lines is the maintenance of the complex cellular heterogeneity
and morphology of the mammalian intestine (including crypt-villus structures), which is not
entirely mimicked by the relatively homogeneous cellular monolayer of a Caco-2 system. The
presence of an extended plethora of transport proteins and drug metabolising enzymes (DMEs) as
well as an intact acid microclimate mucous layer adjacent to the villus tip enterocytes, results in
an experimental system that gives a more complete picture regarding processes that may impact
on absorption [6-8].
Pancreatoduodenectomy (Whipple’s operation) was identified as a potential source of human
tissue for Ussing chamber studies. Pancreatoduodenectomy is a first-line treatment for removal

of tumours located in the head of the pancreas and involves the removal of the head of the
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pancreas, duodenum, gall bladder and bile duct along with a short section of jejunum [9]. The
jejunum is resected to facilitate surgical reconstruction, not for therapeutic purposes and is
therefore redundant for the purposes of pathological examination.
Of critical importance when using ex vivo intestinal sections in Ussing chamber investigations, is
the maintenance of tissue integrity and viability. Previous studies have identified certain
parameters and set limits for monitoring the health of tissue mounted in the chambers, ensuring
accuracy and consistency of the results generated [10-11].
In order to confirm the utility of human tissue sourced from pancreatoduodenectomy, a key aim
was therefore to assess tissue integrity following excision and transport to our laboratory. In
addition, to allow cross-species comparisons and absorption predictions, the permeability of a
number of compounds was assessed using Caco-2 cells and excised rat and human jejunum (from

pancreatoduodenectomy).

5
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Materials & Methods

Animals

Male Han Wistar rats (Harlan, UK), aged approximately 100 days and weighing 250-400 g were
used in the experiments. They were kept at a room temperature of 18 °C to 22 °C and a relative
humidity of 30 % to 60 % under a 12-hour light/dark cycle and had free access to food and tap
water. The rats were allowed to acclimatise for at least one week after arrival at AstraZeneca
R&D Alderley Park.

In order to retain viability of the intestine during surgical excision blood perfusion was
maintained under isofluorane (2 L/min, 5 %) anaesthesia. After abdominal incisions were made,
intestinal lumens were occluded by thin cotton thread proximal to the sections of tissue taken
from duodenum, jejunum, ileum and colon. The animals were then sacrificed by heart puncture
under maintained anaesthesia.

A small incision was made distal to the position of the thread to allow 2 x 20 ml washes of ice-
cold Kreb’s bicarbonate Ringer (KBR) solution (pH 7.4) (108.0 mM NaCl, 4.7 mM KCl, 0.6 mM
Na,HPO4/KH,PO,4, 16 mM NaHCOs3, 1.2 mM MgSOy, 1.2 mM CaCl,, 4.9 mM Na-Pyruvate, 5.4
mM Fumarate, 4.9 mM L-Glutamate, 11.5 mM Glucose) to remove chyme and faecal matter.
The segments were placed in a chamber containing ice-cold KBR perfused with carbogen (95 %

05, 5 % CO,) for 30 minutes.

Human small intestine

Ethical approval was granted (IRAS reference: 09/H1006/2) and tissue samples surplus to the
requirements of histopathological assessment were collected from 6 individual donors, in
agreement with Surgeons at North Manchester General Hospital. Human tissue samples were
collected from 6 male patients, median age 59 (range, 38-68). The specimens were obtained from
patients undergoing pancreatoduodenectomy to remove tumours of the head of the pancreas.

None of the patients had previously undergone radio- or chemotherapy prior to surgery.
6

http://mc.manuscriptcentral.com/bdd



©CoO~NOUTA,WNPE

Biopharmaceutics & Drug Disposition Page 9 of 58

BDD-10-0113-R1
Perfusion of the intestine was maintained until the moment of excision. Approximately 10cm of
small intestine was removed and immediately placed in ice-cold KBR, pre-saturated with
carbogen. Staples were removed from either end of the resected tissue to allow bathing of the
mucosal surface. The tissue was then transported to the laboratories at AstraZeneca. Mean time

period between excision of intestinal tissue and transport to our laboratories was 88 + 19 minutes.

Ussing Chamber permeability experiments

Segments of intestine, avoiding Peyer’s patches, were carefully opened along the
mesenteric border and pinned onto the silicon base (90 % DC Sylgard 184-base + 10 % DC
Sylgard 184-catalyst) of a specially designed preparation chamber containing chilled (10 °C)
KBR gassed with carbogen. The serosal layer of the rat jejunum and musculo-serosal layers of
human jejunal sections were dissected off with the aid a stereo microscope (Wild M8) and a light
source (Schott KL 1500).

Intestinal segments were mounted as flat sheets in a modified Ussing chamber (Harvard
Navicyte). The exposed tissue surface area was 0.64 cm” for rat tissue and 1.78 cm? for human
sections. A 4 electrode system was used for recording electrical parameters. This consisted of 2
x Ag/AgCl electrodes for potential difference (PD) measurement and 2 x Ag/AgCl electrodes for
current passage. Asymmetry in the PD sensing electrodes was zeroed prior to tissue mounting.
Correction for the series fluid resistance was also made in assembled chambers prior to tissue
mounting. A 30-40 minute equilibration period at 37°C was allowed prior to the addition of test
compounds.

To initiate experiments, the KBR in “donor” or “receiver” wells was replaced with 5 ml of
KBR containing the test compounds (30 uM) or KBR alone. Samples were removed at 30
minute intervals up to 120 minutes, for analysis by HPLC MS/MS. Fluxes were expressed as
nmol. cm™. hr'! or as apparent permeability coefficients (Pupp; Pab & Pp.a) and were calculated as

reported previously [10]. P, p or 4pp is expressed in cm/s.

7

http://mc.manuscriptcentral.com/bdd



Page 10 of 58 Biopharmaceutics & Drug Disposition

©CoO~NOUTA,WNPE

BDD-10-0113-R1
As a further measure of tissue viability at the end of the experimental period and to
confirm the activity of ATP-driven (energy-dependent) processes, 100 uM carbachol (CCh) was
added to the basolateral chamber. As has previously been established [12-13] CCh elicits an
increase in Isc by stimulating chloride secretion upon binding to muscarinic acetylcholine
receptors. By measuring an increase in ATP driven, CCh-stimulated chloride secretion, tissue
sections can be said to have remained energically active (ATP production and hydrolysis

maintained).

Cell Culture

All cell culture was performed in a class II laminar flow hood (MBSC) under aseptic conditions.
Caco-2 cells were maintained in high-glucose (4500 mg L™ D-glucose) Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with foetal calf serum (10 % v/v), L-glutamine (1 mM),
non-essential amino acids (1 % v/v) and the antibiotic gentamicin (30 pg ml'l). Cells were
maintained at 37 °C in a humidified incubator with 5 % CO, in air. Cells were seeded onto 96-
well culture inserts (Transwell 3391, 4.26 mm diameter, 0.4 pm pore size, uncoated
polycarbonate filters, Costar) at high density (2.42 x 10 cells/cm?). Cells were grown to
confluency for 14-17 days and transepithelial electrical resistance (TEER) was measured using a
WPI EVOM voltohmeter (World Precision Instruments, Stevenage, Hertfordshire, UK). Typical

resistance values for Caco-2 cells were >250 Q.cm”.

