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Abstract

Compared to the significant number of studies reporting altered abundance and function of drug
transporters at the blood-brain barrier (BBB) in Alzheimer’s disease (AD), the impact of AD on
the abundance of intestinal drug transporters and the subsequent effects on oral drug absorption
have received little attention. We have reported altered abundance of some small intestinal drug
transporters in a familial mouse model of AD, however, whether this leads to altered oral drug
absorption is unknown. The current study examined plasma concentrations of caffeine and
diazepam (markers for transcellular passive transport), digoxin (P-glycoprotein substrate) and
valsartan (multidrug resistance-associated protein 2 substrate) following oral administration to
8-10 months old female wild-type (WT) and APPswe/PSEN1dE9 (APP/PS1) transgenic mice, a
commonly used mouse model of familial AD. Plasma exposure of valsartan and digoxin was
significantly (p < 0.05) lower in APP/PS1 animals compared to WT mice, while the plasma
concentrations of the passive transcellular markers caffeine and diazepam did not differ
significantly between the two genotypes. To assess whether the reduced oral absorption of
valsartan and digoxin was due to decreased intestinal transport, the ex vivo transport of the above-
mentioned drugs and mannitol (a marker of paracellular transport) across the jejunum of WT and
APP/PS1 mice was assessed over 120 min. In line with the /n vivo absorption studies, the
permeability of caffeine and diazepam did not differ significantly between WT and APP/PS1 mice.
The permeability of 3H-digoxin through APP/PS1 mouse jejunum was lower than that measured
through WT jejunum; the average amount (relative to dose applied) permeating the tissue over 120
min was 0.22 + 0.11% (mean + SD) for APP/PS1 jejunum and 0.85 % 0.3% for WT jejunum. A
1.9-fold reduction in the average amount of valsartan permeating the jejunum of APP/PS1 mice
relative to WT mice also was detected. Although no apparent morphological alterations were
observed in jejunal tissue of APP/PS1 mice, the permeability of 14C-mannitol across jejunum from
APP/PS1 mice was lower than that across WT jejunum (Papp = 10.7 £ 3.7 %1078 cm/s and 6.0 +
3.4 x1075 cm/s, respectively), suggesting tightened paracellular junctions in APP/PS1 mice. These
studies are the first to demonstrate, in APP/PS1 mice, reduced intestinal permeability and
absorption of drugs commonly prescribed to people with AD for their comorbidities. Modified
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dosing regimens may be necessary for selected drugs to ensure their plasma concentrations remain
in the effective range, if these findings translate to people with AD.
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Introduction

Alzheimer’s disease (AD) is the leading cause of dementia, which accounts for up to 75% of
all dementia cases?. Given that age is the most common risk factor for dementia, it is not
surprising that individuals with AD are prescribed multiple medicines for comorbidities,
such as hypertension, hypercholesterolaemia and diabetes? 3. People with dementia have up
to five or more comorbidities and may be prescribed 10 more medicines than those without
dementia®. These medicines are prescribed to individuals with AD using the same dosing
regimens as those used in individuals without AD. This dosing is under the assumption that
absorption, distribution, metabolism and excretion (ADME) of drugs are not altered in this
disease, which is not surprising given that AD is generally considered a disease of the
central nervous system (CNS). However, if the processes of drug absorption and/or
disposition are indeed altered in AD, it is possible that people with AD may be at a greater
risk of unexpected adverse effects or suboptimal efficacy of these non-AD medicines.

Given that AD mainly affects the CNS, there have been many studies assessing the
abundance and function of drug transporters at the blood-brain barrier (BBB), with reports
of modified abundance and function of these key determinants of CNS drug exposure®: 6 7,
For example, decreased BBB abundance of P-glycoprotein (P-gp) was detected in mouse
models of AD and humans with ADS: 7, which was associated with increased brain exposure
to the P-gp substrate verapamil relative to healthy age-matched subjects®. The abundance of
breast cancer resistance protein (BCRP) at the BBB, another significant drug efflux
transporter, was reported to be increased in a mouse model of AD and in people with AD?,
which would likely impact the brain uptake of compounds that are BCRP substrates. While
there is significant knowledge about the abundance and function of drug transport proteins at
the AD BBB, less focus has been given to elucidating drug transporter abundance and
function in peripheral organs or biological barriers, albeit a small number of reports suggest
altered pharmacokinetics of drugs in preclinical models of AD. For example, relative to
wild-type (WT) mice, we demonstrated that plasma concentrations of PBT2, a preclinical
drug candidate for AD, were 60% lower in Tg2576 mice (a mouse model of familial AD)
following oral administration. Given that plasma concentrations of PBT2 were only
measured at one time point (120 min post-dose), no mechanistic insight into the reason for
the reduced plasma exposure of this preclinical drug candidate was possible1?. To our
knowledge, there has only been one clinical study that reported altered oral drug exposure in
individuals with AD; plasma concentrations of rivastigmine were significantly higher
following oral administration to people with AD compared to healthy volunteers!!. These
differences in rivastigmine pharmacokinetics were attributed to changes in oral absorption
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because the ability to metabolize rivastigmine was suggested not to differ in individuals with
AD.

