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Effects of Febuxostat on Autistic Behaviors and Computational
Investigations of Diffusion and Pharmacokinetics

Jamelle M. Simmons

(ABSTRACT)

Autism spectrum disorder (ASD) is a lifelong disability that has seen a rise in prevalence
from 1 in 150 children to 1 in 59 between 2000 and 2014. Patients show behavioral ab-
normalities in the areas of social interaction, communication, and restrictive and repetitive
behaviors. As of now, the exact cause of ASD is unknown and literature points to multiple
causes. The work contained within this dissertation explored the reduction of oxidative stress
in brain tissue induced by xanthine oxidase (XO). Febuxostat is a new FDA approved XO-
inhibitor that has been shown to be more selective and potent than allopurinol in patients
with gout.The first study developed a computational model to calculate an effective diffu-
sion constant (D.sf) of lipophilic compounds, such as febuxostat, that can cross endothelial
cells of the blood-brain barrier (BBB) by the transcellular pathway. In the second study,
male juvenile autistic (BTBR) mice were treated with febuxostat for seven days followed by

behavioral testing and quantification of oxidative stress in brain tissue compared to controls.

Results of the first study showed that the lipophilic tracer chosen, as a substitute for febuxo-
stat, could be modeled under the assumption of passive diffusion while experimental controls
did not fit this model. The second study revealed no significant differences between BTBR
mice that received febuxostat or the drug vehicle in both behavioral testing and quantifi-
cation of oxidative stress in brain tissue. In the final study, of the four models proposed,
one model was selected as the most plausible that considered transport into the CNS. As
there is currently no literature surrounding tissue and organ ADME for febuxostat the final

proposed model would need to be updated as new information becomes available.



Effects of Febuxostat on Autistic Behaviors and Computational
Investigations of Diffusion and Pharmacokinetics

Jamelle M. Simmons

(GENERAL AUDIENCE ABSTRACT)

Autism spectrum disorder (ASD) is a lifelong disability that has seen a rise in prevalence
from 1 in 150 children to 1 in 59 between 2000 and 2014. Patients show behavioral abnor-
malities in the areas of (1) social interaction, how an individual acts and reacts to others
around them, (2) communication, the use of and understanding of language and facial ex-
pressions, and (3) restrictive and repetitive behaviors where individuals may have focused
interests on specific topics/subjects and stick to set routines. As of now, the exact cause of
ASD is unknown and literature points to multiple causes. The work contained within this
dissertation explored the reduction of oxidative stress in brain tissue induced by the enzyme
xanthine oxidase (XO). Oxidative stress is noted as the imbalance between free radicals
(pro-oxidant) and antioxidant defenses where the pro-oxidant levels are greater than the
antioxidant defenses leading to cell and tissue damage. Febuxostat is a new FDA approved
XO-inhibitor that has been shown to target and inhibit XO better than allopurinol (an older

XO-inhibitor) in patients with gout.

The first study developed a computational model to calculate an effective diffusion con-
stant (D.sf) that explained the free movement of a compound (substance) across cells, also
known as trancellular movement. The transcellular pathway is the direct movement of com-
pounds into a cell that requires no additional cellular energy or specialized transport routes
to get the compounds into the cell. In the second study, male juvenile autistic (BTBR)
mice were treated with febuxostat for seven days followed by behavioral testing to study

social interaction and restrictive and repetitive behaviors in autistic mice compared to non-



autistic mice. Next, oxidative stress levels were measured in the brain tissue of autistic
mice and compared to non-autistic mice. The third study developed four hypothesis-based
human pharmacokinetic (PK) multi-compartment models of drug absorption, distribution,
metabolism, and excretion (ADME). Pharmacokinetics is the study of what the body does
to a drug once it is given, i.e how it gets into the bloodstream, where it goes in the body,
how it is broken down, and how it is removed from the body . Compartments in PK models

can be used to represent parts of the body such as blood, tissues, and organs.

Results of the first study showed that the compound chosen as a substitute for febuxo-
stat could be modeled under the assumption of passive diffusion, free movement across cells
without use of energy or specialized routes, while the other compounds did not fit this model.
The second study revealed no significant differences between autistic (BTBR) mice, those
that received febuxostat treatment, and non-autistic mice for behavioral testing and oxida-
tive stress levels in brain tissue. In the final study, of the four models proposed, one model
was selected as the most plausible that considered drug movement into the brain and spinal
cord regions. As there is currently no literature surrounding tissue and organ ADME for
febuxostat the final proposed model would need to be updated as new information becomes

available.
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Chapter 1

Introduction

1.1 Background

1.1.1 Awutism Spectrum Disorder and Economic Burden

Autism spectrum disorder (ASD), also referred to as pervasive developmental disorder, is a
lifelong neurodevelopmental disability that currently impacts as many as 1 in 59 children
(Table 1.1) in the United States according to the 2014 surveillance data from the Autism and
Developmental Disabilities Monitoring (ADDM) Network.! According to a study conducted
by Christensen et al., ASD is reported to occur in males more than females at a ratio of 4.5:
1 (1 in 42 boys to 1 in 189 girls) and occurs in all racial, ethnic, and socioeconomic groups. 2
People with ASD have behavioral abnormalities in the areas of (1) social interaction, (2)
verbal and non-verbal communication, and (3) restrictive and repetitive behaviors that can

affect how they behave, learn, and interact with others. >4

Currently, the route to diagnosis for children is through behavioral assessments and the Di-
agnostic and Statistical Manual (DSM) of Mental Disorders which has gone through multiple
revisions (DSM-III to DSM-V) where now Asperger disorder (AD), pervasive developmental
disorder-not otherwise specified (PDD-NOS), and autistic disorder all fall under the umbrella
term ASD in the DSM-V. Concerns have been raised about people previously diagnosed with

ASD under older editions of the DSM losing their diagnosis in later editions resulting in loss

1



Table 1.1: Reproduced from www.cdc.gov/ncbdd/autism/data.html for prevalence of
ASD from ADDM Network Data.