Transepithelial Transport Experiments

Automated bi-directional transepithelial transport assays were performed using a Tecan Genesis
Robotic workstation. Transport assays were performed 14-17 days post-seeding. Assays were
performed in HBSS (Hanks buffered saline solution) at pH 7.4 in both apical and basal
compartments. Transport plates were produced to allow the unidirectional (apical-to-basal, P,

and basal-to-apical, P;.,) permeability of each compound (10 uM). Lucifer Yellow (100 uM)
8
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was included in the transport buffer to allow post-assay determination of paracellular
permeability, measured by spectrofluorometry (485-535). The extent of apical-to-basal and
basal-to-apical transport was determined by HPLC MS/MS sample analysis for each drug
compound. Apparent permeability (Pypp; x10® cm.s™) was calculated for each compound in the

apical-to-basal (P,) direction as described previously [10].

Materials

Cell culture media, Kreb’s bicarbonate ringer (KBR) components and supplements were from
Sigma (Poole, Dorset, UK), and tissue culture plastic flasks and culture plates were supplied by
Costar (High Wycombe, UK). All other chemicals obtained from Sigma (Poole, Dorset, UK).
All drug compounds were purchased from Sigma (Poole, Dorset, UK) or sourced from

AstraZeneca’s internal compound library.

Statistics

All data are expressed as mean * standard error of the mean (SEM) with n representing the
number of replicates in each experiment. The differences between mean data values were
assessed using unpaired Student’s T-tests. Tests for linear relationships between permeability
values generated in the different tissue types were performed. Non-linear regressional analysis
was performed to compare permeability values with known human Fabs data. All analysis
performed using Prism 4 (Graphpad InStat, San Diego, California, USA). Statistical significance

was reported at P < 0.05.

9
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Results

Tissue viability and integrity

Figure 1 displays the electrical timecourses for rat and human small intestine mounted in Ussing
Chambers. At time O (following the 40 minute equilibration period), mean potential difference
readings were 4.7 £ 0.3 mV and 5.7 + 0.5 mV for rat and human tissue, respectively (n=128 and
60 separate tissue sections, respectively). Short-circuit current (Isc) was 161.8 + 19.2 pA.cm'2
for rat jejunum and 200.7 £ 51.3 pA.cm'2 for human jejunum, with rat and human resistance (R)
values being 32.6 + 2.3 Q.cm” and 23.3 +3.2 Q.cm?, respectively (n=128 and 60 separate tissue
sections). Rat potential difference (PD) showed a steady decline over the 120 minute timecourse
of each experiment, ending on 59 % of the initial value. Human tissue was more resistant to
decreasing PD as a reduced voltage difference was not evident until approximately 80 minutes,
with final values being 75 % of the initial value. For both rat and human tissue, short-circuit
current initially rose during the first 40 (rat) to 60 (human) minutes after mounting the tissue in
the chamber. Isc was maintained theron for the remainder of the timecourse. Conversely, R
initially fell during the 40 minute equilibration period in both species. R in the human tissue then
remained stable, with rat jejunal R showing a small rise towards 120 minutes.

Figure 2 displays the response to CCh for both rat and human excised intestine in these studies.
Rat tissue displayed a 29 % increase in Isc in response to CCh, from 124 to 159 uA.cm™ (n=15,
P < 0.05). Human intestinal tissue showed a larger response with Isc increasing 50 % following

basolateral CCh, from 122 to 183 A.cm™ (n=20,P < 0.001).

In addition to real-time electrical indications of tissue viability and integrity, measuring the
passive permeability of a paracellular molecule acts as more sensitive control for disrupted tissue
integrity. Atenolol was chosen as a paracellular marker [14] amenable to analysis by LC
MS/MS. As can be seen in Figure 3, atenolol flux remained linear for the timecourse of the

experiments in both rat and human tissue, indicating maintained tissue integrity (R* = 0.984 and
10
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0.996, respectively). There was no statistical difference between paracellular atenolol

permeability in either species.

Buffer conditions (constant gassing vs pre-saturation)

The supply of oxygen to excised tissue sections is critical to maintaining viability and integrity
once mounted in Ussing Chambers [11]. As transport logistics prevented constant gassing of
human tissue in Kreb’s bicarbonate ringer (KBR) from the Hospital to the laboratory, rat tissue
was initially assessed to determine any impact on viability and integrity with regard to constantly
gassed tissue vs pre-saturated buffer. Ice-cold KBR was used in both instances. Verapamil was
used as a high permeability marker of transcellular permeability with atenolol used as a
paracellular marker. KBR was either continuously perfused with carbogen or pre-saturated
before being placed in a sealed, gas impermeable flask. Figure 4 (A) shows that there was no
difference between either verapamil or atenolol absorptive permeability when tissue was
transported in constantly gassed or pre-saturated, ice-cold KBR buffer. In addition Figures 4 (B),
(C) and (D) indicate that electrical parameters were not affected, with PD, Isc and Rt values at

time O effectively equal in both groups (n=3 separate animals, NS).

Rat jejunum, human jejunum and Caco-2 permeability

The compounds selected for permeability experiments in rat jejunal tissue spanned a range of
physicochemical space and human fraction absorbed values (Table 1). They include compounds
subject to passive transcellular and paracellular movement, as well as active transport. The
absorptive (mucosal to serosal) apparent permeability (Papp) values generated across the rat and
human intestine are displayed in Table 2, alongside the human fraction absorbed values (Fabs),
taken from various literature sources. The rank ordering between high-low permeability values in

the rat jejunum and high-low human fraction absorbed values display a good agreement. The
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ordering does not appear to be as closely matched when looking at values generated in Caco-2
monolayers (Table 2).
The permeability of a number of the compounds investigated in rat intestine was also measured in
the human jejunum sourced from pancreatoduodenectomy. The permeability values are shown in
Table 2, displaying a rank ordering broadly in agreement with that of the rat intestinal tissue.
When plotted against the Papp values generated in rat (Figure 5A), there is an excellent linear
correlation (R2 =0.86, P < 0.05). However, the relationship does not follow the line of unity
Compounds with Papp values >20cm/s (x107®) in the rat intestine show considerably higher
values than were measured the human intestine (Figure 5C). If the analysis only includes
compounds below this Papp value in the rat, it is apparent that permeability is remarkably similar
in both species (Figure 5B)
For compounds known to permeate predominantly via the paracellular route (i.e. atenolol,
ranitidine) extremely low Papps are noted in Caco-2 cells, believed to result from the enhanced
tight-junctional barrier in these cultured layers in relation to intact intestinal tissue [15]. This
results in much poorer correlations when compared directly against the values generated in rat

and human tissue.

