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ABSTRACT

Active pharmaceutical ingredients are routinely formulated with a range of excipients in the
manufacture of drug products. Excipients are considered to be inert components of the
formulations, although recent research has contested its inactive behaviour. This study
investigated the effect of the excipient polyethylene glycol 400 (PEG 400) on the oral
bioavailability and intestinal permeability of cimetidine in male and female human volunteers.
Agqueous solutions of cimetidine with pharmaceutically relevant concentrations of PEG 400 at
0% wi/v (control), 0.3% w/v, 0.5% w/v, 0.7% wi/v and 1.0% w/v were orally administered to
both sexes. Urine samples were then collected and assayed for the determination of cimetidine
which reflected oral bioavailability. This human study showed that PEG 400 at 0.3% w/v, 0.5%
w/v and 0.7% w/v concentrations significantly increased cimetidine bioavailability by 34%,
58% and 41% respectively, although this enhancement was only demonstrated in men and not
women (p < 0.05). Ussing chamber transport studies with male human jejunal tissues revealed
that cimetidine permeability increased by 26%, 48% and 29% with PEG 400 at 0.3% w/v, 0.5%
w/v and 0.7% wi/v respectively (p < 0.05). No such enhancement was demonstrated in female
tissues (p > 0.05). We have shown that PEG 400 interacts with intestinal P-glycoprotein (P-gp)
expression differently in males and females. The mechanistic action of PEG 400 at gut level
was further investigated on human jejunal tissues following the pre-treatment of the P-gp
inhibitor PSC 833 (valspodar) on the transport of cimetidine. When intestinal P-gp was
inhibited, the sex- and dose-dependent modulatory effect of PEG 400 with cimetidine was
completely eradicated, thus confirming that PEG 400 has a modulatory — rather than inhibitory
— effect on P-gp. In sum, the widely used excipient PEG 400 is not inert at pharmaceutically
relevant concentrations and its modulatory effect is demonstrated at a human clinical level.
Such pharmacological effects, however, are sex- and dose-dependent via its modulation on
intestinal P-gp, as evidenced by the boost in cimetidine bioavailability only in male human
volunteers. As such, these findings should be carefully considered towards the co-formulation
of PEG 400 with drugs that are P-gp substrates.

Keywords
Gastrointestinal tract; Gender response to drug therapies; Sex differences in efficacy of
pharmaceuticals; Multidrug resistance protein 1 (MDR1); H2 receptor antagonists; Oral
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1. INTRODUCTION

Peroral administration is the most convenient route of drug delivery due to its high patient
compliance, flexibility in the design of dosage forms and the economical method of medicine
manufacture. In order for an oral drug product to be suitably administered, the active
pharmaceutical ingredient (API) must be co-formulated with a specific mixture of inactive
ingredients known as excipients. The U.S. Food and Drug Administration (FDA) defines the
APl as a compound intended to provide the desired therapeutic effect. Excipients, however, are
broadly defined as “any component of a drug product other than the API” that are benign for
human consumption (Alderborn and Frenning, 2017; Reker et al., 2019). These components
are not expected to have a direct pharmacological effect but to instead, alter the physical
properties of an oral dosage form (such as a tablet or capsule) to facilitate drug stability,
appearance or taste, for example (Chaudhari, 2012).

Decades of modern pharmaceutical development have reported that excipients only contribute
towards the deliberate properties of the formulation including increasing drug solubility and
improve manufacturability amongst others. Despite this, a growing body of research has
revealed that a number of excipients elicit biological effects which may alter treatment
outcomes (Garcia-Arieta, 2014; Lavan and Knipp, 2020; Reker et al., 2019; Schulze et al.,
2003; Stillhart et al., 2020; Zarmpi et al., 2017). For example, drug alterations from modulated
ATPase activity induced by excipient effects have been reported with surfactants and
emulsifying polymers; Batrakova et al. demonstrated that Pluronic P85 lowered the activity of
ATPase in a concentration-dependent manner and inhibited the function of intestinal efflux
transporters (Batrakova et al., 2004; Lavan and Knipp, 2020). In addition, polysorbates, mono-
and disaccharide-based excipients have been shown to alter digoxin bioavailability via cell
culture assays (Al-Ali et al., 2018). Other solubilising excipients such as polyethylene glycol
(PEG) 2000, Cremophor RH 40, Tween 80 and Span 20 have also been studied to influence
drug bioavailability in an animal model (Mai et al., 2019). Further examples of excipient-
altering effects have been discussed in the literature (Elder et al., 2016; Flanagan, 2019;
Schulze et al., 2003; Soldin et al., 2011; Zhang et al., 2016). What is less understood, however,
is the role of excipient effects in differentially modifying drug pharmacokinetics in males and