Surveillance Birth | # ADDM Sites Prevalence per | Prevalence  This is about
Year Year Reporting 1,000 Children Range® 1 in X Children
2000 1992 6 6.7 4.5-99 1 in 150
2002 1994 14 6.6 3.3 -10.6 1 in 150
2004 1996 8 8.0 4.6 - 9.8 1in 125
2006 1998 11 9.0 4.2-12.1 1in 110
2008 2000 14 11.3 4.8 -21.2 1 in 88
2010 2002 11 14.7 5.7-21.9 1 in 68
2012 2004 11 14.6 8.2 -24.6 1 in 68
2014 2006 11 16.8 13.1-29.3 1in 59

2 per 1,000 children

of services. Studies comparing the DSM-IV to the DSM-V vary on levels of specificity and
sensitivity depending on the assessment tools and cutoffs used. In a comprehensive study
by Christiansz et al., looking at young children 2-17 years of age, it was found that high

sensitivity (0.76-0.96) could be achieved but at the expense of specificity. >

In addition to these core deficits it is common to have co-occurrences (co-morbidity) of
non-ASD diagnoses ranging from cognitive impairments, epilepsy, psychiatric illness, feed-
ing disturbances, gastrointestinal illnesses, sleep disturbances, dysmorphism, and sensory

abnormalities. [710]

The economic burden of childhood ASD on families is of a major concern as parents taking
care of a child with ASD can expect to have high expenditures compared to parents taking
care of children without an ASD. In a study conducted by Cidav et al. it was estimated
that family earnings of children with ASD were 21% less than families of children with other
health limitations and 28% lower than families of children without health limitations. ™!
Lavelle et al. estimated the total societal burden of caring for individuals with ASD to be

$11.5 billion in 2011 (about $17,081 per child) as parents reported higher health care and

2


www.cdc.gov/ncbdd/autism/data.html

non-health care costs and higher school costs.['?! In addition to the economic burden quality
of care families receive is of importance as parents of children with ASD have reported
difficulties with access to services and quality care by providers in the United States as there
are a limited supply of pediatric specialists in that can provide care.!'3) Home life can also
be stressful as the demands of caring for a child with ASD has led to at least one parental
caregiver leaving the workforce to provide necessary services and siblings of children with an

ASD are at a high risk of negative psychological outcomes. [14:1%]

1.1.2 Awutism Spectrum Disorder Causes and Intervention Routes

The exact cause of ASD is not known but science suggests that there may be a multitude
of causes such as (1) genetics,!%17) (2) mitochondrial dysfunction,'®'% (3) metabolic dys-

242271 With potential causes

function, 222 (4) environmental,**l and (5) oxidative stress.!
of ASD being multi-factorial and the occurrence of co-morbidities treatment/interventions
would need to occur on multiple fronts including (1) behavioral interventions, (2) detoxifi-

cation, (3) digestive, (4) nutritional supplementation, (5) immune function normalization,

(6) pharmacological, and (7) reduction of oxidative stress (see Table 1.2).

Table 1.2: Summary of available resources for interventions for patients with ASD.

Intervention Area References
Behavioral (e.g. applied behavioral analysis) [28,29]
Detoxification (e.g. chelation) [30-32]
Digestive (e.g. restoration of gut flora) 30,31]
Nutritional supplementation (e.g. vitamins) [30-32]
Immune function [30-32]
Pharmacological (e.g. mood stabilizers, anti-psychotics) | (33739
Reduction of oxidative stress (e.g. glutathione) [30,36]

There are various potential contributors to oxidative stress in the brain, in the case of



ischemic conditions lipid peroxidation, xanthine oxidase (XO), superoxide dismutases (SOD),
catalase and glutathione peroxidase (GPx), glutathione, nitric oxide synthase, metals, poly
(ADP-ribose) polymerase (PARP), mitochondrial permeability, and peroxynitrite have been
implicated in pathways involved in brain damage.?7%¥] Work conducted by Zoroglu et al.
studied oxidative stress levels of erythrocytes of autistic children composed of 16 boys and
11 girls with an age range of 2-12 years with a mean age of 4.7 (£ 2.7) years. Blood samples
showed elevated levels of XO, thiobarbituric acid reactive substances (TBARS), and SOD in

autistic patients compared to age matched controls. !

1.1.3 Preliminary Research in Autism Mice

Preliminary research conducted by the Lee lab group (Figure 1.1) compared the expression
levels of oxidative stress-related genes in brain tissues of BTBR T+ Itpr3tf/J (BTBR) male
mice to C57BL/6J (C57) male mice. Of the over 20+ mouse models of autism relevant
behaviors, the BTBR mouse showed the most face validity to the diagnostic symptoms of
autism: (1) reduced reciprocal social interactions, (2) low sociability, (3) increased repetitive
self-grooming, (3) reduced social transmission of food preference, (4) abnormal ultrasonic
vocalizations. *’) Three-week old male mice were used as ASD is diagnosed at a higher rate
in males than females in the human population in children. While results showed elevated
expression of XO in the autism model compared to controls, there were no significant dif-
ferences in other markers of oxidative stress. Nevertheless, brain tissue fluorescent staining
(Figure 1.2) of BTBR and C57 mice showed significantly higher levels of oxidative stress in

BTBR mice compared to C57 mice using a dihydroethidium (DHE) stain.