The Papp values generated in Caco-2 monolayers, rat and human tissue can be related to human
fraction absorbed (hFabs) whereby they are plotted on a logarithmic scale against the hFabs
values. As can be seen in Figure 6A, there is a sigmoidal relationship (R* = 0.73) between rat
Papp and human Fabs, which mimics the output of research conducted by other groups with an
alternative set of probe compounds [16]. The Papp values generated in the human small intestine
with a subset of compounds also measured in that rat were plotted against hFabs values to
produce the relationship shown in Figure 6B. The sigmoidal regression shows a marginally
stronger correlation than was obtained using rat intestinal tissue (R* = 0.80). With the Caco-2

values, a markedly different curve is observed (Figure 6C), due mainly to the low permeability

12
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values measured for the more hydrophilic compounds. The regression analysis indicates a strong
correlation (R2 =0.92) with human Fabs.
In overlaying both human and rat Fabs curves, it can be seen that the relationship between Papp
and human fraction absorbed is qualitatively similar for the training set of compounds used in this

assay (Figure 6D)
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Discussion
The use of excised intestinal tissue in modified Ussing chambers has been developed for the
study of permeability and absorption potential of NCEs. Previous investigations have defined
explicit criteria for determining the viability of this excised tissue and it is recognised that
maintained perfusion in situ is critical for maintaining viability ex vivo [11]. The stripping
process has previously been shown to have no detrimental impact on excised tissue [4] and was
not specifically investigated in this study. The electrical parameters recorded in this study
broadly agree with those measured in other laboratories for both rat and human tissue [4,11,17]
Active ion transport is maintained in tissue sections from both species, however the PDs do fall
over the course of the experiment. Previous studies have shown that at 90 minutes, tissue damage
can be observed in morphological assessments [10]. However, in the study by Soderholm et al
[9], a drop in PD was noted prior to these signs of structural damage, indicating a reduction in ion
transport, rather than a disruption of the tissue morphology. In the present study, chloride-related
increases in Isc induced by the addition of CCh demonstrated that despite a fall in PD, the tissue
sections remain metabolically active at the end of the incubation period.
Tissue resistance was found to be well maintained over the course of the experiment, although the
relevance of this measure as an indicator of the extent of leak in a whole tissue section has been
questioned in the past [11,14]. Small reductions in tissue integrity may not necessarily be
reflected by changes in resistance. As such it is important to include a marker of paracellular
permeability to assess leak upon post-experiment analysis. Atenolol, as a suitable molecule for
this purpose [1,14] was found to remain constant over the duration of the experiment and not to
differ between human and rat tissues. In terms of tissue viability, human intestine excised during
pancreatoduodenectomy retains the function of energy (ATP) dependent processes and displays
maintained integrity over the course of an Ussing chamber experiment of up to 2 hours. Human

tissue removed during pancreatoduodenectomy appears to show a greater degree of electrical
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stability than rat tissue, with the reduction in potential difference evident later in the experimental

timecourse.

The comparable rank ordering profile between rat and human Papp values described in our results
has been previously reported for an alternate set of compounds [16] confirming the utility of
human tissue from pancreatoduodenectomy in determining intestinal permeability of a range of
drug compounds. In directly comparing the relationship between permeability in the rat and
human intestine, a bias towards higher permeability values in the rat was evident. It has
previously been suggested [2] that cross-species differences in the permeability of rapidly
absorbed compounds are likely to result from differences in unstirred water layer (UWL)
thickness, given the evidence that lipophilic compounds are influenced to a greater degree by the
thickness of UWL [18]. This could therefore be responsible for the apparent bias towards higher
rat jejunal permeability shown by the compounds with a rat Papp of >20 cm/s (x10). Similar
results have been reported previously, whereby non-linearity between rat Papp and Peff values
were evident for higher permeability compounds, again suggested by the authors to be the result
of difference in UWL [16]. In terms of permeability measurements across Caco-2 cells, it is
recognised that limits are imposed by the presence of an UWL that is considerably thicker than is
found in vivo [19-20]. In addition, the expression levels of certain active transport proteins may
well differ between the cell system and intact intestinal tissue [8], therefore impacting on the
permeability of substrates. As differences in UWL thickness exist, without active stirring of the
cellular monolayers it is likely that the permeability of lipophilic compounds will be limited in
this system. The reduction of UWL thickness by gas-lift in the Ussing chamber has been
previously noted [20] and may indicate that a narrower UWL exists, allowing for higher
permeability of rapidly absorbed compounds across intact tissue in this system when compared

with the ‘unstirred” Caco-2 monolayers. The UWL has been suggested to have little impact for
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slowly absorbed (hydrophilic) drugs where permeation across the cell membrane (or through the

paracellular route) is likely to be the rate limiting step [21].

When directly comparing the permeability of rat and human jejunal tissue with the reported hFab
values, the relationships are remarkably alike. This could indicate that rat jejunum is capable of
predicting drug permeability across human jejunum and by extrapolation, producing a tentative
prediction of human Fabs. However, there are caveats to be aware of when making these
assessments. Differences in active transport or metabolism between the two species could result
in significant differences in Fabs, which are unlikely to be predicted using a static regression
curve relating Papp and hFabs, as shown here.

In comparing these results to previously published data, both in terms of tissue viability and
permeability relationships, it is apparent that the system developed in our laboratory produces
analogous results [11,16]. It is therefore apparent that these relationships hold true for a diverse
range of compounds in terms of both physicochemical properties and mechanisms of

permeability (passive versus active).

Conclusions

Surplus human small intestine removed during pancreatoduodenectomy has been found to remain
viable and intact for use in Ussing Chamber investigation, displaying maintained ion transport
and electrical resistance. Over a 2 hour timecourse in the chambers, both rat and human tissue
sections retain ATP-hydrolysis and paracellular leak is not compromised, as determined by
atenolol flux. Permeability measures across human tissue are comparable with data generated in
excised rat intestinal sections, with excellent agreement in terms of rank-ordering. Caco-2
monolayers do not display a comparable permeability profile to the excised intestinal tissue,
which may be related to differences in UWL thickness, paracellular permeability or transporter

expression levels. In relating permeability to known human fraction absorbed values, rat and
16
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human excised tissue give qualitatively similar correlations. These results are analogous to
previously published data generated using an alternative compound test set and tissue sourced
from different surgeries. Human jejunal tissue excised during pancreatoduodenectomy is
therefore useful in assessing compound permeability and absorption potential in the drug

discovery setting.

17
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Figure 1.
Changes in electrical parameters, (A) potential difference (mV), (B) short-circuit current (UA.cm

2) and (C) resistance (Q.cmz), in rat (closed circles) and human (open circles) jejunum over a 160

©CoO~NOUTA,WNPE

10 minute period in Ussing Chambers.

Figure 2.
17 Changes in short-circuit current (pA.cm'z) across rat (closed circles) and human (open circles)
19 jejunum, in response to 100 uM basolateral carbachol stimulation following 160 minutes in

29 Ussing Chambers.

Figure 3.
29 Flux of atenolol (100 uM) across rat and human jejunum, mounted in Ussing chambers for 120
31 minutes. Linear regression indicates R* values of 0.99 and 0.98 for atenolol flux across human

and rat intestine, respectively.

38 Figure 4.

(A) Verapamil and atenolol permeability across rat jejunum mounted in Ussing chambers

43 following transport in constantly perfused KBR (open bars) and pre-saturated KBR (closed bars).
45 Comparison of electrical parameters (B) PD, (C) Isc and (D) resistance for across rat jejunum

48 mounted in Ussing chambers following transport in constantly perfused KBR (open bars) and

50 pre-saturated KBR (closed bars).