As a result of these preclinical and clinical observations, and given that altered hepatic
cytochrome Cyp2b-, Cyp2el-, Cyp3a- and Cyp4a-associated activities have been reported in
Tg2576 micel?, we recently compared the abundance of a number of drug transporters in the
small intestine of WT and APP/PS1 mice, a mouse model of familial AD. Utilizing a
quantitative transporter absolute proteomics (QTAP) approach, we demonstrated that the
abundance of several transporters and enzymes was significantly altered in the small
intestine of APP/PS1 mice relative to WT mice, including a 2.3-fold increase in multidrug
resistance-associated protein 2 (Mrp2), a 1.9-fold decrease in monocarboxylate transporter 1
(Mct1), and a 3.6-fold increase in UDP-glucuronosyltransferase 2b513. The abundance of P-
glycoprotein (P-gp) was not significantly different between WT and APP/PS1 mice. In
addition to altered transporter abundance at the small intestine, we also recently reported that
the renal abundance of Mrp2, organic anion transporter 3, and organic cation transporter 2
was significantly higher in APP/PS1 mice relative to WT micel4. Taken together, these
results indicate that the processes governing intestinal absorption, metabolism and renal
excretion are likely to be affected in AD.

While we have demonstrated altered abundance of small intestinal transporters, a systematic
evaluation of the impact of this disease on the intestinal permeability of drugs, oral
absorption and subsequently brain exposure of drugs in APP/PS1 mice has not been
reported. The aim of this study, therefore, was to assess the intestinal permeability and oral
absorption of a panel of drugs that permeate the small intestine via different mechanisms,
including a substrate of Mrp2 (given the significant up-regulation of Mrp2), and markers of
passive paracellular and transcellular diffusion. Valsartan was chosen as a substrate of
Mrp215: 16 mannitol was selected as a marker of paracellular permeability, and caffeine and
diazepam were selected as markers of transcellular diffusion (reflecting both a hydrophilic
and lipophilic marker, respectively)17-19. In addition to assessing plasma concentrations
following oral administration, the brain concentrations of each drug were measured to assess
whether previously-reported alterations in BBB structure and function in AD influenced the
extent of brain uptake2C. For this reason, digoxin also was included in this study as a
substrate of P-gp?l: 22, given the previous reports of reduced BBB abundance of P-gp in
mouse models of AD and in humans with AD23: 24, Comparing the /in vivoand ex vivo oral
absorption of these probe compounds provides insight into how people with AD potentially
handle medicines differently relative to people without AD, and whether dose modifications
are required to ensure medicine safety and efficacy. In this study, the animal model used to
assess alterations in oral drug absorption is the same mouse model used to demonstrate
altered transporter abundance via QTAP (i.e. APP/PS1 mice). As this model is routinely
used to investigate AD-associated pathogenesis, it is considered a relevant preclinical model
to assess pharmacokinetic changes that are associated with this disease2®: 26,
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Materials and methods

Materials.

Animals.

14C-mannitol, 14C-caffeine, 3H-digoxin and 3H-diazepam were obtained from American
Radiolabeled Chemicals, Inc (Saint Louis, MO). Ultima Gold™ liquid scintillation cocktail
was purchased from Perkin Elmer (Boston, MA). Valsartan was purchased from Sapphire
Bioscience (Redfern, New South Wales, Australia). Digoxin, diazepam and ammonium
acetate were obtained from Sigma-Aldrich Pty Ltd (Castle Hill, New South Wales,
Australia). HPLC or LC-MS grade acetonitrile and methanol were all purchased from Merck
KGaA (Darmstadt, Germany).

Animal experiments were approved by the Monash Institute of Pharmaceutical Sciences
Animal Ethics Committee and performed in accordance with the National Health and
Medical Research Council guidelines for the care and use of animals for scientific purposes.
Female APP/PS1 (B6C3-Tg (APPswe, PSEN1dE9)85Dbo/Mmjax) and age-matched
littermate WT mice were obtained from Jackson Laboratories at 2-3 months of age and were
housed with ad libitum access to standard rodent chow and water until they were 8-10
months old (22 - 40 g). This mouse model exhibits significant brain accumulation of
amyloid-beta (AB), the protein implicated in the pathology associated with human AD, due
to insertion of human transgenes responsible for overproduction of this protein (i.e., amyloid
precursor protein (APP) and presenilin 1 (PS1))27. In addition to accumulation of brain AB,
the mice exhibit cognitive dysfunction and, therefore, are considered a relevant model to
study AD-associated pathogenesis?®. Animals were used for experiments at 8-10 months

given that APP/PS1 mice exhibit robust Ap accumulation and cognitive deficit at this
25-27
age .