females.
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Indeed, the lack of equal representation of males and females in research, especially at the early
drug development stage, is a matter of controversy. However, research conducted on
understanding formulation performance in both males and females respectively has revealed
indisputable differences (Freire et al., 2011; Gandhi et al., 2004; Hatton et al., 2015; Taherali
et al., 2018). Notably, the widely used solubilising agent polyethylene glycol 400 (PEG 400)
at certain doses stimulated human intestinal motility by reducing intestinal transit time (Basit
etal., 2001). Interestingly, other excipients including D-alpha-tocopheryl-polyethylene glycol-
1000 succinate (Vitamin E-TPGS) and Labrasol® did not have an effect on transit time in
beagle dogs (Schulze et al., 2005) nor did Vitamin E-TPGS and Capmul® in humans (Schulze
et al., 2006). When co-formulated with ranitidine, the presence of PEG 400 limited the
opportunity for intestinal drug absorption to occur and consequently reduced its bioavailability
(Ashiru-Oredope et al., 2011; Basit et al., 2002; Schulze et al., 2003). Lower doses of PEG 400
were found to have the opposite effect whereby ranitidine bioavailability increased in humans
(Ashiru et al., 2008) and in an animal model (Afonso-Pereira et al., 2016; Mai et al., 2017).
Such effects, however, were dose-dependent and sex-specific, limited to males and not females.

In order to understand the potential mechanism as to why sex-related differences in drug
bioavailability may occur, a number of studies have demonstrated that the intestinal efflux
transporter, P-glycoprotein (P-gp) is differentially expressed between the sexes in an animal
model (Dou et al., 2020; Dou et al., 2018; Mai et al., 2018a; Mai et al., 2018c). P-gp is
postulated to serve as an essential protective mechanism in the intestinal luminal environment
by heavily mediating oral drug absorption. In addition, P-gp has been reported as a significant
contributor to sex differences in pharmacokinetic response (Bebawy and Chetty, 2009). The
fact that the same drug bioavailability enhancing effect of PEG 400 was observed for ranitidine
in male humans and rats in three separate studies indicate that the mechanism responsible for
this sex-specific effect may common to both species. This, however, is under the assumption
that PEG 400 modulates other BCS 11l drugs or drugs affected by membrane transporters
(predominantly BCS/BDDCS Il and 111 drugs) (Benet et al., 2011).

To identifying whether sex-specific differences in excipient-drug modulation translate from
animals to humans at a physiological level, this study investigated the effects of
pharmaceutically relevant concentrations of PEG 400 on cimetidine bioavailability in both

healthy male and female subjects. Cimetidine was chosen as a model drug as it is a Ha-
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antagonist primarily absorbed in the small intestine and is a substrate of P-gp which suggests
that its bioavailability is vulnerable to factors influencing intestinal transit or absorption (Davis,
2005). The influence of PEG 400 on cimetidine permeability and the quantification of P-gp
expression in the healthy human intestinal tissues was also investigated via Ussing chamber

studies and Western blot respectively.

2. MATERIALS AND METHODS
2.1 Materials

Cimetidine, polyethylene glycol 400, glacial acetic acid and sodium acetate trihydrate were
obtained from Sigma Aldrich (Dorset, UK). PSC 833 (valspodar) was provided by Aladdin
(Shanghai, China). HPLC grade water and acetonitrile were purchased from Fisher Scientific
(Loughborough, UK). NUPAGE LDS Sample Buffer, Tris Buffered Saline, 10X Solution,
NuPAGE MOPS SDS Running Buffer (20x), NuPAGE Transfer Buffer (20x) and Super Signal
West Pico Chemiluminescent Substrate were purchased from Thermo Scientific (Paisley, UK).
Tween 20, Bovine Serum Albumin and Monoclonal Anti-p actin were obtained from Sigma
Aldrich (Dorset, UK). TBE Running Buffer (5x) and 10x TBE Electrophoresis Buffer were
bought from Thermo Scientific (Paisley, UK). All other chemicals and kits are noted

individually in the following methods.

2.2  Human Clinical Study
2.2.1 Protocol

Oral solutions consisting of 150 mL of water containing 150 mg of cimetidine
(GlaxoSmithKline, Harlow, UK) was co-formulated with PEG 400 one of the following
quantities; 0% (control), 0.3%, 0.5%, 0.7% and 1% wi/v (corresponding to 0 g, 0.5 g, 0.75 g,
1.0 gand 1.5 g) and prepared under GMP conditions. A washout period of one week was given
in between dosing. Twelve healthy volunteers (6 males and 6 females) with the following
parameters were included; Age: males (24 — 40 years; median 26 years), females (23 — 27 years;
median 24 years); Weight: males (55 — 90 kg; median 62 kg), females (50 — 76 kg; median 60
kg); and Height: males (1.66 — 1.84 m; median 1.73 m), females 1.58 — 1.70 m; median 1.69
m). All human subjects participated in a random six-way cross over study after giving informed
written consent. All subjects were within the age criteria of 20 — 60 years old, non-smokers,
and declared themselves healthy with no history of Gl disease. The experimental protocol was
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approved by The Joint University College London/University College London Hospital
(UCL/UCLH) Committees on the Ethics of Human Research in the United Kingdom. The study
was conducted in accordance with the Helsinki guidelines for ethics in research (1965) and its
subsequent revisions up to the revision of Edinburgh 2000.