55 Figure 5.
57 (A) Correlation between rat and human jejunum apparent permeability (Papp, cm.s™ x 10°),

measured in vitro using Ussing chambers. Correlations are shown for compounds displaying a

22
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Papp of < 20 cm.s™ x 10 in rat jejunum (B) and > 20 cm.s™ x 10 in rat jejunum (C). Data are

mean values generated using tissue from at least 3 separate rats or human donors.

Figure 6.

Relationship between drug permeability (Papp) measured in (A) rat jejunum, (B) human jejunum
and (C) Caco-2 cell monolayers and the human fraction absorbed values as reported in the
literature. An overlay of the 3 regression curves is displayed in (D). Papp values are the mean of

measurements in tissue from at least 3 separate rats or human donors.
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1

2 . . . .

3 Table 1. Physicochemical properties and fraction absorbed (Fabs) values for drug compound test
4 set.

5

° Fabs (%)

g Compound MW Human Rat clLogP LogD PSA HBD HBA HB
10

11 Acebutolol* 336.4 46 22 1.7 -0.2 97 3 6 9
12 Atenolol” 266.3 50 19 -0.1 -1.7 92 4 5 9
13 Betaxolol ” 307.4 90 5 23 0.8 55 2 4 6
ig Bisoprolol ¥ 325.5 46 46 1.8 04 64 2 5 7
16 Candesartan " 440.5 15 - 5.2 -1.9 114 2 9 11
17 Carvedilol 406.5 43 9 4.0 3.6 78 3 6 9
ig Cetirizine" 388.9 100 27 2.1 1.3 52 1 5 6
20 Cimetidine* 252.3 64 19 0.2 0.3 82 3 6 9
21 Ciprofloxacin® 331.4 69 - 0.7 -1.2 75 2 6 8
22 Diazepam” 284.8 100 - 3.0 2.8 29 - 3 3
2

Zi Famotidine” 337.5 38 15 -0.6 -0.6 179 8 9 17
25 Hydrocortisone” 362.5 91 - 1.9 - 104 3 5 8
26 Indomethacin” 357.8 100 47 42 1.0 69 1 5 6
gg Ketanserin* 395.4 81 90 3.0 22 71 1 6 7
29 Metoprolol ® 267.4 95 100 1.5 -0.3 55 2 4 6
30 Nadolol 309.4 31 5 0.4 - 91 4 5 9
g; Ondansetron” 293.4 86 - 2.7 1.7 30 - 4 4
33 Oxprenolol® 265.4 97 - 2.1 0.1 55 2 4 6
34 Pindolol 248.3 100 - 1.7 0.5 60 3 4 7
35 Propranolol * 2594 100 100 2.8 1.3 46 2 3 5
g? Quinidine* 3244 80 - 2.8 A 43 1 4 5
38 Ranitidine " 314.4 50 13 0.7 -0.9 84 2 7 9
39 Sulfasalazine* 398.4 12 - 3.9 0.5 148 3 9 12
32 Verapamil® 454.6 95 100 45 18 56 - 6 6
42 Melagatran® 429.5 5 - -0.8 -1.4 159 6 9 15
43 Methotrexate® 454.4 20 - 0.5 - 212 7 13 20
44 Theophylline " 180.2 98 97 0.0 0.2 62 1 6 7
45 - =no data; LogD = octanol-water partition coefficient (pH 7.4); cLog P = calculated LogP (CLOGP v4.3, BioByte); PSA = polar
jg surface area; HBD, hydrogen bond donors; HBA, hydrogen bond acceptors; HB, total hydrogen bonds (HBD+HBA); Human and
48 Rat Fabs values taken from references 22-28. 4, indicates molecules with known interactions with active transport proteins, ¥,
49 indicates compounds believed to permeate the intestinal membrane passively. Active and passive properties of compounds taken
22 from references 22 & 29-31

52

53

54

55

56

57

58

59

60
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Table 2. Apparent permeability (Papp, Pa-b) values across Caco-2 cell monolayers, rat jejunum
and human jejunum.

- = no data; the rank ordering between rat and human Papp values is also displayed; Human Fabs values taken from references

22-28.

Biopharmaceutics & Drug Disposition

BDD-10-0113-R1

Rat Human
jejunum  jejunum Caco-2
Rank Order = Human
Compound Papp (cm/s x10°) (rat/human Fabs
Papp) (%)

Diazepam 127.9 89.0 27.0 1/1 100
Propranolol 89.0 37.4 15.9 2/2 100
Verapamil 88.6 - 15.1 - 95
Ketanserin 48.2 - 36.6 - 81
Pindolol 419 35.8 29.4 3/3 100
Quinidine 41.0 - 232 - 80
Cetirizine 37.9 19.1 15.9 4/4 100
Indomethacin 33.2 - 31.1 - 100
Ciprofloxacin 27.0 15.7 2.9 5/6 69
Ondansetron 26.1 - 223 - 86
Hydrocortisone 25.5 - - - 91
Oxprenolol 233 - 284 - 97
Betaxolol 21.5 - 28.1 - 90
Theophylline 17.3 - 13.7 - 98
Metoprolol 13.2 17.8 279 6/5 95
Atenolol 12.1 - 0.6 - 50
Acebutolol 10.8 11.0 1.6 717 46
Bisoprolol 10.4 - 17.3 - 46
Methotrexate 10.4 - 0.2 - 20
Cimetidine 9.5 10.7 0.7 8/8 64
Nadolol 9.5 - 0.4 - 31
Famotidine 6.5 - 0.4 - 38
Melagatran 5.5 - 0.1 - 5
Candesartan 4.7 3.6 0.3 9/10 15
Ranitidine 4.0 5.5 0.6 10/9 50
Carvedilol 3.7 2.6 - 11/11 43
Sulfasalazine 0.7 0.9 0.3 12/12 12
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47 Changes in electrical parameters, (A) potential difference (mV), (B) short-circuit current (JA.cm™)
and (C) resistance (©.cm?), in rat (closed circles) and human (open circles) jejunum over a 160
minute period in Ussing Chambers.
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44 Flux of atenolol (100uM) across rat and human jejunum, mounted in Ussing chambers for 120

45 minutes. Linear regression indicates R? values of 0.99 and 0.98 for atenolol flux across human and
rat intestine, respectively.
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Abstract.
A clear understanding of oral drug absorption is an important aspect of the drug development
process. The permeability of drug compounds across intact sections of small intestine from
numerous species, including man, has often been investigated using modified Ussing Chambers.
The maintenance of viable, intact tissue is critical to the success of this technique. This study
therefore aimed to assess the viability and integrity of tissue from patients undergoing
pancreatoduodenectomy, for use in cross-species Ussing chamber studies. Electrical parameters
(potential difference; mV, short-circuit current; uA.cm'2 and resistance; Q/cmz) were monitored
over the duration of each experiment, as was the permeability of the paracellular marker atenolol.
The permeability values (Papp; cm/s x107®) for a training-set of compounds, displaying a broad
range of physicochemical properties and known human fraction absorbed values, were
determined in both rat and human jejunum, as well as Caco-2 cell monolayers. Results indicate
that human jejunum sourced from pancreatoduodenectomy remained viable and intact for the
duration of experiments. Permeability values generated in rat and human jejunum correlate well
(R* = 0.86), however the relationship between permeability in human tissue and Caco-2 cells was
comparatively weak (R* = 0.58). Relating permeability to known human fraction absorbed
(hFabs) values results in a remarkably similar relationship to both rat and human jejunum Papp
values.
It can be concluded that human jejunum sourced from pancreatoduodenectomy is a suitable
source of tissue for Ussing chamber permeability investigations. The relationship between

permeability and hFabs is comparable with results reported using alternative test compounds.