Oral administration of probe compounds to mice.

On the day of the experiment, WT and APP/PS1 mice were dosed by oral gavage with either
caffeine (5 mg/kg in MilliQ water), diazepam (30 mg/kg in milli Q water containing 1% w/v
carboxymethylcellulose sodium), digoxin (0.2 mg/kg in water containing 40% v/v propylene
glycol and 10% v/v ethanol) or valsartan (15 mg/kg in water containing 40% v/v propylene
glycol and 10% v/v ethanol). These doses have been administered to mice before and
appeared to be well tolerated in animals. At each post-dose time point, ranging from 0.25 — 6
h, mice were anaesthetized with gaseous isoflurane, and blood samples (500 pL) were
collected by cardiac puncture and immediately centrifuged to obtain plasma. Mice were
sacrificed by cervical dislocation and brain samples were collected. Both plasma and brain
samples were stored at —20°C until analysis for drug quantification by the developed and
validated HPLC or LC MS/MS assays (Supporting Information). The concentration of each
of the probe compounds in brain parenchyma were corrected for cerebral vascular
contamination using a microvascular volume we determined previously in C57BL/6J mice
using L4C-inulin (i.e. 0.017 mL/g)28. It should be noted that this vascular volume is similar
to the vascular volume reported in 3xTg AD mice (one mouse model of AD). A brain-to-
plasma concentration ratio (B:P ratio) was then calculated by the formula:
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B:P ratio = (concentration of probe compound in brain parenchyma, ng/g)/
(concentration of probe compound in plasma, ng/mL)

Ex vivo permeability studies.

Mouse jejunal segments from WT and APP/PS1 mice were used to assess the intestinal
permeability of the probe compounds. As previously described?®, mice were anaesthetized
with gaseous isoflurane, the jejunal segments were collected, and the mice were then
sacrificed by cervical dislocation. The jejunal segments were washed with ice-cold Krebs
Bicarbonate-buffered Ringers (KBR) solution at pH 6.0 and immediately mounted onto
modified Ussing chambers (diffusional area 0.12 cm?) with the mucosal side facing the
donor chamber. KBR solution (5 mL) was added into both the donor and receptor chambers
and bubbled with 5% CO,/95% O, for 15 min. Fresh KBR solution (5 mL) then replaced the
solution in the donor and receptor chambers and 0.5 uCi of radiolabelled compound (i.e.,
14C-mannitol, 14C-caffeine, 3H-digoxin and 3H-diazepam) or valsartan (20 ug/mL), in
separate experiments, was added into the donor chambers. It was not possible to source
valsartan in a radioactive form, and for this reason, an unlabelled form of valsartan was used
in the ex vivo study. At the designated time points up to 120 min, 200 pL of receptor
chamber solution was collected and replaced with an equal volume of fresh KBR. Samples
(10 uL) also were collected from the donor chambers at the commencement of the
experiment to quantify the initial compound concentration in the donor chamber. At the end
of the study, the concentration of compounds in the collected samples were quantified using
liquid scintillation counting (Tri-carb 2800TR, Perkin Elmer, USA) for radioactive
compounds, or the validated HPLC assay for valsartan (Supporting Information). The
apparent permeability coefficient (Papp) (cm/s) of each compound was calculated using the
equation:

Papp = (dQ/d1)/(C:A)

where dQ/ dtis the rate of appearance of compound in the receptor chamber measured from
the linear portion of a plot of the cumulative amount transported vstime, Cis the
concentration of the compound in the donor chamber, and A is the cross-sectional area of the
tissue.

Histological analysis.

In order to evaluate whether general morphological alterations occur in the small intestine to
explain some of the functional changes observed, WT and APP/PS1 mice were anesthetized
with gaseous isoflurane and perfused transcardially with 10 mL of ice-cold phosphate-
buffered saline (PBS) and 20 mL of ice-cold 4% v/v paraformaldehyde (PFA) at 10 mL/min.
Jejunal tissue from both WT and APP/PS1 mice was then collected and fixed in 4% v/v PFA
overnight at 4 °C. Sectioning and histological examination of small intestinal tissues were
performed at Melbourne Histology Platform and Australian Phenomics Network (The
University of Melbourne, Australia). Briefly, tissues were embedded in paraffin blocks, cut
into 5 um sections, and then stained with hematoxylin and eosin (H&E). The histological
sections were then observed under a light microscope and photographed using the 3D
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Histech Pannoramic Scan Il Slide scanner fitted with a x 20 Zeiss objective (Carl Zeiss Pty
Ltd, New South Wales, Australia).

Statistical analysis.