As there are significantly elevated levels of XO in mouse brain tissue of BTBR mice compared

to CH7 controls and all other levels of oxidative stress were not significantly different between
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Figure 1.1: Comparison of mRNA levels of oxidative stress-related genes in the brains of 3
week old male BTBR mice compared to C57 mice. Xanthine oxidase expression in BTBR
mice was significantly elevated compared to C57 mice (p<0.05). Unpublished data from
work conducted by Lee lab group.
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Figure 1.2: Comparison of oxidative stress levels in C57 (panel A) and BTBR (panel B)
brain tissue using dihydroethidium (DHE) staining. Levels of oxidative stress in autism
samples were significantly higher compared to C57 controls (p<0.05, n=6). Scale bar =
100 pm. Unpublished data from work conducted by Lee lab group.



groups, combined with the elevated level of oxidative stress found in brain tissue by DHE
staining, it is hypothesized that XO plays a role in oxidative brain damage and that inhibition

of XO can lead to the reduction in brain damage.

1.1.4 Xanthine Oxidase and Inhibitors

XO and xanthine dehydrogenase (XDH) are both forms of the enzyme xanthine oxidoreduc-
tase (XOR). The suggested mechanism of reactive oxygen species (ROS) generation involves
XOR converting hypoxanthine to xanthine and xanthine to uric acid where both conversion
steps release oxygen by-products that could lead to oxidative stress.[*'~*3 XOR is found to
be distributed in plasma, brain, lungs, liver, small intestines, and kidneys of mammals with
varying levels depending on the species***®l and has been found to be more than a marker
of damage being implicated in tissue and organ damage as XO binds to endothelial cells and

causes damage. [*%]

The XO-inhibitor allopurinol has been around for decades as the primary compound of choice
in inhibiting XO in gout. Allopurinol is an analogue of hypoxanthine with low lipid solubil-
ity (octanol: water partition coefficient of 0.28) that when converted to oxypurinol (octanol:
water partition coefficient of 14) is responsible for most of the inhibiting effect on XO. Both
allopurinol and oxypurinol are purine inhibitors (Figure 1.3) that can potentially interfere
with purine metabolism of compounds other than hypoxanthine and xanthine. In addi-
tion to the non-selectivity of allopurinol, patients can experience hypersensitivity reactions

(although rare).

Uloric (Febuxostat) is a newer compound that has higher potency than allopurinol and is

a non-purine inhibitor with specificity for XO where it does not affect other purines. 052

In addition to generally being more potent than allopurinol, febuxostat has been shown



to be a more potent inhibitor of XO bound to endothelial cells at physiologic conditions
(pH 7.4).53 Once taken orally, febuxostat has a rapid intestinal absorption of around 84%
with a half-life ranging from 1 — 18 hours depending on the dosage. While both febuxostat
and allopurinol undergo hepatic metabolism, elimination by the kidneys is higher compared
to that of allopurinol making it a suitable alternative for gout patients with renal impair-
ment. ®*%°] Additionally, the drug is highly bound to albumin in the blood (approximately
99%) and has a low to medium apparent volume distribution at steady state (0.7 L/kg). A
comparison of properties (Table 1.3) using Drugbank (www.drugbank.ca) data shows that
all three compounds were predicted to have the ability to cross the intestinal and blood-brain
barrier (BBB) with higher predicted probabilities in allopurinol and oxypurinol compared to
febuxostat. The solubility of febuxostat is greatly reduced (approximately 100x) compared
to oxypurinol and allopurinol and it carries a negative charge. Allopurinol, which is used
clinically over oxypurinol, has a shorter half life than febuxostat. With febuxostat having (1)
higher potency, (2) higher inhibition of XO, (3) better selectivity of XO, and (4) a longer half
life compared to allopurinol and oxypurinol this drug was chosen as a potential candidate

to study its potential XO-inhibition capability in the brain tissue.

1.1.5 Blood-Brain Barrier Physiology and Dysfunction in Dis-

ease

One major obstacle of transport of febuxostat into the brain is the BBB which serves as
a physical barrier between the brain and the blood to limit the passage of potentially
harmful substances. The BBB is composed of endothelial cells connected by tight junc-
tions (TJs) and adherens junctions (AJs) that are partially responsible for the BBB’s se-
lective nature. The main mechanisms allowing the transport of drugs across are (1) pas-

sive diffusion, (2) carrier-mediated transport, (3) receptor-mediated transcytosis, and (4)
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Figure 1.3: Chemical structures (Sigma-Aldrich) of hypoxanthine, xanthine, allopurinol,
oxypurinol, and febuxostat.

Table 1.3: Pharmacology, predicted properties, and predicted absorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties of allopurinol, oxypurinol, and
febuxostat.

Name ‘ Allopurinol ‘ Oxypurinol ‘ Febuxostat
Molecular Weight 136.11 152.11 316.375
Water Solubility (mg/mlL) 5.88 2.32 0.0183
Half Life (hrs) 1-3 23.3 (+/- 6hrs) | 5-8
Physiologic Charge 0 0 0

. . Value = (+) | Value = (+) Value = (+)
Human Intestinal Absorption | p 1" 997 | Prob — 1.0 | Prob — 0.9865

. : Value = (+) | Value = (+) Value = (+)
Blood-Brain Barrier (BBB) | p, 1 9885 | Prob = 0.0947 | Prob = 0.7853
Caco-2 Permeable Value = (+) Value = (-) Value = (+)
Prob = 0.6232 | Prob = 0.6863 | Prob = 0.5126




[56-58] In a diseased state, where neuro-inflammation and

adsorption-mediated transcytosis.
oxidative stress are elevated, increased BBB breakdown and dysfunction can occur which
has been documented in encephalitis,®%° multiple sclerosis (MS),% 6] stroke!®6%66 or
brain trauma, 5! hypertension,® tumors,®! amyotrophic lateral sclerosis (ALS),01:62
Alzheimer’s disease (AD),[61:63.6467) and ASD.[%) Under this state drugs that previously were
unable to cross the BBB have a higher potential of crossing from the blood once absorbed

from the gastrointestinal tract.