The volunteers reported to the study centre after an overnight fast and each received, on six
separate occasions, 150 mL of a cimetidine solution containing the required dose of PEG 400.
A standardised lunch consisting of a two-piece cheese or egg sandwich, a 32.5 g packet of
crisps and a 250 mL juice drink was provided 4 hours following oral administration. Water was

available ad libitum from this point onwards.

Cumulative urine samples were collected throughout the course of each study day. This
involved the collection and measurement of urine output over the following time periods: 0 h
(pre-dose),0-2h,2—-4h,4—-6h,6—-12hand 12 — 24 h. For each time point, a 20 ml aliquot

was retained and stored at —20°C.

Cumulative urinary excretion can serve as a surrogate to determine oral bioavailability as per
the Code of Federal Regulations (FDA, 2019). The guideline states that in an in vivo drug
bioavailability study, the drug elimination period should be at least three times the half-life of
the active drug ingredient measured in the blood or urine or at least three times the half-life of
the acute pharmacological effect. As the half-life of cimetidine is approximately 2 hours
(Somogyi and Gugler, 1983), the collection of urine within time periods in 24 hours for analysis
of unchanged cimetidine excreted can infer for oral bioavailability.

2.2.2  Urine Samples Analytics

Urine samples were assayed for the amount of unchanged cimetidine. Frozen aliquots were
thawed at room temperature and 0.65 mL of each sample was added to 0.65 mL of a mixture
of 20:80 acetonitrile:water in duplicate. After thorough vortex-mixing, a 10 pL aliquot of each
solution collected at the aforementioned time points was injected into a Luna SCX
(Phenomenex, UK) HPLC column using a validated HPLC-UV method (Ashiru et al., 2007).
The mobile phase was 20:80 acetonitrile:0.1 M sodium acetate with a flow rate of 2 ml/min.
Calibration standards were prepared with blank human urine spiked with drug and diluted by

50% with 20:80 acetonitrile:water.
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2.3  The Effect of PEG 400 on Intestinal Absorption
2.3.1 Human Jejunal Collection and Participant Information

A total of 12 Chinese patients (6 males and 6 females) diagnosed with pancreatic cancer at the
Third Affiliated Hospital of Sun Yat-sen University in Guangzhou, China between July 2019
and March 2020 were enrolled in the study and signed informed consent for jejunal tissue
collection. All collected tissues were macroscopically healthy. The experimental protocol
(number [2016]2-16) was approved by The Research Ethics Committee of the Third Affiliated
Hospital of Sun Yat-sen University. The clinical characteristics of each patient including age,
sex, preoperative tumour size, tumour number and the familial history of cancer were recorded
(Table 1).

Table 1. Patient information who donated jejunal tissues for permeability studies.

Sample information Males Females
Sample region Jejunum Jejunum
Number of samples 9 9
Sample type healthy tissue healthy tissue
Age range (year) 44 — 63 48 — 65
Average age (year) 54 58
Weight range (kg) 64 —-79 49 — 65
Average weight (kg) 72 57

2.3.2. Jejunal Tissue Preparation

The tissues were prepared for the permeability study on the day of collection. Each segment
was washed with cold Krebs-Bicarbonate Ringer’s (KBR) solution and put into beakers with
KBR solution on ice. This consisted of 10 mM D-glucose, 1.2 mM calcium chloride (CaCly),
1.2 mM magnesium chloride (MgCl2), 115 mM sodium chloride (NaCl), 25 mM sodium
bicarbonate (NaHCO3), 0.4 mM monopotassium phosphate (KH2POa), 2.4 mM dipotassium
phosphate (K2HPO4) with the pH of the solution adjusted to 7.4 with sodium hydroxide
(NaOH) or hydrochloric acid (HCI). The tissues were then cut into 6 sections (of at least 50

8
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mm? in size) and placed on an ice-cold glass plate. The serosal layer was gently removed with

a scalpel to expose the mucosa-side.

2.3.3. Ussing Chamber Set-up

Following its preparation, the mucosal tissues were mounted as flat sheets on a 0.29 cm?
segment holder with needles for stabilisation and placed in a vertical UC-6M Ussing Chamber
(Kingtech, Beijing, China). 5 mL KBR solution was added to each compartment of the Ussing
Chamber and the solutions were supplied with an O/CO> gas mixture (95%/5%). The

chambers were tightly screwed and the entire assembly was controlled at 37°C.

To evaluate tissue integrity during experiments, tissue transepithelial electrical resistance
(TEER) was measured using a VCC MC6 MultiChannel Voltage-Current Clamp (Physiologic
Instruments, San Diego, CA, USA) coupled with the Ussing chamber system. Any jejunal
tissue that showed a TEER value lower than 40 Q-cm? at the beginning of the experiment was
regarded as poorly viable and excluded from the study. Whenever TEER values decreased by
more than 15% from the original value (measured at the end of a 30 min equilibration period),
the tissue was considered not to be viable and also eliminated from the investigation.