Results

The results were presented as mean + SD unless stated otherwise. The area under the plasma
concentration- and brain concentration-time curves of each compound from time zero to the
last time point (AUCpjasma and AUChrin) and their associated errors were calculated using
Bailer’s approach30, because of the destructive sampling technique required to obtain brain
homogenate concentrations at each time point. A ztest was used to test for significant
differences in AUCpjasma and AUCyy,in Of each probe compound between WT and APP/PS1
mice. A zvalue > 1.96 was considered to be a significant difference between genotypes.
Statistical comparisons of the B:P ratio, the P, and the percentage of applied dose
permeating jejunal tissue from WT and APP/PS1 mice were undertaken using Student’s #
tests (IBM SPSS Statistics for Windows, version 23.0; Armonk, NY). Statistical significance
was set as p < 0.05.

APP/PS1 mice exhibited altered oral absorption of probe compounds.

A total of eight HPLC and LC-MS/MS assays for the determination of the plasma and brain
homogenate concentrations of the probe compounds were developed and validated, the
details of which are provided in the Supporting Information. As shown in Fig. 1A and Table
1, the plasma concentrations of caffeine following oral administration did not differ between
WT and APP/PS1 mice. Similarly, no significant difference between the oral absorption of
diazepam was observed between WT and APP/PS1 mice (p > 0.05) as shown in Fig. 2A and
Table 1. Following oral administration of valsartan, plasma concentrations reached a
maximum at 1 h in both WT and APP/PS1 mice, however, a significantly lower AUCpjasma
was observed in APP/PS1 mice compared to WT mice (z > 1.96) (Fig. 3A, Table 1). The
plasma concentrations of digoxin following oral administration peaked at 0.5 h in both WT
and APP/PS1 mice. Despite a similar time required to reach maximum plasma
concentrations (Fig. 4A), there was a substantially lower systemic exposure to digoxin in
APP/PS1 mice relative to WT mice, as observed for valsartan, with a zvalue of 2.14 when
comparing AUCpjasma between WT and APP/PS1 mice (Table 1).

In addition to measuring plasma concentrations following oral administration, the brain
concentrations of each probe compound were assessed using the validated brain homogenate
assays. The total brain exposure to caffeine did not differ between WT and APP/PS1 mice
(Fig 1B) with respective average AUCp4in Values of 21.52 and 22.18 pg-h/g, as shown in
Table 1. The B:P ratio of caffeine in WT animals ranged between 1.07-2.78 over the
sampling period; similar ratios were detected in APP/PS1 mice (ranging from 0.63-2.82).
Overall, there was no significant difference in AUCy,in of diazepam between WT and
APP/PS1 mice with a zvalue of 0.10. While the B:P ratio of diazepam was similar between
WT and APP/PS1 mice at most post-dose time points (ranging from 0.31-1.07 in WT mice
and 0.18-0.81 in APP/PS1 mice), the B:P ratio of diazepam in APP/PS1 mice (0.18 + 0.05)
was significantly (p < 0.05) lower relative to that in WT mice (0.31 £ 0.07) at the first post-
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dose time point (10 min), albeit no differences in diazepam plasma concentrations between
the two genotypes were observed at this time point (Fig. 2B). Due to the brain assay
detection limit of valsartan (i.e. 3 ng/g), brain concentrations of valsartan following oral
administration were not detectable after 1 h in WT mice, and negligible after 2 h in both WT
and APP/PS1 mice (Fig. 3B). However, the brain uptake of valsartan and B: P ratios at 0.5 h
were not significantly different between WT and APP/PS1 mice (p > 0.05) with average
values of 0.008 in WT mice and 0.012 in APP/PS1 mice. Similarly, the brain concentrations
of digoxin in some samples at each post-dose time point were not detectable due to the assay
limit (i.e., 0.6 ng/g) (Fig. 4B). Therefore, a statistical comparison of B:P ratio at each time
point and overall digoxin AUCpy,in comparison between WT and APP/PS1 animals could
not be determined.

Permeability of probe compounds differs between jejunal tissue from WT and APP/PS1

mice.