1.1.6 Drug Transport and Metabolism: Cytochrome P450 and

Uridine Diphosphate Glucuronosyltransferases

The oral absorption and metabolism of drug substances by the body is a multi-phase process
where drugs broken down and dissolved by the stomach begin their transit into the proximal
small intestine (duodenum) followed by transit through the jejunum and ileum of the small
intestine and finally into the large intestine. It is in the small intestine that a majority of
absorption occurs where drug substances are transported to the portal vein and then on
to the systemic circulation. Along this route drugs undergo phase I (oxidation, reduction,
and hydrolysis) and phase II (glucoronidation) metabolism in both the gut and liver[6%7,
Cytochrome P450 (CYP) enzymes oxidize xenobiotic (foreign) substances and can be found
on the mitochondria and smooth endoplasmic reticulum (ER) of epithelial cells of the small
intestine and hepatocytes. Outside of the gut and liver the brain also has the capacity
to metabolize drugs through CYP enzymes, although this capacity is reduced compared
to the liver and has been estimated to range from 0.5-2% and up to 10% of that found
in the liver.["™™ Uridine diphosphate (UDP) glucuronosyltransferases (UGTs) are a family

of enzymes found in tissues such as the brain, skin, spleen, prostate, gastrointestinal tract,

lung, and kidneys but the liver is the main site of glucuronidation for phase II metabolism. ™!
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Although drugs can be designed to target various areas in the body consideration must still
be given to unintended areas in the body in both healthy and diseased states so that patient
safety can be maintained if drugs are metabolized in other tissues. Computational approaches
involving pharmacokinetics can be used to help understand what the body does to a drug

following various administration routes into different tissues such as the brain.

1.1.7 Pharmacokinetic Modeling of Febuxostat to the Central

Nervous System

Pharmacokinetics (PK) can be used to study the absorption, distribution, metabolism, and
excretion of drug compounds based on clinical data. Multi-compartment modeling makes
use of the PK data by tracking the concentrations and levels of the drug compound and its
metabolites over time (concentration vs. time curves). These types of models can be impor-
tant tools with potential uses in individualized patient care of dose regimens, improvements
in drug formulations, and used as predictive models to simulate longer time scales of drug

regimens in patients. [

Human PK data was collected from a search of databases and clinical trials (clinicaltrials.
gov) that listed results for single dose and multiple dose studies (Table 1.4) of oral drug ad-
ministration of febuxostat in blood plasma. Parameters such as (1) time to reach max plasma
concentrations t,,q., (2) max plasma concentration C,,,., (3) area under the plasma concen-
tration curve (AUC) from zero to the last measurable concentration (AUC;), (4) terminal
half-life (t1/2) of the drug, (5) clearance (CL/F), and (6) apparent volume of distribution
(V/F) were compared between multiple studies. PK data in humans beyond the plasma
compartment is difficult to obtain as it would require sampling of living human subjects

from multiple organ and tissue sites which adds to the difficulty of creating a PK model
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with useful predictive capabilities.

Table 1.4: Human plasma pharmacokinetic (PK) studies for febuxostat.
Caucasian (W), Black (B), Asian (A), Hispanic (H).

Age Race Gender | Dose (mg) | Dose (mg) | References
Single Multiple

18-55 | W/H/B/A | M/F 40,120 80 (73]
18-40 A M 40,80 - (76}
18-65+ A M/F 10-240 10-240 | [
22-74 - - - 20 (78]
18-40 A M/F | 40,80,120 80 [79]
39-62 | W/H/B M/F - 80 [80]
19-54 - M/F 40-120 40-120 | 18U
36-69 | W/H/B/A | M/F - 80 [52]
21-47 | W/H/B/A | M/F 10-240 10-240 | 18]
18-40 A M/F | 40,80,120 - [34]
- - - 40,80,120 - [85]
20-45 - M 80 - [86]

Due to the lipophilicity of febuxostat it has the potential to cross lipid bilayers by passive
diffusion making it potential candidate to cross the BBB to inhibit XO. With the high binding
affinity of febuxostat to albumin, only a low amount of free drug remains unbound to cross
the BBB. The rates of association and dissociation of drug from albumin are important
considerations to determine the potential amounts of febuxostat that can enter the CNS and

penetrate into the brain tissue. 87

1.1.8 Specific Aims and Significance

The specific aims of the project are to (1) model transport lipophilic compounds across a
blood-brain barrier mimic, (2) determine if XO-inhibition lowers oxidative stress resulting
in cognitive improvement, and (3) create a pharmacokinetic multi-compartment model to

study the distribution and penetration of febuxostat into the central nervous system and
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brain tissue.

The overall significance of this work is that it begins to study the potential transport, distri-
bution, and behavioral improvements of autistic behaviors in an autism mouse model with
XO-inhibition. As the current mechanism of febuxostat transport into brain tissue is un-
known and there are no models exploring the drugs transport and distribution, this work will
help make a significant contribution to future pharmacokinetic models. If the proposed link
between XO-induced brain damage and behavior is validated with improvements brought on
by febuxostat treatment, our computational models will have uses in both animal and clin-
ical research settings. The computational models created will allow researchers to simulate

various dosing schemes to create individualized patient specific treatment plans.