Keywords: Ussing Chamber, absorption, drug development, pancreatoduodenectomy
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Introduction
The measurement and prediction of oral drug absorption in the early drug discovery process is a
complex task fraught with interpretation difficulties resulting from species-specific interactions
and the limited physiological relevance of certain in vitro tools. Cell based assays such as Caco-2
are commonly used as an up-front screening tool for indicating the permeability of candidate
compounds and by extrapolation, the “absorption potential”’. These cells are also often used for
mechanistic studies in order to identify potential interactions with efflux transporters that could
limit intestinal absorption or prevent access to the site of action [1]. Preclinical pharmacokinetic
(PK) studies performed during lead optimisation give the first in vivo measure of absorption and
can highlight potential limitations in bioavailability caused by intestinal processes. However, the
use of rat, dog and mouse species at this stage may give contrasting data, leading to significant
difficulty in accurately predicting the likely situation in man.
Modified Ussing chambers have been used for some time to study the permeability and
absorption potential of New Chemical Entities (NCEs) across excised sections of intact intestinal
tissue. In this way, species and region specific difference in permeability, transport and
metabolic capability have been identified [2-5]. The significant advantage offered by Ussing
chamber studies over cultured cell lines is the maintenance of the complex cellular heterogeneity
and morphology of the mammalian intestine (including crypt-villus structures), which is not
entirely mimicked by the relatively homogeneous cellular monolayer of a Caco-2 system. The
presence of an extended plethora of transport proteins and drug metabolising enzymes (DMEs) as
well as an intact acid microclimate mucous layer adjacent to the villus tip enterocytes, results in
an experimental system that gives a more complete picture regarding processes that may impact
on absorption [6-8].
Pancreatoduodenectomy (Whipple’s operation) was identified as a potential source of human
tissue for Ussing chamber studies. Pancreatoduodenectomy is a first-line treatment for removal

of tumours located in the head of the pancreas and involves the removal of the head of the
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pancreas, duodenum, gall bladder and bile duct along with a short section of jejunum [9]. The
jejunum is resected to facilitate surgical reconstruction, not for therapeutic purposes and is

therefore redundant for the purposes of pathological examination.

©CoO~NOUTA,WNPE

10 Of critical importance when using ex vivo intestinal sections in Ussing chamber investigations, is
12 the maintenance of tissue integrity and viability. Previous studies have identified certain
parameters and set limits for monitoring the health of tissue mounted in the chambers, ensuring
17 accuracy and consistency of the results generated [10-11].

19 In order to confirm the utility of human tissue sourced from pancreatoduodenectomy, a key aim
29 was therefore to assess tissue integrity following excision and transport to our laboratory. In

24 addition, to allow cross-species comparisons and absorption predictions, the permeability of a
number of compounds was assessed using Caco-2 cells and excised rat and human jejunum (from

29 pancreatoduodenectomy).
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Materials & Methods

Animals

Male Han Wistar rats (Harlan, UK), aged approximately 100 days and weighing 250-400 g were
used in the experiments. They were kept at a room temperature of 18 °C to 22 °C and a relative
humidity of 30 % to 60 % under a 12-hour light/dark cycle and had free access to food and tap
water. The rats were allowed to acclimatise for at least one week after arrival at AstraZeneca
R&D Alderley Park.

In order to retain viability of the intestine during surgical excision blood perfusion was
maintained under isofluorane (2 L/min, 5 %) anaesthesia. After abdominal incisions were made,
intestinal lumens were occluded by thin cotton thread proximal to the sections of tissue taken
from duodenum, jejunum, ileum and colon. The animals were then sacrificed by heart puncture
under maintained anaesthesia.

A small incision was made distal to the position of the thread to allow 2 x 20 ml washes of ice-
cold Kreb’s bicarbonate Ringer (KBR) solution (pH 7.4) (108.0 mM NaCl, 4.7 mM KCl, 0.6 mM
Na,HPO4/KH,PO,4, 16 mM NaHCOs3, 1.2 mM MgSOy, 1.2 mM CaCl,, 4.9 mM Na-Pyruvate, 5.4
mM Fumarate, 4.9 mM L-Glutamate, 11.5 mM Glucose) to remove chyme and faecal matter.
The segments were placed in a chamber containing ice-cold KBR perfused with carbogen (95 %

05, 5 % CO,) for 30 minutes.

Human small intestine

Ethical approval was granted (IRAS reference: 09/H1006/2) and tissue samples surplus to the
requirements of histopathological assessment were collected from 6 individual donors, in
agreement with Surgeons at North Manchester General Hospital. Human tissue samples were
collected from 6 male patients, median age 59 (range, 38-68). The specimens were obtained from
patients undergoing pancreatoduodenectomy to remove tumours of the head of the pancreas.

None of the patients had previously undergone radio- or chemotherapy prior to surgery.
6
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Perfusion of the intestine was maintained until the moment of excision. Approximately 10cm of
small intestine was removed and immediately placed in ice-cold KBR, pre-saturated with
carbogen. Staples were removed from either end of the resected tissue to allow bathing of the
mucosal surface. The tissue was then transported to the laboratories at AstraZeneca. Mean time

period between excision of intestinal tissue and transport to our laboratories was 88 + 19 minutes.

Ussing Chamber permeability experiments

Segments of intestine, avoiding Peyer’s patches, were carefully opened along the
mesenteric border and pinned onto the silicon base (90 % DC Sylgard 184-base + 10 % DC
Sylgard 184-catalyst) of a specially designed preparation chamber containing chilled (10 °C)
KBR gassed with carbogen. The serosal layer of the rat jejunum and musculo-serosal layers of
human jejunal sections were dissected off with the aid a stereo microscope (Wild M8) and a light
source (Schott KL 1500).

Intestinal segments were mounted as flat sheets in a modified Ussing chamber (Harvard
Navicyte). The exposed tissue surface area was 0.64 cm” for rat tissue and 1.78 cm? for human
sections. A 4 electrode system was used for recording electrical parameters. This consisted of 2
x Ag/AgCl electrodes for potential difference (PD) measurement and 2 x Ag/AgCl electrodes for
current passage. Asymmetry in the PD sensing electrodes was zeroed prior to tissue mounting.
Correction for the series fluid resistance was also made in assembled chambers prior to tissue
mounting. A 30-40 minute equilibration period at 37°C was allowed prior to the addition of test
compounds.

To initiate experiments, the KBR in “donor” or “receiver” wells was replaced with 5 ml of
KBR containing the test compounds (30 uM) or KBR alone. Samples were removed at 30
minute intervals up to 120 minutes, for analysis by HPLC MS/MS. Fluxes were expressed as
nmol. cm™. hr'! or as apparent permeability coefficients (Pupp; Pab & Pp.a) and were calculated as

reported previously [10]. P, p or 4pp is expressed in cm/s.
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As a further measure of tissue viability at the end of the experimental period and to
confirm the activity of ATP-driven (energy-dependent) processes, 100 uM carbachol (CCh) was
added to the basolateral chamber. As has previously been established [12-13] CCh elicits an
increase in Isc by stimulating chloride secretion upon binding to muscarinic acetylcholine
receptors. By measuring an increase in ATP driven, CCh-stimulated chloride secretion, tissue
sections can be said to have remained energically active (ATP production and hydrolysis

maintained).