To ascertain whether the altered oral absorption of digoxin and valsartan resulted from
changes in intestinal permeability, the transport of these probe drugs as well as diazepam
and caffeine was assessed in jejunal tissue obtained from WT and APP/PS1 mice. In
addition, the permeability of 14C-mannitol was assessed to evaluate whether the paracellular
route of transport was modified in this intestinal tissue. The permeability profiles of the five
probe compounds through jejunal tissues obtained from WT and APP/PS1 mice are shown
in Fig. 5, and the P,pp values and the percentage of applied amount absorbed are reported in
Table 2. In line with the /n vivo absorption studies, the appearance of 14C-caffeine and 3H-
diazepam in the receptor chamber did not differ significantly whether the jejunal tissue was
from WT or APP/PS1 mice. The average amount of 14C-caffeine absorbed across the jejunal
tissue from WT and APP/PS1 mice over a 2 h period was 0.40% and 0.46%, respectively.
Similarly, the average amount of 3H-diazepam absorbed across the jejunal tissue from WT
or APP/PS1 mice at the end of the 2 h period was 0.42% and 0.52%, respectively. A HPLC
assay for the determination of valsartan in KBR buffer was developed and validated, the
details of which are provided in the Supporting Information. A significant decrease in
valsartan permeability was detected through the jejunum from APP/PS1 mice compared to
WT mice (p < 0.05); the average amount of valsartan absorbed across jejunal tissue from
APP/PS1 mice was only approximately one-half of that across jejunal tissue from WT mice.
In line with that observed with /n vivo absorption studies, a substantially reduced
permeability of 3H-digoxin through the jejunum from APP/PS1 mice also was observed
compared to WT mice (p < 0.05), with the average P,pp values (x1076 cm/s) being 14.5 and
64.2, respectively. The average amount of 14C-mannitol absorbed through jejunal tissue
from APP/PS1 mice over a 2 h period (i.e. 0.20%) was significantly lower than the amount
absorbed across jejunal tissue from WT mice (p < 0.05), suggesting a tightened paracellular
space in the jejunum of APP/PS1 mice.

Small intestinal tissue from APP/PS1 mice exhibited no apparent morphological

alterations.

We have previously reported a compensatory thickening in the cerebrovascular basement
membrane in a triple transgenic mouse model of AD, which affected the rate of BBB
transport of some therapeutics®. Therefore, it was considered important to evaluate whether
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there were morphological differences between small intestinal tissue from WT and APP/PS1
mice. As shown in Fig. 6, jejunal sections from WT mice demonstrated typical mucosal villi
and submucosal layers, similar to that found in jejunal sections from APP/PS1 mice. The
length of the villi did not appear to be changed in the APP/PS1 mice and the shape of the
villi also was not affected. The thickness of the jejunal mucosal membrane appeared to be
similar between WT and APP/PS1 animals.

Discussion

People with AD are routinely prescribed medicines for their comorbidities at doses similar
to those prescribed for people without AD, based on the assumption that AD does not alter
drug absorption or disposition. We previously reported that the abundance of small intestinal
and renal drug transporters was altered in APP/PS1 mice relative to WT mice, and growing
evidence in both individuals with AD and animal models of AD suggests that oral
absorption of medicines may differ in AD6: 11. 13 However, there has been no systematic
evaluation of oral absorption processes in the same animal model using a panel of drugs that
are absorbed via different mechanisms, which was the intent of this study. To our
knowledge, this is the first study to systematically assess these processes in the same mouse
model of familial AD. A better understanding of how oral drug absorption is altered in AD
may lead to approaches to maximize the effectiveness and reduce the potential toxicity of
the multiple medicines prescribed to individuals with AD. The five model compounds
assessed in the current study were chosen based on their mechanisms of transport across the
small intestine. Caffeine and diazepam were selected as markers of transcellular diffusion
with hydrophilic and lipophilic characteristics, respectively; valsartan was chosen as a Mrp2
substrate; digoxin represented a model P-gp substrate; and mannitol was included (only in /n
vitro studies) to assess whether there were modifications in paracellular transport in
APP/PS1 mice. It should be noted that the reported plasma concentrations of these probe
compounds are the total drug concentrations and not unbound concentrations, which is the
fraction responsible for pharmacological and toxicological activity. Concentrations of
plasma proteins including albumin and alpha 1-acid glycoprotein are reduced in AD
humans31-33, This aspect was not considered in the interpretation of the results presented in
this study.

The oral absorption and small intestinal permeability of both caffeine and diazepam, two
commonly-reported passive diffusion markers, were not different between WT and APP/PS1
mice, suggesting that jejunal passive diffusion was not affected in APP/PS1 mice. While
these two drugs were used as markers of passive diffusion, they also undergo extensive
hepatic metabolism, and therefore, potential changes to Cyp activity in APP/PS1 mice
should be considered when interpreting the results. Our previous study3 has demonstrated
that the abundance of intestinal and hepatic Cypla2 (the major enzyme involved in caffeine
metabolism)34 was unmodified in APP/PS1 mice compared to WT mice, which agrees with
the lack of change in caffeine absorption. Data are lacking in relation to the abundance of
Cyp2c19 and Cyp3a4 (enzymes involved in diazepam metabolism) in APP/PS1 mice,
however, given that the oral absorption of diazepam was unaffected, the levels of these
enzymes are unexpected to be altered in this mouse model. Although the mice used in the
studies were at an advanced age, it is important to note that the P, Of caffeine across the
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jejunum from WT mice was similar to values reported in other studies where jejunal tissue
from 2-3-month-old Wistar rats was used3°. The absorption of caffeine following an oral
dose of 5 mg/kg in the present study was comparable to a previously-reported study where
8-14-week-old mice received the same oral dose exhibiting similar C,ax Values appearing at
0.5 h post-dose in both studies38. Similarly, the Papp Of diazepam across the aged WT and
APP/PS1 jejunum was comparable to values reported using 2-3-month-old Sprague-Dawley
rat jejunum3’. These comparisons suggest that the age of the mice used in these studies did
not appear to impact oral absorption processes given that plasma exposure observed is
comparable to younger rats/mice.