1.1.9 Innowvation

The approach to use fluorescent compounds, under specific aim 1, with properties close to
febuxostat in a short-term in vitro set-up is unique in that it allows us to back out modeling
parameters which could then be used to simulate longer scenarios. Overall, this approach is
inexpensive and can make use of small sample amounts to determine the amount of uptake
into cell monolayers. The approach taken under specific aim 2 focuses on directly targeting
the XO enzyme to reduce oxidative stress to reduce brain damage instead of targeting recep-
tors at the BBB in hopes of improving behavioral outcomes. To our knowledge, there have
been no single pharmacokinetic multi-compartment models looking at CNS single dosing
schedules of febuxostat in humans. The innovation of specific aim 3 yields a model that can
be used in simulations to predict potential dosing amounts and dosing schedules of patients
to reach an optimum level of unbound febuxostat to penetrate into brain tissue. The human

model can also be scaled down to rodent models to help in dosing schemes.
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Chapter 2

A Passive Diffusion Model of
Fluorescein Derivatives in an In Vitro

Human Brain Microvascular
Endothelial Cell (HBMEC)

Monolayer

Jamelle M. Simmons, Luke Achenie, Yong W. Lee

Published in Journal of Measurement Engineering

Eukaryotic cells have a protective plasma membrane, which restricts the free movement of
molecules from the external environment to the internal environment. This study aims to
computationally model the transport of fluorescein derivatives across the monolayer of human
brain microvascular endothelial cells (HBMEC). The determination of plausible effective
diffusion constants (D.ss) will allow models to be built that could be useful beyond in vitro
experimentation. Fluorescein-5-isothiocyanate (FITC) modeling produced a D.ss range of
1E-20 to 5E-20 ¢m?/s at a 1m cell monolayer thickness and a D,;; constant near 5E-29

ecm?/s at a 5um cell monolayer thickness. Both fluorescein and sodium fluorescein (NaF1)
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modeling at the 1 and 5 um thicknesses did not produce simulations that closely resembled
the HBMEC in vitro model. Overall, it is possible that the fluorescent intensity noted
with fluorescein and NaFl may be better explained by a mechanism other than passive
diffusion. Simulations of FITC diffusion produced a narrow range of D.¢; constants that

closely matched the in vitro HBMEC fluorescent intensity.
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2.1 Introduction

Eukaryotic cells are enclosed in a plasma membrane which separates the external and internal
environments that serves as protection for the cells. The lipid bilayer of the plasma membrane
is composed of hydrophilic head groups which are directed towards the aqueous exterior and
interior portions of cells and hydrophobic tails separating the hydrophilic groups. The plasma
membrane is mostly composed of lipids and proteins that help it form a barrier around the

cell’s internal environment. ?092

I[sothiocyanates (ITCs) are small molecules found in vegetables that are capable of bind-
ing to amino groups and proteins and passively diffuse through gastrointestinal epithelium
and capillary endothelium. >4 Phenethyl isothiocyanate (PEITC) has been shown to be
absorbed into human non-small lung carcinoma (A549) cells and ITCs bind to thiol groups
at a faster rate compared to amino groups under basic conditions.> %] Research on the
cellular accumulation of ITCs has found that the uptake is dependent on intracellular levels

of glutathione (GSH) and not dependent on the lipophilicity. [**-101]

Fluorescein-5-isothiocyanate (FITC, Isomer I) is a fluorescein fluorochrome conjugated to
an isothiocyanate (ITC) that covalently binds to proteins and amine groups. When the pH
is raised to an alkaline environment, the covalent bonding is stronger than at physiologic
pH.[102-104 FITC has been shown to incorporate into the lipid layer and bind to membrane
proteins of baby hamster kidney fibroblast (BHK) cells!'%1%! and has been shown to label
B and T lymphocytes differently as well bind to internal components of these cells.[107:108]
Labeling of cells using FITC has been shown to be more uniform compared to other lipophilic
labels such as 1,1’-dioctadecyl-3,3,3",3’-tetramethylindocarbocyanine perchlorate (Dil), but

the FITC fluorescence decreases more rapidly compared to labels using tetramethylrho-

damine (TRITC) under incubation at 37°C.11%! Additional factors that influence the flu-
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orescence of cells are (A) concentration of fluorescent compound, (B) pH, (C) incubation
time, (D) temperature, (E) concentration of cells, and (F) concentration of protein in cell

culture medium. 107

Sodium fluorescein (NaFl) is a water-soluble dye that has been used to evaluate the per-
meability of blood-brain barrier (BBB) models™ due to its small size. It has also been
used in the study of malignant and normal cells for its internal accumulation due to a pH
gradient across the external and internal cell environments. '] Fluorescein has high binding
affinity to intracellular proteins of cells after it is hydrolyzed from a starting material, such

gl112,113

as fluorescein diacetate (FDA), which is able to be taken into cell I but free diffusion

of fluorescein has yet to be proven to our knowledge.