Cell Culture

All cell culture was performed in a class II laminar flow hood (MBSC) under aseptic conditions.
Caco-2 cells were maintained in high-glucose (4500 mg L™ D-glucose) Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with foetal calf serum (10 % v/v), L-glutamine (1 mM),
non-essential amino acids (1 % v/v) and the antibiotic gentamicin (30 pg ml'l). Cells were
maintained at 37 °C in a humidified incubator with 5 % CO, in air. Cells were seeded onto 96-
well culture inserts (Transwell 3391, 4.26 mm diameter, 0.4 pm pore size, uncoated
polycarbonate filters, Costar) at high density (2.42 x 10 cells/cm?). Cells were grown to
confluency for 14-17 days and transepithelial electrical resistance (TEER) was measured using a
WPI EVOM voltohmeter (World Precision Instruments, Stevenage, Hertfordshire, UK). Typical

resistance values for Caco-2 cells were >250 Q.cm”.

Transepithelial Transport Experiments

Automated bi-directional transepithelial transport assays were performed using a Tecan Genesis
Robotic workstation. Transport assays were performed 14-17 days post-seeding. Assays were
performed in HBSS (Hanks buffered saline solution) at pH 7.4 in both apical and basal
compartments. Transport plates were produced to allow the unidirectional (apical-to-basal, P,

and basal-to-apical, P;.,) permeability of each compound (10 uM). Lucifer Yellow (100 uM)
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was included in the transport buffer to allow post-assay determination of paracellular
permeability, measured by spectrofluorometry (485-535). The extent of apical-to-basal and
basal-to-apical transport was determined by HPLC MS/MS sample analysis for each drug
compound. Apparent permeability (P,,; x1 0° cm.s™) was calculated for each compound in the

apical-to-basal (P,) direction as described previously [10].

Materials

Cell culture media, Kreb’s bicarbonate ringer (KBR) components and supplements were from
Sigma (Poole, Dorset, UK), and tissue culture plastic flasks and culture plates were supplied by
Costar (High Wycombe, UK). All other chemicals obtained from Sigma (Poole, Dorset, UK).
All drug compounds were purchased from Sigma (Poole, Dorset, UK) or sourced from

AstraZeneca’s internal compound library.

Statistics

All data are expressed as mean + standard error of the mean (SEM) with n representing the
number of replicates in each experiment. The differences between mean data values were
assessed using unpaired Student’s T-tests. Tests for linear relationships between permeability
values generated in the different tissue types were performed. Non-linear regressional analysis
was performed to compare permeability values with known human Fabs data. All analysis
performed using Prism 4 (Graphpad InStat, San Diego, California, USA). Statistical significance

was reported at P < 0.05.
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Results

Tissue viability and integrity

Figure 1 displays the electrical timecourses for rat and human small intestine mounted in Ussing
Chambers. (uneccessary duplication of methods deleted) At time O (following the 40 minute
equilibration period), mean potential difference readings were 4.7 + 0.3 mV and 5.7 £ 0.5 mV for
rat and human tissue, respectively (n=128 and 60 separate tissue sections, respectively). Short-
circuit current (Isc) was 161.8 £ 19.2 pA.cm'2 for rat jejunum and 200.7 + 51.3 pA.cm'2 for
human jejunum, with rat and human resistance (R) values being 32.6 + 2.3 Q.cm? and 23.3 + 3.2
Q.cm?, respectively (n=128 and 60 separate tissue sections). Rat potential difference (PD)
showed a steady decline over the 120 minute timecourse of each experiment, ending on 59 % of
the initial value. Human tissue was more resistant to decreasing PD as a reduced voltage
difference was not evident until approximately 80 minutes, with final values being 75 % of the
initial value. For both rat and human tissue, short-circuit current initially rose during the first 40
(rat) to 60 (human) minutes after mounting the tissue in the chamber. Isc was maintained theron
for the remainder of the timecourse. Conversely, R initially fell during the 40 minute
equilibration period in both species. R in the human tissue then remained stable, with rat jejunal
R showing a small rise towards 120 minutes.

(unneccessary duplication of methods removed) Figure 2 displays the response to CCh for both
rat and human excised intestine in these studies. Rat tissue displayed a 29 % increase in Isc in
response to CCh, from 124 to 159 pA.cm'2 (n=15, P <0.05). Human intestinal tissue showed a
larger response with Isc increasing 50 % following basolateral CCh, from 122 to 183 A.cm™

(n=20, P <0.001).

In addition to real-time electrical indications of tissue viability and integrity, measuring the
passive permeability of a paracellular molecule acts as more sensitive control for disrupted tissue

integrity. Atenolol was chosen as a paracellular marker [14] amenable to analysis by LC
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MS/MS. As can be seen in Figure 3, atenolol flux remained linear for the timecourse of the
experiments in both rat and human tissue, indicating maintained tissue integrity (R* = 0.984 and
0.996, respectively). There was no statistical difference between paracellular atenolol

permeability in either species.

Buffer conditions (constant gassing vs pre-saturation)

The supply of oxygen to excised tissue sections is critical to maintaining viability and integrity
once mounted in Ussing Chambers [11]. As transport logistics prevented constant gassing of
human tissue in Kreb’s bicarbonate ringer (KBR) from the Hospital to the laboratory, rat tissue
was initially assessed to determine any impact on viability and integrity with regard to constantly
gassed tissue vs pre-saturated buffer. Ice-cold KBR was used in both instances. Verapamil was
used as a high permeability marker of transcellular permeability with atenolol used as a
paracellular marker. KBR was either continuously perfused with carbogen or pre-saturated
before being placed in a sealed, gas impermeable flask. Figure 4 (A) shows that there was no
difference between either verapamil or atenolol absorptive permeability when tissue was
transported in constantly gassed or pre-saturated, ice-cold KBR buffer. In addition Figures 4 (B),
(C) and (D) indicate that electrical parameters were not affected, with PD, Isc and Rt values at

time O effectively equal in both groups (n=3 separate animals, NS).