Assessing the oral absorption of a Mrp2 substrate was crucial in this study given that our
previous data revealed that the jejunum of APP/PS1 mice exhibited a significant 2.3-fold
increase in Mrp2 abundancel3. Although the permeability of valsartan is facilitated through
the small intestine by other transporters such as organic anion transporter and organic anion
transporting polypeptide, valsartan is a recognized substrate for Mrp2 in both humans and
rodents and the intestinal absorption of valsartan has been shown to be inversely correlated
with the abundance of Mrp2 in rodents!® 16, Consistent with an increase in the intestinal
abundance of Mrp2, both the permeability of valsartan across the jejunum from APP/PS1
mice and the plasma exposure to valsartan in APP/PS1 mice following oral dosing were
significantly lower than that observed in WT animals. These studies suggest that the
increased abundance of Mrp2, which may be due to AD-associated intestinal inflammation,
is associated with reduced absorption of a Mrp2 substrate. However, to confirm that the
increase in small intestinal Mrp2 in APP/PS1 mice is responsible for the reduced absorption
of valsartan, it would be necessary to undertake a number of additional studies including
assessing the oral absorption and intestinal permeability of a larger number of Mrp2
substrates such as cisplatin, indinavir and ceftriaxone38, It should also be noted that
valsartan has been reported to be a substrate of human OATP1B1, OATP1B3, OAT1 and
OAT316, While there is no evidence of valsartan being a substrate of the murine orthologues,
it is possible that any change in abundance and/or function of these transporters in APP/PS1
mice would impact valsartan absorption and contribute to the reduced plasma levels
observed in this study. We have previously measured the levels of Oatp1lb2 (murine
orthologues for OATP1B1 and OATP1B3), Oat 1 and Oat 3 in the small intestine from both
WT and APP/PS1 mice using QTAP, however, the concentrations of these transporters were
below the detection limit (i.e. 0.06 fmol/pg)!3 and therefore we cannot conclude that their
abundance was indeed altered in APP/PS1 mice. In addition to being a substrate of
transporters, valsartan has been reported to be a substrate of Cyp2c93°. Any changes in
Cyp2c9 abundance may, therefore, theoretically contribute to the reduced plasma
concentrations of valsartan observed in this study. Indeed, the function of other Cyp
enzymes has been reported to be modified in another mouse model of AD (i.e. Tg2576
mice)2. Even if Cyp2c9 abundance was significantly increased in APP/PS1 mice, this is
unlikely to be a major contributor to the lower plasma concentrations of valsartan observed
in these studies given that valsartan has been reported not to be extensively metabolised°.

Digoxin is a well-known substrate for P-gp and is often used to assess P-gp function at
biological barriers2l. Though the total intestinal abundance of P-gp did not differ between
WT and APP/PS1 mice in our previous study!3, it was considered important to assess
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whether the brain uptake of this P-gp substrate was altered given the previous reports of
reduced BBB abundance of P-gp in AD. As part of assessing this, the oral exposure and
intestinal permeability of digoxin also were evaluated. The P,y Of digoxin across the WT
jejunum was notably higher than the values we previously reported in 6-8-week-old Swiss
outbred mouse jejunum?26. This difference is most likely due to the greater age of the mice in
these studies (i.e. 8-10-months) given that mouse intestinal P-gp abundance changes with
age*! and reduced P-gp abundance and activity in multiple tissues including intestine and
brain have been reported in both aged animals and humans#2-44. Both the ex vivo
permeability of 3H-digoxin through the jejunum of APP/PS1 mice and the plasma
concentrations of digoxin following oral dosing to APP/PS1 mice were substantially
decreased compared to that observed in WT mice. There are several possible explanations
for these observations. Firstly, though the overall intestinal abundance of P-gp was not
significantly different between WT and APP/PS1 micel3, the localization of P-gp may be
altered in the AD small intestine, with more P-gp present at the luminal surface of the
jejunum, therefore, resulting in increased efflux of digoxin into the intestinal lumen.
Secondly, digoxin is a substrate of Oatpla4*® and Osta/@*® transporters, which are
expressed in the mouse small intestine. Though further investigation will be required, the
abundance and/or function of Oatpla4 and Osta/B may be impacted in AD, which may then
lead to altered permeability and absorption of digoxin across the small intestine.