2.3.4. Transport Study

After the equilibrium period, the experiment was initiated by replacing the blank KBR solution
in the donor compartment with pre-warmed 5 mg/mL cimetidine solution with and without
PEG 400 at 0.3% w/v, 0.5% w/v, 0.7% w/v and 1.0% w/v concentrations. To investigate the
permeability of cimetidine co-formulated with different doses of PEG 400, PSC 833, a
validated P-gp inhibitor, at the dose of 10 uM was placed into the donor chamber 15 min prior
to the addition of cimetidine + PEG 400 solutions. 100 uL of the receiver solution was taken
to determine the drug concentration by HPLC every 30 min and replaced with an equal volume
of a heated blank KBR solution. The receiver solution samples were kept at 4°C until analysed

to quantify the concentration of cimetidine by HPLC as described in Section 2.2.2.

2.3.5. Calculation
The apparent permeability coefficient (Papp) in each experiment, in cm/s, was calculated using

the following equation:

Q

Prpp = ———
WP T CXAXt
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where; Q (umol) is the total amount of drug that permeated to the receiver compartment
throughout the incubation time; C (umol/mL) is the initial drug concentration in the donor side;

A (cm?) is the diffusion area of the Ussing Chamber and; t (s) is the duration of experiment.

2.4 Human Intestinal Efflux Transporter Expression

2.4.1 Measurement of Protein Levels by Western Blotting

The human mucosal tissues of each jejunal intestinal segment (200 mg respectively) from male
and female volunteers were cut into small pieces and homogenised in 10 mL lysis buffer at
10,00 rpm for 20 s on ice with a T18 digital ULTRA-TURRAX® (IKA, Wilmington, USA).
The tissue homogenates were incubated at 4°C for 2 h and centrifuged at 10,000 rpm for 10
min. The total tissue protein was collected in the supernatants and its concentration was
subsequently determined with the Pierce™ BCA Assay Protein kit (ThermoFisher,

Loughborough, UK) according to the manufacturer’s instructions.

To measure the targeted protein level, samples containing 25 pg total protein were suspended
in lithium dodecyl sulfate (LDS) sample loading buffer (Invitrogen, Carlsbad, CA) and
denatured for 10 min at 70°C. As a molecular weight marker, 5 uL of Sharp Pre-Stained protein
standard (Invitrogen) was loaded in the first well of each gel. Proteins loaded in each well were
separated by electrophoresis in a NUPAGE™ Novex™ 4 — 12% Bis-Tris gel (Invitrogen,
Loughborough, UK) and transferred to a nitrocellulose membrane with XCell SureLock™
Mini-Cell Electrophoresis System (Invitrogen, Loughborough, UK) according to the
manufacturer’s instructions. Nitrocellulose membranes were blocked with 3% bovine serum
albumin (BSA) in 0.1% Tween 20 tris-buffered saline (TBS-T) and incubated for 1 h at room
temperature (20°C). For the detection of targeted P-gp protein (human monoclonal anti-P-gp;
C-494 3:200, Enzo Life Science, Exeter, UK) and reference protein (anti-f actin human
monoclonal antibody; 1:2000, ThermoFisher, Loughborough, UK), gel protein blots were
incubated for 1 h at room temperature with the respective primary antibodies diluted in 3%
BSA in TBS-T. Bound antibodies were detected with affinity-purified rabbit anti-human
immunoglobulin (IgG) coupled to the secondary antibody, horseradish peroxidase (Sigma
Aldrich, Dorset, UK), diluted 1:5000 in 3% BSA in TBS-T. After 1 h incubation with the
secondary antibody conjugated with horseradish peroxidase, protein bands were visualised by
chemiluminescence detection with Pierce™ ECL Western Blotting Substrate (ThermoFisher,
Loughborough, UK) and photographed with a ChemiDoc XRS camera (Bio-Rad,

Hertfordshire, UK). P-gp and reference protein bands were qualified using the Image Lab™

10
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software (Bio-Rad, Hertfordshire, UK). To calculate the relative P-gp contents in the different
samples, the reference protein band in each sample was set to 1, and the intensity of the P-gp

band was measured relative to it.

2.4.2 Measurement of mMRNA Expression by Real-Time Reverse-Transcription Polymerase
Chain Reaction

Following collection of human samples (Section 2.3.1), the tissues were kept in RNA later®
Stabilization Solution (Thermofisher, Loughborough, UK). Total RNA in each intestinal
sample was isolated and purified with PureLink® RNA Mini Kit (Thermofisher,
Loughborough, UK) and RNA concentration was measured with Nanodrop 2000
(Thermofisher, Loughborough, UK) according to the manufacturer’s instructions.