Rat jejunum, human jejunum and Caco-2 permeability

The compounds selected for permeability experiments in rat jejunal tissue spanned a range of
physicochemical space and human fraction absorbed values (Table 1). They include compounds
subject to passive transcellular and paracellular movement, as well as active transport. The
absorptive (mucosal to serosal) apparent permeability (Papp) values generated across the rat and
human intestine are displayed in Table 2, alongside the human fraction absorbed values (Fabs),

taken from various literature sources. The rank ordering between high-low permeability values in
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the rat jejunum and high-low human fraction absorbed values display a good agreement. The
ordering does not appear to be as closely matched when looking at values generated in Caco-2
monolayers (Table 2).
The permeability of a number of the compounds investigated in rat intestine was also measured in
the human jejunum sourced from pancreatoduodenectomy. The permeability values are shown in
Table 2, displaying a rank ordering broadly in agreement with that of the rat intestinal tissue.
When plotted against the Papp values generated in rat (Figure 5A), there is an excellent linear
correlation (R2 =0.86, P < 0.05). However, the relationship does not follow the line of unity
Compounds with Papp values >20cm/s (x107®) in the rat intestine show considerably higher
values than were measured the human intestine (Figure 5C). If the analysis only includes
compounds below this Papp value in the rat, it is apparent that permeability is remarkably similar
in both species (Figure 5B)
For compounds known to permeate predominantly via the paracellular route (i.e. atenolol,
ranitidine) extremely low Papps are noted in Caco-2 cells, believed to result from the enhanced
tight-junctional barrier in these cultured layers in relation to intact intestinal tissue [15]. This
results in much poorer correlations when compared directly against the values generated in rat

and human tissue. (paragraph moved and reference to old Figure 6 deleted)

The Papp values generated in Caco-2 monolayers, rat and human tissue can be related to human
fraction absorbed (hFabs) whereby they are plotted on a logarithmic scale against the hFabs
values. As can be seen in Figure 6A, there is a sigmoidal relationship (R* = 0.73) between rat
Papp and human Fabs, which mimics the output of research conducted by other groups with an
alternative set of probe compounds [16]. The Papp values generated in the human small intestine
with a subset of compounds also measured in that rat were plotted against hFabs values to
produce the relationship shown in Figure 6B. The sigmoidal regression shows a marginally

stronger correlation than was obtained using rat intestinal tissue (R* = 0.80). With the Caco-2
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values, a markedly different curve is observed (Figure 6C), due mainly to the low permeability
values measured for the more hydrophilic compounds. The regression analysis indicates a strong

correlation (R2 =0.92) with human Fabs.

©CoO~NOUTA,WNPE

10 In overlaying both human and rat Fabs curves, it can be seen that the relationship between Papp
12 and human fraction absorbed is qualitatively similar for the training set of compounds used in this

assay (Figure 6D)
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Discussion
The use of excised intestinal tissue in modified Ussing chambers has been developed for the
study of permeability and absorption potential of NCEs. Previous investigations have defined
explicit criteria for determining the viability of this excised tissue and it is recognised that
maintained perfusion in situ is critical for maintaining viability ex vivo [11]. (duplication of
methods information removed) The stripping process has previously been shown to have no
detrimental impact on excised tissue [4] and was not specifically investigated in this study. The
electrical parameters recorded in this study broadly agree with those measured in other
laboratories for both rat and human tissue [4,11,17] Active ion transport is maintained in tissue
sections from both species, however the PDs do fall over the course of the experiment. Previous
studies have shown that at 90 minutes, tissue damage can be observed in morphological
assessments [10]. However, in the study by Soderholm et al [9], a drop in PD was noted prior to
these signs of structural damage, indicating a reduction in ion transport, rather than a disruption
of the tissue morphology. In the present study, chloride-related increases in Isc induced by the
addition of CCh demonstrated that despite a fall in PD, the tissue sections remain metabolically
active at the end of the incubation period.
Tissue resistance was found to be well maintained over the course of the experiment, although the
relevance of this measure as an indicator of the extent of leak in a whole tissue section has been
questioned in the past [11,14]. Small reductions in tissue integrity may not necessarily be
reflected by changes in resistance. As such it is important to include a marker of paracellular
permeability to assess leak upon post-experiment analysis. Atenolol, as a suitable molecule for
this purpose [1,14] was found to remain constant over the duration of the experiment and not to
differ between human and rat tissues. In terms of tissue viability, human intestine excised during
pancreatoduodenectomy retains the function of energy (ATP) dependent processes and displays
maintained integrity over the course of an Ussing chamber experiment of up to 2 hours. Human

tissue removed during pancreatoduodenectomy appears to show a greater degree of electrical

14

http://mc.manuscriptcentral.com/bdd



Page 48 of 58 Biopharmaceutics & Drug Disposition

©CoO~NOUTA,WNPE

BDD-10-0113-R1
stability than rat tissue, with the reduction in potential difference evident later in the experimental

timecourse.

(duplication of results removed) The comparable rank ordering profile between rat and human
Papp values described in our results has been previously reported for an alternate set of
compounds [16] confirming the utility of human tissue from pancreatoduodenectomy in
determining intestinal permeability of a range of drug compounds. In directly comparing the
relationship between permeability in the rat and human intestine, a bias towards higher
permeability values in the rat was evident. It has previously been suggested [2] that cross-species
differences in the permeability of rapidly absorbed compounds are likely to result from
differences in unstirred water layer (UWL) thickness, given the evidence that lipophilic
compounds are influenced to a greater degree by the thickness of UWL [18]. This could
therefore be responsible for the apparent bias towards higher rat jejunal permeability shown by
the compounds with a rat Papp of >20 cm/s (x10®). Similar results have been reported
previously, whereby non-linearity between rat Papp and Peff values were evident for higher
permeability compounds, again suggested by the authors to be the result of difference in UWL
[16]. In terms of permeability measurements across Caco-2 cells, it is recognised that limits are
imposed by the presence of an UWL that is considerably thicker than is found in vivo [19-20]. In
addition, the expression levels of certain active transport proteins may well differ between the
cell system and intact intestinal tissue [8], therefore impacting on the permeability of substrates.
As differences in UWL thickness exist, without active stirring of the cellular monolayers it is
likely that the permeability of lipophilic compounds will be limited in this system. The reduction
of UWL thickness by gas-lift in the Ussing chamber has been previously noted [20] and may
indicate that a narrower UWL exists, allowing for higher permeability of rapidly absorbed
compounds across intact tissue in this system when compared with the ‘unstirred” Caco-2

monolayers. The UWL has been suggested to have little impact for slowly absorbed
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(hydrophilic) drugs where permeation across the cell membrane (or through the paracellular

route) is likely to be the rate limiting step [21].

When directly comparing the permeability of rat and human jejunal tissue with the reported hFab
values, the relationships are remarkably alike. This could indicate that rat jejunum is capable of
predicting drug permeability across human jejunum and by extrapolation, producing a tentative
prediction of human Fabs. However, there are caveats to be aware of when making these
assessments. Differences in active transport or metabolism between the two species could result
in significant differences in Fabs, which are unlikely to be predicted using a static regression
curve relating Papp and hFabs, as shown here.

In comparing these results to previously published data, both in terms of tissue viability and
permeability relationships, it is apparent that the system developed in our laboratory produces
analogous results [11,16]. It is therefore apparent that these relationships hold true for a diverse
range of compounds in terms of both physicochemical properties and mechanisms of

permeability (passive versus active).

Conclusions

Surplus human small intestine removed during pancreatoduodenectomy has been found to remain
viable and intact for use in Ussing Chamber investigation, displaying maintained ion transport
and electrical resistance. Over a 2 hour timecourse in the chambers, both rat and human tissue
sections retain ATP-hydrolysis and paracellular leak is not compromised, as determined by
atenolol flux. Permeability measures across human tissue are comparable with data generated in
excised rat intestinal sections, with excellent agreement in terms of rank-ordering. Caco-2
monolayers do not display a comparable permeability profile to the excised intestinal tissue,
which may be related to differences in UWL thickness, paracellular permeability or transporter

expression levels. In relating permeability to known human fraction absorbed values, rat and
16
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human excised tissue give qualitatively similar correlations. These results are analogous to
previously published data generated using an alternative compound test set and tissue sourced

from different surgeries. Human jejunal tissue excised during pancreatoduodenectomy is

©CoO~NOUTA,WNPE

10 therefore useful in assessing compound permeability and absorption potential in the drug

12 discovery setting.
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Figure 1.
Changes in electrical parameters, (A) potential difference (mV), (B) short-circuit current (UA.cm
2) and (C) resistance (Q.cmz), in rat (closed circles) and human (open circles) jejunum over a 160

minute period in Ussing Chambers.