To date, many studies have been conducted on multiple cell types to determine the amount
of cell surface attachment and cytoplasmic staining but work has not been done to determine
if fluorescent tracers such as FITC, fluorescein, and NaF1 can passively diffuse through the
cell surface of human brain microvascular endothelial cells (HBMEC). Brain microvascular
endothelial cells help make up the BBB which limits passage across it, to (1) active and
passive transport, (2) endocytosis, (3) active and passive diffusion, and (4) paracellular
transport, due to tight junctions between endothelial cells. Passive diffusion across cells
remains a challenge as it is limited by lipophilicity, size, and charge of the cell and the

compound diffusing across it. [114119]

Additional parameters of interest, cell volume and size fluctuations, of cell monolayers can
occur over time that will make an in vitro model more of a dynamic system. Studies con-
ducted on Mandin-Darby canine kidney (MDCK) cells have volume fluctuations of +20%

(116 Confocal

and an average cell thickness of 7.1 £ 0.7pm (mean + standard deviation).
fluorescence microscopy has also been used to measure the cell thickness of C3H10T1/2 and

V79 cells grown on various substrates. It was reported that C3H10T1/2 cells, during the
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exponential growth phase, grown on mylar have an average cell thickness of 2.9 4+ 0.6 pm
while V79 cells have an average cell thickness of 6.1 + 1.0 pm grown on the same substrate

during the exponential growth phase. !7]

The aim of the present study was to create a simple approach that relies on fluorescence to
determine an effective diffusion constant (D.ss) of FITC, fluorescein, and NaFl transport
across human brain microvascular endothelial cells (HBMEC) by passive diffusion. These
constants would allow simulations to be run which could help predict the amount of free
diffusion into HBMEC monolayers overtime without loss of fluorescent intensity in signal

that can be seen with prolonged in vitro incubation.

2.2 Materials and Methods

2.2.1 Cell Culture

Penicillin-streptomycin solution (100x), MEM vitamin solution (100x), endothelial cell growth
supplement (ECGS), fetal bovine serum (FBS), and NuSerum culture supplement were all
obtained from Corning Life Sciences. Sodium pyruvate solution (100mM), RPMI 1640
medium containing 2mM L-glutamine were purchased from GE Healthcare Life Sciences.
Non-essential amino acids were obtained from Gibco laboratories. Human brain microvascu-
lar endothelial cells (HBMEC) were isolated and purified as previously described.!'®! Cells
were cultured in RPMI 1640 medium with 10% fetal bovine serum, 10% NuSerum, 30 pg/mL
ECGS, 15 U/mL of heparin, 11.0 mg/mL of sodium pyruvate, 100 U/mL of penicillin,
100 pg/mL of streptomycin, nonessential amino acids, and vitamins. HBMEC cultures were

incubated at 37°C in a humid environment with 5% COs.
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2.2.2 In Vitro Studies

Fluorescein isothiocyante isomer I (FITC), fluorescein free acid, and fluorescein sodium salt
(NaF1) fluorescent tracers were all purchased through Sigma-Aldrich. The molecular weights
for FITC, fluorescein, and NaF1 were 389.38, 332.31, and 376.28 respectively. HBMEC were
grown to confluence followed by washing the monolayer with Hanks’ balanced salt solution
(HBSS, Corning Life Sciences) and cell detachment with 0.05% trypsin containing EDTA
(GE Healthcare Life Sciences). The suspended cells were seeded into Falcon”? 48 well plates

at a density of 7.0 x 10* cells per well and grown to confluence in an incubator for 1-2 days.

Confluent cells were aspirated of media and replaced with 200 pL of 0.1 mg/mL fluorescent
tracer solutions in basal RPMI 1640 medium. Wells were incubated in tracer solutions at
3, 6,9, 12, 15, 18, 21, and 24 hours with a sample size of 6 wells per time point for all
three tracers. All wells were washed twice with sterile phosphate buffered saline (1x) to
remove excess fluorescent tracer and replaced with phenol free RPMI 1640 medium (Gibco
Laboratories) at a volume of 200 uL.. Fluorescent intensity of the wells were recorded using
a SpectraMax M2°¢ (Molecular Devices, LLC) plate reader with excitation and emission
settings of 492 and 518 nm respectively for FITC, 490 and 514nm for fluorescein, and 460

and 515 nm for NaFl.

The fluorescent intensity was correlated to concentration (mg/mL) using a dilution curve
generated for each fluorescent tracer dissolved in phenol red-free RPMI 1640 for various
known concentrations. The fluorescent intensity of tracer found in the HBMEC monolayers
were converted to concentration using the dilution curves. The total mass in mg for each
monolayer was determined by multiplying the volume the monolayer occupied in each well
by the calculated concentration. As cell monolayer thicknesses can vary based on cell type

a 1pm and 5 pm thickness were assumed within each well. The 48 well plates have a growth
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area of 0.75 cm? and accounting for a 1pm monolayer thickness results in a volume of
2.36E-04 mL being occupied by the monolayer while a 51m thickness results in a volume
of 1.18E-03 mL being occupied by the monolayer. The total mass in mg was averaged and

standard deviation calculated for each time point for each tracer (Figure 2.1).
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Figure 2.1: (A) Total mass in mg averaged for each time point per fluorescent tracer for a
1 pm thickness. (B) Total mass in mg averaged for each time point per fluorescent tracer for
a 5 um thickness.

2.2.3 Passive Diffusion Model

The in vitro system was composed of a cylindrical well where uptake of tracer could occur in
the x, y, and z-directions (Figure 2.2) with the HBMEC. Assuming the transport mechanism
is primarily through passive diffusion, the following simplifications were made: (1) no reac-
tion terms, (2) no binding, (3) movement of tracer was uniform in all directions, and (4) an
overall diffusion constant is appropriate. These assumptions allow for the reduction of the
problem from a three dimensional (3D) space to a one dimensional (1D) space where con-

centration could be determined in the z-direction. A 1D partial differential equation (PDE,
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equation(2.1)) was generated with one initial condition (equation (2.2)) and two boundary

conditions (equations (2.3) and (2.4)). Simulations were run in MATLAB 2015b.

L L I O Y
= L] L] L)

Figure 2.2: (A) In witro cell culture of HBMEC where the monolayer thickness spans the
z-direction. (B) Introduction of fluorescent tracers to the HBMEC for incubation. Uptake
of the tracer is assumed to be uniform in all directions.