The quantification of the target RNA was then conducted as follows; 1 mg total RNA of each
sample was reverse transcribed using the iScript™ cDNA Sythesis Kit (Bio-Rad, Hertfordshire,
UK). To quantify the amount of P-gp relative mdr mRNA, real-time PCR was performed on
the 7500 Real Time PCR System (Applied Biosystems, Thermofisher, Loughborough, UK)
using the method described in the study by MacLean (MacLean et al., 2008). Briefly, 50 uL
PCR reaction contained 25 pL of PowerUp™ SYBR Green PCR Master Mix (Thermofisher,
Loughborough, UK), 500 nM each of forward and reverse primers, and 1 ug of cDNA. p-actin
was used for normalisation and amplification of 1 ug cDNA respectively. Real-time PCR was
carried out in 96 well PCR plates (Thermofisher, Loughborough, UK). The amplification
program for all genes consisted of one pre-incubation cycle at 95°C with a 10 min hold,
followed by 45 amplification cycles with denaturation at 95°C with a 10 s hold, an annealing
temperature of 50°C with a 10 s hold, and an extension at 72°C with a 10 s hold. Amplification
was followed by a melting curve analysis which ran for one cycle with denaturation at 95°C
with a 1 s hold, annealing at 65°C with a 15 s hold and melting at 95°C with a 1 s hold. Distilled
water was included as a negative control in each run to access specificity of primers and

possible contaminants.

Primers were designed by primer-BLAST searching with publicly available sequence
information of the GeneBank of the National Center for Biotechnology Information (NCBI)
(Table 2) and purchased from Eurofins (Eurofins Genomics, Germany). Relative expression of
mRNA in different intestinal segments were calculated using 7500 software (version 2.0.6,

Thermofisher, Loughborough, UK). The average of the threshold cycle (Ct) values for tested

11
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genes and the internal control (B-actin) was taken. The differences between Ct values for tested

genes and internal control (ACt) were then calculated for all the experimental samples.

Table 2. Primers used for the analysis of efflux transporter gene expression in human
intestine by real-time gPCR.

Gene Primer (5° - 3°) Amplicon Genebank
(bp) Accession
mdrl Forward GAGAGATCCTCACCAAGCGG 122 NM_00927

Reverse ~ ATCATTGGCGAGCCTGGTAG
B-actin  Forward GGATTCCTATGTGGGCGACGA 282 NM_001101

Reverse =~ GCGTACAGGGATAGCACAGC

2.5  Statistical Analysis

The experiments were performed at least six times and data were expressed as mean * standard
deviation (S.D.). The results obtained for the cumulative excretion of cimetidine in urine and
the fluorescence polarisation for male and female human volunteers were subjected to one-way
ANOVA. This was conducted to assess the effect of the different PEG 400 concentrations on
the bioavailability of cimetidine in males and females separately. A post-hoc Tukey test with
IBM SPSS Statistics 19 (SPSS Inc., Illinois, USA) was then applied. A minimum p-value of
0.05 was used as a significance level for the tests. The relationship between efflux transporter
protein levels and mRNA expression was investigated using Pearson product-moment

correlation coefficient (r).

3. RESULTS

The bioavailability of cimetidine in human subjects indicated by the cumulative amounts of
unchanged cimetidine excreted in urine over 24 h is shown in Table 3. In the absence of PEG
400 (control groups), the total mean amount of cimetidine that was excreted in urine was similar

in both males and females at 48 % and 47% (w/w) of the administered dose respectively.

The dose-dependent influence of PEG 400 on cimetidine excretion in urine in humans is shown

in Figure 1. The percentage of variation of the cumulative unchanged urinary excretion of

12
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cimetidine is calculated relative to the control (0 g PEG 400). A bell-shaped curve was garnered
from the co-formulation of 0.3% w/v, 0.5% wi/v, 0.7% w/v and 1.0% w/v PEG 400 on the
unchanged excreted amount of cimetidine. Such an effect at each concentration, however, is
only demonstrated in males, but not in females. In males, unchanged excreted amount in
cimetidine increased by 34%, 58% and 41% in the presence of 0.3% w/v, 0.5% w/v and 0.7%
w/v PEG 400 (p < 0.05). No modulation in cimetidine urinary excretion when compared with
the control was seen in females. The co-formulation of 1.0% w/v PEG 400 showed no sex
differences between males and females although decreased cimetidine urinary excretion

comparable by -14% and -22% respectively (p > 0.05) (n = 6).

Table 3. Cumulative amount of cimetidine excreted by human volunteers in 24 hours.

Cumulative amount of cimetidine excreted in 24 hours (mg)

Dose of PEG 400 (% wi/v)
Volunteer
0 0.3 0.5 0.7 1.0
Males Females Males Females Males Females Males Females Males Females
1 71 60 98 70 111 50 119 50 76 43
2 61 67 124 89 142 74 80 95 54 90
3 73 98 67 63 93 85 100 84 56 108
4 79 67 88 64 90 59 111 62 67 33
5 93 66 96 60 120 70 129 75 62 50
6 57 64 88 39 108 55 75 56 54 19
Mean 72 70 94 64 111 66 102 70 62 57
S.D. 13 14 24 12 24 13 21 18 6 32
%
. _ +29 -9 +53 -7 +41 0 -15 -19
difference

13
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Figure 1. Percentage difference of the cumulative urinary excretion of cimetidine with
different doses of PEG 400 against the control (cimetidine alone) in male and female human

volunteers (mean = S.D., n = 6). * Denotes statistical significance against the control (p < 0.05).