Figure 2.
Changes in short-circuit current (pA.cm'z) across rat (closed circles) and human (open circles)
jejunum, in response to 100 uM basolateral carbachol stimulation following 160 minutes in

Ussing Chambers.

Figure 3.
Flux of atenolol (100 uM) across rat and human jejunum, mounted in Ussing chambers for 120
minutes. Linear regression indicates R* values of 0.99 and 0.98 for atenolol flux across human

and rat intestine, respectively.

Figure 4.

(A) Verapamil and atenolol permeability across rat jejunum mounted in Ussing chambers
following transport in constantly perfused KBR (open bars) and pre-saturated KBR (closed bars).
Comparison of electrical parameters (B) PD, (C) Isc and (D) resistance for across rat jejunum
mounted in Ussing chambers following transport in constantly perfused KBR (open bars) and

pre-saturated KBR (closed bars).

Figure 5.
(A) Correlation between rat and human jejunum apparent permeability (Papp, cm.s™ x 10°),

measured in vitro using Ussing chambers. Correlations are shown for compounds displaying a

22

http://mc.manuscriptcentral.com/bdd



Page 56 of 58 Biopharmaceutics & Drug Disposition
BDD-10-0113-R1
Papp of < 20 cm.s™ x 10 in rat jejunum (B) and > 20 cm.s™ x 10 in rat jejunum (C). Data are

mean values generated using tissue from at least 3 separate rats or human donors.

©CoO~NOUTA,WNPE

10 Figure 6.

12 Relationship between drug permeability (Papp) measured in (A) rat jejunum, (B) human jejunum
and (C) Caco-2 cell monolayers and the human fraction absorbed values as reported in the

17 literature. An overlay of the 3 regression curves is displayed in (D). Papp values are the mean of

19 measurements in tissue from at least 3 separate rats or human donors.
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Table 1. Physicochemical properties and fraction absorbed (Fabs) values for drug compound test

set.
Fabs (%)

Compound MW Human Rat clLogP LogD PSA HBD HBA HB
Acebutolol* 336.4 46 22 1.7 0.2 97 3 6 9
Atenolol” 266.3 50 19 0.1 -1.7 92 4 5 9
Betaxolol ” 307.4 90 5 23 0.8 55 2 4 6
Bisoprolol ® 325.5 46 46 1.8 0.4 64 2 5 7
Candesartan” 440.5 15 - 5.2 -1.9 114 2 9 11
Carvedilol ® 406.5 43 9 4.0 3.6 78 3 6 9
Cetirizine " 388.9 100 27 2.1 1.3 52 1 5 6
Cimetidine® 2523 64 19 0.2 0.3 82 3 6 9
Ciprofloxacin® 331.4 69 - 0.7 -1.2 75 2 6 8
Diazepam * 284.8 100 - 3.0 2.8 29 - 3 3
Famotidine” 337.5 38 15 0.6 0.6 179 8 9 17
Hydrocortisone® 362.5 91 - 1.9 - 104 3 5 8
Indomethacin® 357.8 100 47 4.2 1.0 69 1 5 6
Ketanserin* 3954 81 90 3.0 2.2 71 1 6 7
Metoprolol ¥ 267.4 95 100 1.5 -0.3 55 2 4 6
Nadolol 309.4 31 5 0.4 - 91 4 5 9
Ondansetron® 2934 86 - 2.7 1.7 30 - 4 4
Oxprenolol” 265.4 97 - 2.1 0.1 55 2 4 6
Pindolol ¥ 248.3 100 - 1.7 0.5 60 3 4 7
Propranolol © 259.4 100 100 2.8 1.3 46 2 3 5
Quinidine* 324.4 80 - 2.8 22 43 1 4 5
Ranitidine 314.4 50 13 0.7 0.9 84 2 7 9
Sulfasalazine® 398.4 12 - 3.9 0.5 148 3 9 12
Verapamil* 454.6 95 100 45 1.8 56 - 6 6
Melagatran® 429.5 5 - 0.8 -1.4 159 6 9 15
Methotrexate® 454.4 20 - 0.5 - 212 7 13 20
Theophylline ® 180.2 98 97 0.0 -0.2 62 1 6 7

- =no data; LogD = octanol-water partition coefficient (pH 7.4); cLog P = calculated LogP (CLOGP v4.3, BioByte); PSA = polar

surface area; HBD, hydrogen bond donors; HBA, hydrogen bond acceptors; HB, total hydrogen bonds (HBD+HBA); Human and

Rat Fabs values taken from references 22-28. *, indicates molecules with known interactions with active transport proteins, ¥,

indicates compounds believed to permeate the intestinal membrane passively. Active and passive properties of compounds taken

from references 22 & 29-31
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1

2 . ..
3 Table 2. Apparent permeability (Papp, Pa-b) values across Caco-2 cell monolayers, rat jejunum
4 and human jejunum.

5

6 Rat Human

7 . . .. Caco-2

8 jejunum jejunum

i 0 . Rank Order = Human
1 Compound Papp (cm/s x10™) (rat/human Fabs
12 Papp) (%)
13

14 .

15 Diazepam 127.9 89.0 27.0 1/1 100
16 Propranolol 89.0 374 15.9 2/2 100
17 Verapamil 88.6 - 15.1 - 95
ig Ketanserin 48.2 - 36.6 - 81
20 Pindolol 419 35.8 29.4 3/3 100
21 Quinidine 41.0 - 232 - 80
3:2% Cetirizine 37.9 19.1 15.9 4/4 100
24 Indomethacin 332 - 31.1 - 100
25 Ciprofloxacin 27.0 15.7 29 5/6 69
26 Ondansetron 26.1 - 223 - 86
;g Hydrocortisone 25.5 - - - 91
29 Oxprenolol 233 - 284 - 97
30 Betaxolol 215 - 28.1 - 90
g; Theophylline 173 - 137 - 98
33 Metoprolol 13.2 17.8 279 6/5 95
34 Atenolol 12.1 - 0.6 - 50
35 Acebutolol 10.8 11.0 1.6 17 46
g? Bisoprolol 10.4 - 17.3 - 46
38 Methotrexate 10.4 - 0.2 - 20
39 Cimetidine 9.5 10.7 0.7 8/8 64
32 Nadolol 9.5 - 0.4 - 31
42 Famotidine 6.5 - 04 - 38
43 Melagatran 55 - 0.1 - 5
44 Candesartan 4.7 3.6 0.3 9/10 15
jg Ranitidine 4.0 55 0.6 10/9 50
a7 Carvedilol 3.7 2.6 - 11/11 43
48 Sulfasalazine 0.7 0.9 0.3 12/12 12
49 - = no data; the rank ordering between rat and human Papp values is also displayed; Human Fabs values taken from references
50

51 22-28.

52

53

54

55

56

57
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59

60
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