While the reduced intestinal permeability of valsartan could be explained by increased Mrp2
function, the unexpected reduction in digoxin permeability (with no change in P-gp
abundance) led us to investigate whether paracellular diffusion was reduced, contributing to
the reduced absorption of digoxin, and in part, valsartan. To address this, the permeability of
14C-mannitol, a commonly used marker for the paracellular route, was assessed. The
permeability of 14C-mannitol across the jejunum from WT mice was similar to what we
reported previously in intestinal tissue obtained from 6-8-week-old Swiss outbred mice?°.
Unexpectedly, the amount of 4C-mannitol permeating the jejunum from APP/PS1 mice was
significantly reduced. These data suggest that there appears to be a tightened paracellular
space in the intestinal tissue from this mouse model, which may, in part, contribute to the
reduced permeability of valsartan and digoxin across the jejunum from APP/PS1 mice.
Unlike at the BBB, where there are multiple reports of modified abundance of tight junction
proteins as a result of AD pathology*’: 48, few studies have focused on assessing intestinal
permeability in AD. It is reported that gut microbiota is altered in human AD, which is
associated with inflammation#®: 50, and indeed in inflammation, increased abundance of
small intestinal tight junction proteins has been reported. For example, increased abundance
of claudin-1, one of the major tight junction proteins responsible for the maintenance of
intestinal integrity, has been observed in individuals with ulcerative colitis®?, a disease
associated with intestinal inflammation. In another study, the abundance of claudin-1 was
significantly elevated in mucosal samples from patients with inflammatory bowel disease,
and correlated well with inflammatory activity®2. Therefore, it is possible that the reduced
permeability of mannitol observed in the current study is a result of increased tight junction
protein abundance in the small intestinal tissue, however, this requires further investigation.
While speculative, another possible reason for the increased paracellular integrity in these
tissues may result from the increased plasma levels of deoxycholic acid (DCA) in APP/PS1
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mice®3. DCA has been shown to increase the transepithelial electrical resistance in Caco-2
cells and reduce the permeability of 10 kDa dextran®*. Therefore, the substantially increased
concentrations of DCA in APP/PS1 mice also may be responsible, in part, for reduced
permeability of the small intestine®3.

It is well accepted that the integrity of the BBB and the abundance of some transporters such
as glucose transporter 1 and P-gp at the BBB are affected in AD, which can cause altered
BBB trafficking of drugs?* 55, Having shown that the oral absorption of some compounds
was reduced in APP/PS1 mice, it was considered important to assess whether brain exposure
of the model drugs was affected in APP/PS1 mice. As was the case with the plasma
concentrations, the brain homogenate concentrations reflected total brain concentration and
not unbound brain concentrations. Therefore, to more effectively predict whether
pharmacological or toxicological effects of the model drugs would be different in disease
state, it would be important to measure unbound brain concentrations using a technique such
as intracerebral microdialysis. Unlike the passively-diffusing marker caffeine, where there
was no difference in brain concentrations at any time when comparing WT and APP/PS1
mice, diazepam exhibited a significant reduction in brain uptake only at the first time point
(i.e. 10 min). Given that the plasma concentrations of diazepam were not different between
WT and APP/PS1 mice at this time point, this result suggests that only the rate of diazepam
brain uptake, and not the extent of diazepam brain uptake may be reduced. This is indeed
consistent with what we have previously demonstrated using an /7 situ transcardiac
perfusion technique in 3xTG AD mice, another mouse model of familial AD®. In our
previous study, the reduced rate of BBB transport of diazepam was attributed to a thickening
of the cerebrovascular basement membrane. It is unknown whether the cerebrovascular
basement membrane is thicker in APP/PS1 mice relative to WT mice as has been observed
in 3xTG AD mice® and humans®6, however, this could contribute to the apparent reduction
in the rate of brain uptake of diazepam observed in the present study. As has been observed
by others using the ABPP transgenic mice model of AD®’, the extent of brain uptake of
diazepam was not reduced in APP/PS1 mice. Taken together, these findings support our
observations that the brain uptake of diazepam was only reduced at the first time point (i.e.
reduced rate) but not at all subsequent time points (i.e. no change in extent). The brain
uptake of valsartan appeared to be higher in APP/PS1 mice as brain concentrations of
valsartan were only detectable in APP/PS1 mice at the 2 h post-dose, although a statistical
comparison could not be made. While a conclusion on whether the brain uptake of valsartan
differs between genotypes is not possible based on the current data, further studies could
assess whether the abundance of Mrp2 is altered in AD, particularly given that cerebral
abundance of Mrp1 has been reported to be elevated in AD%8. Due to the limitations
associated with the sensitivity of the digoxin brain homogenate assay, it was not possible to
detect digoxin brain concentrations at any post-dose time point, so no conclusion regarding
differences in digoxin brain uptake between WT and APP/PS1 mice was drawn. However,
given that the extent of digoxin transport across the BBB was not reported to be modified
following subcutaneous administration in a mouse of model of AD (2-5-month-old ABPP-
transgenic mice)®’, the brain uptake of digoxin following oral administration was not
expected to be different between the two genotypes.
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While it is not known if these results correlate directly to humans, this study has identified
that oral drug absorption of selected drugs is reduced in the APP/PS1 transgenic AD mouse
model. It has been noted that the APP/PS1 transgenic mouse model displays a high
pathophysiological resemblance to the human AD population®®, and so it is possible that
these phenomena will be observed clinically. The knowledge gained from this study
provides the basis for future research focusing specifically on humans and the way in which
drug doses may need to be altered in individuals with AD. Although clinical studies are
required, the implication of this study is that additional therapeutic drug monitoring may be
required in individuals with AD because it is possible that doses of medicines may result in
reduced plasma concentrations and sub-optimal efficacy. Further investigations into this
phenomenon will aid in optimizing medicine safety and use, thereby improving the quality
of life for patients by avoiding sub-optimal treatment in the AD population.
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Plasma (A) and brain (B) concentrations of caffeine following oral administration (5 mg/kg)
to WT (closed circles) and APP/PS1 mice (open squares). Data are presented as mean + SD