The human jejunal permeability of cimetidine via Ussing chamber studies reflected in vivo
drug performance. Figure 2 and Table 4 showed that 0.3% w/v, 0.5% w/v and 0.7% w/v PEG
400 significantly increased cimetidine permeability by 26%, 48% and 29% respectively when
compared with the control (0% PEG 400) (p < 0.05). Again, such an effect was only
demonstrated in male jejunal tissues. Female jejunal tissues maintained similar permeability

values of cimetidine across different PEG 400 concentrations.

14



334
335

336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353

u Males u Females

48%

29%

jejunum presented as Papp (10 cm/s)

Absorptive permeability of cimetidine in the human

0.5
Dose of PEG 400 (% w/v)

Control

Figure 2. Permeability of cimetidine in male and female human jejunal tissues with different
doses of PEG 400 against the control (cimetidine alone) (mean = S.D., n = 6). * Denotes

statistical significance against the control (p < 0.05).

The effect of PEG 400 on the absorptive transport of cimetidine in the PSC 833 pre-treated
human male and female jejunal tissues is shown in Figure 3 and Table 5. Pre-incubation with
PSC 833 significantly increased cimetidine jejunal absorption in females by 19% (n = 3) (p <
0.05). This, however, was a conservative difference when compared with males. A
considerable and significant increase in cimetidine absorption of 62% was demonstrated in
males when compared to the transport of cimetidine alone (p < 0.05). The overall impact of
PSC 833 is demonstrated as a net increase in cimetidine absorption (i.e. a decrease in efflux
ratio), albeit human male jejunal tissues were greatly affected in comparison to females.

No sex-specific effect of different doses of PEG 400 on cimetidine transport, however, was
seen following P-gp inhibition with PSC 833 (Figure 4 and Table 5). No difference was
demonstrated in the permeability of cimetidine in the presence of 0.3% w/v, 0.5% wi/v, 0.7%
wi/v and 1% w/v PEG 400 concentrations and reflected what was seen in the control (0% wi/v
PEG 400).
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Table 4. The apparent permeability coefficient (Papp) Of cimetidine in the absence and

presence of PEG 400 in the male and female jejunal segments (mean + S.D., n = 6). *Values
are statistically different between the control (cimetidine only) and tested PEG groups at p <
0.05.

Doses of PEG 400 (% wi/v)

Papp (X 10°
cm’s) 0 03 05 07 1.0
Males
337+034 424+042* 501+053* 436+033* 3.61+0.20
Females 439+038  399+049  419+042 435+062  4.11+0.45
Cimetidine
"7 . Cimetidine + PSC 833

*

6 | - 19%

I

jejunum presented as Papp (10 cm/s)

Absorptive permeability of cimetidine in the human

Males Females
Figure 3. Permeability of cimetidine in male and female human jejunal tissues in the absence

and presence of PSC 833 (mean £ S.D., n = 6). * Denotes statistical significance against the
control (p < 0.05).
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Absorptive permeabiliy of cimetidine in the human
jejunum following pre-treatment with PSC 833

0.5
Dose of PEG 400 (% wiv)

Figure 4. Permeability of cimetidine in male and female human jejunal tissues with different
doses of PEG 400 following PSC 833 pre-treatment.

Table 5. The apparent permeability coefficient (Papp) of cimetidine in the absence and
presence of PEG 400 in the male and female jejunal segments after PSC 833 (a P-gp
inhibitor) pre-treatment (mean + S.D., n = 3). *Values are statistically different between the
control and tested PEG groups at p < 0.05

0
Papp (X 10 cm/s) Doses of PEG 400 (% w/v)

0.3 0.5 0.7 1.0
Males 545+0.20 545+0.27 542+027 555+0.10 5.46%0.20
Females 522+030 509+023 513+020 527+0.26  5.26%0.24

In terms of P-gp and mRNA (mdrl) abundance in the human jejunum, an obvious sex
difference can be seen in Figure 5. Both P-gp and mdr1 relative abundance in male tissues were

significantly higher than female counterparts by 66% and 68% respectively.
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Figure 5. Relative quantification of a) P-gp and b) mRNA (mdrl) abundance in male and
female human jejunal segments. The levels of protein and mMRNA are normalised to [3-actin
(mean + S.D., n = 6). * Denotes statistical significance between male and female groups at p <
0.05.

4. DISCUSSION

The study herein aimed to explore the effects of the pharmaceutical excipient, PEG 400, on the
bioavailability of BCS 111 drug cimetidine in male and female subjects, and its small intestinal
permeability in human tissues. As there is a good correlation between plasma and urine levels
of cimetidine in humans, in this case the cumulative urinary excretion of cimetidine provides a
measure of its oral bioavailability (Somogyi and Gugler, 1983). In the absence of PEG 400
(control groups), the total mean amount of cimetidine that was excreted in urine was similar in
both males and females at 48% and 47% (w/w) of the administered dose respectively. These
results are comparable to other in vivo studies following oral administration where the level of
excreted unchanged cimetidine in the urine of healthy volunteers was 47% (male n = 10 and
female n = 2) (Albin et al., 1986) and 48% (male n = 24) (Berardi et al., 1988).