% = (Duyy ) 2.)

c(0,2) =0, att =0 forall z (2.2)

c(t,0) = 0.1mg/mL, at surface (z =0) fort >0 (2.3)
%—f =0, at bottom (2 = L) fort >0 (2.4)

The boundary concentration was set at 0.1 mg/mL for all simulations with the monolayer
thickness varying between 1pm and 5pm which resulted in a monolayer volume of 2.36E-
04 and 1.18E-03 mL respectively. A tracer concentration of 0.1 mg/mlL was chosen for
simulations to match the concentration used in the in vitro set-up. The monolayer thickness
in the z-direction was divided into 70 evenly spaced pieces for simulations and the time span
was restricted to 24 hours. A range of effective diffusion constants were simulated where the
resulting concentration (mass/volume) was converted to mass in mg and the area under the

curve for each time point was generated for comparison with the HBMEC in vitro data.
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The in vitro data was split into a calibration and validation group where time points at hours
3, 12, 15, 21, and 24 were allocated to the calibration set and time points at hours 6, 9, and
18 were allocated to the validation set. A range of effective diffusion constants (D,zr, cm?/s)
were selected for simulations and simulated time points at hours 3, 12, 15, 21, and 24 were
extracted and compared to the in vitro time points at those hours to determine a range of
diffusion constants that produced results not statistically significantly different from the in
vitro data. The resulting diffusion constants were used to run simulations and extract time
points at hours 6, 9, and 18 and those were compared to the in vitro time points at those
hours. The percent error was calculated for the validation sets to determine how far the

simulated models deviated from the in vitro model.

2.2.4 Statistical Methods

The means of each experimental time point for each fluorescent tracer were compared using
an Analysis of Variance (ANOVA) if equal variance could be assumed at all time points
per tracer otherwise the non-parametric equivalent of an ANOVA (Welch Test) was used.
Post-hoc comparisons were conducted if the p-value of the ANOVA was less than the alpha
(p<0.05). The Games-Howell post-hoc test was used if the non-parametric ANOVA was
conducted and a Tukey Honest Significant Differences (HSD) was used if the parametric

ANOVA was conducted.

A linear regression comparison of slopes was used to compare the in vitro time points to the
simulated time points for the calibration data at hours 3, 12, 15, 18, 21, and 24. A p-value less
than 0.05 indicates the slopes of the in vitro and simulated models are significantly different
while a p-value larger than 0.05 indicates the slopes are not statistically significantly different.

All statistical testing was conducted using Minitab 18 software (Minitab, Inc). Plots were
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generated using Veusz software.

2.3 Results

2.3.1 In Vitro Diffusion of Fluorescent Tracers

With the assumption of a 1 pm monolayer thickness, the calculated total average mass (mg)
of tracer for FITC increased from 5.59E-09 mg with a standard deviation of 3.85E-10 mg
after 3 hours of incubation to 4.85E-08 + 2.76E-09 mg at 24 hours (Figure 2.1A). A non-
parametric Welch Test was used to compare average mass among all FITC time points at
the 95% confidence level resulting in an F-statistic = 192.36 and a p-value of 0.00. A Games-
Howell post-hoc multiple comparison test was used showing the 24 and 21 hour time points
to be significantly greater than all earlier time points (p-value < 0.05). The 18 hour time
point was significantly greater than the 3 through 12 hour time points (p-value < 0.05).
The 15 hour time points were significantly greater than the 3 and 6 hour time points (p-
value < 0.05). The 12, 9, and 6 hour time points were significantly greater than the 3
hour time point with p-values of 0.001, 0.00, and 0.022 respectively. Fluorescein contents
increased from 4.90E-08 £+ 1.94E-09 mg at 3 hours to 5.63E-08 4+ 4.31E-09 mg at 24 hours
of incubation (Figure 2.1A). An ANOVA was used to compare all time points among the
fluorescein data set resulting in an F-statistic = 2.19 and a p-value = 0.056, no additional
post-hoc statistical testing was conducted. NaF1 contents increased from 5.69E-08 4+ 2.90E-
09 mg at 3 hours to 8.39E-08 £+ 1.12E-08 mg at 24 hours of incubation (Figure 2.1A). A
non-parametric Welch Test was conducted resulting in an F-statistic = 6.33 and a p-value =
0.001. A Games-Howell post-hoc test showed only the 24 hour time point being significantly

greater than the 3 and 6 hour time points with p-values of 0.016 and 0.046 respectively. The
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9 hour time point was significantly greater than the 3 hour time point with a p-value of

0.045.

Under the assumption of a 5pm monolayer thickness, the calculated total average mass in
mg of tracer for FITC increased from 2.80E-08 mg with a standard deviation of 1.94E-10 mg
after 3 hours of incubation to 2.42E-07 £+ 1.40E-08 mg at 24 hours (Figure 2.1B). Fluorescein
contents increased from 2.45E-07 + 1.10E-08 mg at 3 hours to 2.82E-07 £ 2.16E-08 mg at 24
hours of incubation (Figure 2.1B). NaF1 contents increased from 2.85E-07 + 1.42E-08 mg at
3 hours to 4.20E-07 £ 5.58E-08 mg at 24 hours of incubation (Figure 2.1B). The statistical
testing at the 5 pm monolayer thickness returned the same results as those found above with

the 1 pm monolayer thickness.