(n=3).
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Figure 2.
Plasma (A) and brain (B) concentrations of diazepam following oral administration (30

mg/kg) to WT (closed circles) and APP/PS1 mice (open squares). Data are presented as
mean + SD (n=3).
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Figure 3.
Plasma (A) and brain (B) concentrations of valsartan following oral administration (0.2

mg/kg) to WT (closed circles) and APP/PS1 mice (open squares). ~ Brain concentrations of
valsartan were only detectable in one WT mouse at 1 h and were undetectable at later time
points. # Brain concentrations of valsartan were only detectable in two APP/PS1 mice at 2 h
and were undetectable at later time points. Data are presented as mean + SD (n=3).
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Plasma (A) and brain (B) concentrations of digoxin following oral administration (15
mg/kg) to WT (closed circles) and APP/PS1 mice (open squares). ~ Brain concentrations of
digoxin were only detectable in one WT mouse at 0.25 and 3 h. # Brain concentrations of
digoxin were only detectable in two APP/PS1 mice at 0.5, 1 and 3 h. Data are presented as

mean x SD (n=3).
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Figure 5.

Tr?e appearance of (A) 14C-caffeine, (B) 3H-diazepam, (C) valsartan, (D) 3H-digoxin, and
(E) *C-mannitol in the receptor chamber following transport across the jejunum from WT
(closed circles) and APP/PS1 mice (open squares) after application of a dose of 0.5 pCi
(radioactive compounds) or 20 pg/mL (valsartan).  Concentrations of valsartan were only
detectable in 2 replicates. Data are presented as mean = SD (n = 6-9).
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(A)

Figure 6.
Representative histological appearance of jejunum slices (x 15 magnification) from 8-10-

month-old (A) WT and (B) APP/PS1mice with H&E staining.
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Table 1.

The AUCpjasma, AUCpyain and zvalues of probe compounds following oral administration to WT and
APP/PS1 mice. Data are presented as mean £ SD (n=3).

AUCpIasma (ng'h/ml-) AUCbrain (ng'h/g)
Compound
WT APP/PS1 zvalue WT APP/PS1 zvalue

Caffeine 10380 £ 738 11289 + 681 0.90 21520 £ 224 22178 + 356 1.56
Diazepam  356.6 £35.6 343.3+29.2 0.29 1195+55 117.7+18.2 0.10

Valsartan 1960 + 231 1388 + 105 226" NA NA

Digoxin ~ 199.4+127 1541+168 214~ NA NA

NA: AUC value was not able to be calculated due to the detection limit of the brain assay.

*
z>1.96 indicates a significant difference in AUCplasma or AUCbrain between WT and APP/PS1 mice.
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Table 2.

Apparent permeability coefficients (Papp) and percentage (%) of the initial amount of compounds absorbed
after 120 min through jejunal tissue from WT and APP/PS1 mice. Data are presented as mean = SD (n=4-9).

Papp (x1076 cm/s) % of initial amount at 2 h

WT APP/PS1 WT APP/PS1

Compound

Uc-Caffeine  31.4+101 27.2+138 040£009 0.46+0.14

H-Diazepam 29.1£9.7  341£92 042%012 052%0.12
Valsartan 558 +16.7 NA 081+019 043+0.23"
3H-Digoxin  64.2+394 145+110° 085+0.30 02240117

C-Mannitol  10.7+3.7  6.0+347 017%0.05 012+0.047

NA: Steady state was not reached and the Papp value was not able to be calculated.

*
p < 0.05 indicates a statistically significant difference between WT and APP/PS1 mice.
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