In terms of the impact of excipients on drug performance, previous studies have demonstrated
PEG 400 at low doses can modulate the bioavailability of ranitidine in humans (Ashiru et al.,
2008) and rats (Afonso-Pereira et al., 2016; Mai et al., 2018b) in a sex-dependent manner

whereby such enhancement was only seen in males and not females. This study confirmed that
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the active effect of PEG 400 is not unique to ranitidine alone but extends to another drug,
cimetidine. A bell-shaped curve can be seen in the modulation of 0.3% w/v, 0.5% w/v, 0.7%
w/v and 1.0% w/v PEG 400 in the oral bioavailability of cimetidine. In this study, low doses
of PEG 400 (0.3% w/v — 0.7% w/v) increased the bioavailability of cimetidine, although this
was specific to male subjects. Peak enhancement effects were clearly shown in the presence of
0.5% wi/v PEG 400 where unchanged cimetidine excretion was 58% higher when compared to
the control (oral administration of cimetidine alone). The decrease in oral bioavailability upon
the co-formulation of 1% w/v PEG 400 with cimetidine, however, may be attributed to the
stimulatory effect of PEG 400 on Gl transit. A number of studies have shown that at higher
concentrations of PEG 400, small intestinal transit time is reduced by the stimulatory effect of
an increased bulk fluid volume in the lumen of the small intestine via osmosis. This
consequently limits the time available for drug absorption to occur and as such, drug
bioavailability (Basit et al., 2001; Schulze et al., 2003). The osmotic effect at higher PEG 400
concentrations, therefore, may supersede over the potential mechanism in increasing
cimetidine bioavailability. In female subjects, no significant modulation in unchanged
cimetidine excretion was seen in respective PEG 400 doses (p > 0.05) (Figure 1).

Ex vivo studies reflected in vivo drug performance which showed that peak enhancement of
cimetidine transport occurred at 0.5% w/v PEG 400 concentrations (Figure 2). The highest
dose of PEG 400 evaluated herein (1.0% wi/v), however, led to a similar decrease in cimetidine
jejunal absorption males (-14%) and females (-22%) potentially through the same osmotic

action seen in vivo (Schulze et al., 2003).

Such dose-dependent and sex-specific effects have been previously observed for ranitidine; the
importance of this finding is paramount, as it provides evidence that PEG 400 affects — at least
— another drug other than ranitidine. This begs the question on how many other drugs may be
actively affected by PEG 400. Consequently, it is important to carefully assess the sex-specific
effects demonstrated in the light of current knowledge to provide a degree of explanation. What
can be assumed is that the mechanisms behind the PEG 400 effect on the bioavailability of
ranitidine and cimetidine in humans are similar, if not the same, as seen in rats (Mai et al.,

2017) allowing for a narrowing of the possible reasons.

A sex-specific effect is undisputedly evident, but its reasons may be complex. The most

obvious of these differences to consider first are physical, related to both size and physiology
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between males and females in humans and in rats (Afonso-Pereira et al., 2018; Merchant et al.,
2014; Vertzoni et al., 2019). Sex differences have been observed in the fluid volumes of the
human small intestine, with higher absolute fluid volumes measured in males compared to
females (Gotch et al., 1957). This difference could also be responsible for differences in the
concentration of drug and PEG 400 in the intestinal lumen in humans, which in turn could
affect transit and permeability between the sexes. If we take into consideration that we are
observing similar effects of PEG 400 in rats and humans, and given the considerable difference
between the rat and human GI luminal environment, we do not believe sex differences in Gl
luminal environment (Dou et al., 2020) could be the cause for pronounced difference in the

way males and females of both species react to PEG 400.

A possible reason for the sex differences observed could be the variation in drug metabolism
in the liver or enterocytes (Axiotis et al., 1991; Kagan et al., 2010; Lindell et al., 2003;
Rademaker, 2001). PEG 400 has been shown to modulate CYP3A metabolism (Johnson et al.,
2002). As such, it would be expected that if PEG 400 had an effect on the metabolism and
ranitidine, then a difference in excretion should be seen with the parent drug and its metabolites.
Ashiru et al., however, identified that the excretion of ranitidine metabolites in both male and
female human volunteers followed a similar trend to the parent drug excretion with no observed
sex differences (Ashiru et al., 2008). Although it was not specifically investigated herein, it is
unlikely that metabolism would explain the sex-specific results in the bioavailability of
cimetidine formulated with different concentrations of PEG 400 in male and female volunteers
being a similar BCS 11I/BDDCS 11l drug compound. As previously proposed, the main reason
for the bioavailability enhancing effect of PEG 400 on ranitidine, and cimetidine in this study,
may be influenced at the level of the gut from its interaction with membrane transporters
present at the luminal environment of the small intestine (Afonso-Pereira et al., 2016; Mai et
al., 2017).

Ranitidine and cimetidine are known substrates for influx transporters families including
organic cation transporters (OCT) and organic anion transporters (OAT) (Bourdet et al., 2006;
Kimura et al., 2005). A number of studies have reported that renal and hepatic OCT and OATSs
have differing expression levels in male and female animal models (Buist et al., 2002; Urakami
et al., 1999; VanWert et al., 2010). Although the influence of influx transporters was not
studied herein, attention was focused on the impact of excipients on efflux transporters —

specifically P-gp — and its modulation towards intestinal drug absorption in male and female
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subjects. PEG 400 has been previously reported to be capable of interacting with some
membrane transporters, although the mechanism behind its modulatory effects are still
unknown (Lavan and Knipp, 2020; Otter et al., 2017). Cimetidine is also a substrate of P-gp
(Arnold etal., 2019; Collett et al., 1999; Lentz et al., 2000) and breast cancer resistance protein
(BCRP) (Pavek et al., 2005). A number of studies have reported that P-gp is ubiquitously
expressed to a greater extent than BCRP in the human jejunum (Drozdzik et al., 2014; Vaessen
et al., 2017) and demonstrate no difference in BCRP mRNA expression in the proximal small
intestine of males and females (Gutmann et al., 2005). As such, the study herein investigated

the impact of excipients on P-gp alone.

Our results in this paper have shown distinct sex differences in the expression of P-gp and
MRNA expression in human male and female small intestinal tissues. The innate difference in
baseline P-gp expression in the sexes has consequently led to the sex-specific variation in ex
vivo transport of cimetidine in the presence of varying PEG 400 concentrations. Human jejunal
tissues were also subjected to PSC 833 for the study of intestinal permeability in the presence
of cimetidine and varying concentrations of PEG 400. PSC 833, otherwise known as valspodar,
is a derivative of cyclosporin D and is widely used as an inhibitor of P-gp. Interestingly, the
pre-treatment of human male and female jejunal tissues with PSC 833 increased the transport
of cimetidine by 62% and 19% respectively. In addition, following PSC 833 treatment, the
phenomena of increasing cimetidine transport with PEG 400 concentrations was completely
eradicated and showed near identical results to the control (cimetidine alone) (Figure 4). This
may allow us to conclude that the modulatory effect of PEG 400 on the efflux transport of P-
gp is the main reason for the increase in cimetidine bioavailability in males but not in females.
In addition, the distinct difference in P-gp expression and mRNA abundance in the male and
female small intestine (Figure 5), however, can provide an explanation as to why low doses of
PEG 400 (0.3% w/v — 0.7% w/v) only affects one sex in the enhancement of cimetidine

bioavailability.

There are some supportive findings in other literatures; for instance, one study reported that
females have a lower enterocyte P-gp content than in the male small intestine (Potter et al.,
2004). Since males demonstrate a higher level of intestinal P-gp than females (Figure 5), we
propose that by its possible modulation by PEG 400, less cimetidine would be effluxed from
the enterocyte to the intestinal lumen. As a result, the concentration of cimetidine would

increase from the enterocyte, increasing the amount that would then be absorbed by the
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systemic circulation. In the case for females, as the abundance of P-gp was significantly lower
than males in jejunal tissues, P-gp would not be influenced by the modulated of PEG 400. This
may provide a justification as to why PEG 400 only seems to increase the bioavailability of

cimetidine in males but not females.

5. CONCLUSION

Pharmaceutically relevant doses of PEG 400 (0.3% w/v — 0.7% w/v) were found to
significantly boost the bioavailability of cimetidine in male but not female human subjects in
a dose-dependent manner. The highest evaluated dose of PEG 400 (1.0% w/v) led to a decrease
of the bioavailability of cimetidine in both sexes. The postulated mechanism for the
enhancement of cimetidine bioavailability in men has been attributed to PEG 400 modulating
the intestinal efflux transporter P-gp at gut level as a higher protein and mRNA abundance was
identified in male small intestinal tissues when compared with females at the same location. In
addition, when jejunal P-gp was inhibited, the sex-specific and dose-dependent effect of PEG
400 on the transport of cimetidine was completed eliminated. PEG 400, therefore, has a
modulatory and not inhibitory effect on P-gp. In order to gain a comprehensive understanding
of sex differences in treatment response, information on basic physiological differences,
participation of both men and women in clinical trials and the analysis of safety and efficacy
data are important. As such, it is anticipated that our findings will influence the reconsideration
of excipient classification in drug monographs and help determine the clinical consequences of
these excipient effects on drug absorption and other pharmacokinetic profiles. This is of notable
importance for the case of P-gp substrates for which excipients, such as PEG 400, may
otherwise have pronounced effects on drug safety and dosing, and for the potentiation of

personalised, sex-specific drug therapeutics.
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