2.3.2 Linear Regression: FITC Calibration

For a 1 pum monolayer thickness, FITC calibration simulations run using effective diffusion
constants (D.ss) of 5.00E-21, 1.00E-20, and 5.00E-20 cm?/s (Figure 2.3A) created a range
of data close to the in vitro calibration data set at hours 3, 12, 15, 18, 21, and 24 hours. The
slopes of each simulated data set were statistically compared to the in vitro data set using
a linear regression approach. There was not a significant difference in slopes comparing the
5.00E-21 cm? /s simulation to the in vitro data set with a t-statistic of 2.179 and a p-value of
0.066. The 1.00E-20 and 5.00E-20 ¢cm? /s simulations yielded similar results with t-statistics

of 2.011 and 0.314 respectively with p-values of 0.084 and 0.763 respectively.

With a 5 pm monolayer thickness, calibration simulations run using effective diffusion con-
stants (D.yy) of 5.00E-21 and 1.00E-20 cm?/s (Figure 2.3B) resulted in t-statistics of 1.647
and 4.865 respectively with p-values of 0.144 and 0.002 respectively when compared to in

vitro data.

24



5 08|||||||||||||||||||||||| TTTTTTTIT T T T T T ITI T 117
e_ — —
A } 5e-07|- B =
re In Vitro 7 [ In Vitro
([]) ?E%cmzs _<E|> 5E-18 cm?/s . T
4e-081+ -20 cm/s - 5E-19 cm?/s
a & 5E-20cm’/s 4e-07}+ .
E 7 I I 1
[2])
é 3e-08 3e.07L O N
[0) I & B m] ¢
® 2e-08|- -
Qo e 2e-07 .
2 o
< R i 1
1e-08 s® 1 1e-07+ . |
L ® ] O
ot - o <
4]
S0 ° 22
O-rmlllllll%l%lllllllli- 04QI||||I||||I||||I||||I-
NI NI
Time (hours) Time (hours)

Figure 2.3: (A) Simulations run under a 1 pm monolayer thickness assumption, all simula-
tions were found to not be statistically significantly different from the in vitro data. (B)
Simulations run under a 5pm monolayer thickness assumption, using a simulated D.s¢ of
5.00E-21 cm?/s was shown to not be statistically significant while a simulated D, of 1.00E-
20 cm?/s yielded a significant difference at a p-value of 0.002 for FITC.

2.3.3 Linear Regression: Fluorescein Calibration

For a 1 pm monolayer thickness, fluorescein calibration simulations run using effective diffu-
sion constants (D.yy) of 5.00E-21 and 1.00E-20 cm?/s (Figure 2.4A) created a range of data
close to the in wvitro calibration data set at hours 3, 12, 15, 18, 21, and 24 hours. The slopes
of each simulated data set were statistically compared to the in vitro data set using a linear
regression approach. There was a significant difference in slopes comparing the 5.00E-21
and 1.00E-20 cm?/s simulations to the in vitro data set with t-statistic of 5.122 and 3.594

respectively and p-values of 0.001 and 0.009 respectively.

With a 5pm monolayer thickness, calibration simulations run using effective diffusion con-
stants (D,ss) of 1.00E-18, 5.00E-18, and 1.00E-17 cm?/s (Figure 2.4B) resulted in t-statistics
of 31.364, 0.632, and 3.125 respectively and p-values of 8.65E-9, 0.547, and 0.017 respectively.
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Figure 2.4: (A) Simulations run under a 1 pm monolayer thickness assumption, all simula-
tions were found to be statistically significantly different from the in vitro data with p-values
< 0.05. (B) Simulations run under a 5 pm monolayer thickness assumption were found to be
statistically significant (p-value < 0.05) for both the 1.00E-18 and 1.00E-17 cm?/s effective
diffusion constants with the 5.00E-18 cm?/s diffusion constant gave a p-value of 0.547.

2.3.4 Linear Regression: NaFl Calibration

For a 1 nm monolayer thickness, fluorescein calibration simulations run using effective diffu-
sion constants (D.sr) of 5.00E-20 and 5.00E-19 cm?/s (Figure 2.5A) created a range of data
close to the in vitro calibration data set at hours 3, 12, 15, 18, 21, and 24 hours. The slopes
of each simulated data set were statistically compared to the in vitro data set using a linear
regression approach. There was a significant difference in slopes comparing the 5.00E-20
and 5.00E-19 cm?/s simulations to the in vitro data set with t-statistic of 20.793 and 3.297

respectively and p-values of 1.49E-07 and 0.013 respectively.

With a 5 pm monolayer thickness, calibration simulations run using effective diffusion con-
stants (Deyy) of 5.00E-19, 5.00E-18, and 5.00E-17 cm?/s (Figure 2.5B) resulted in t-statistics
of 20.131, 0.831, and 4.923 respectively and p-values of 1.87E-07, 0.433, and 0.002 respec-

tively.
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Figure 2.5: (A) Simulations run under a 1 pm monolayer thickness assumption, all simula-
tions were found to be statistically significantly different from the in vitro data with p-values
< 0.05. (B) Simulations run under a 5 pm monolayer thickness assumption were found to be
statistically significant (p-value < 0.05) for both the 5.00E-19 and 5.00E-17 cm?/s effective
diffusion constants with the 5.00E-18 cm?/s diffusion constant gave a p-value of 0.547.

2.3.5 Percent Error: FITC, Fluorescein, NaFl Validation

When increasing the effective diffusion (D.sf) constant of FITC, under a 1 pm assumption
from 1E-20 to 5E-20 cm?/s shows a reduction in percent error of prediction of simulations
(Table 2.1) at time points of 6 and 9 hours, but an increase in percent error of prediction
at 18 hours of the validation data set using equation (2.5). When the monolayer thickness
is increased to 5pm and the D,y range is 5.00E-19 and 5E-18 cm?/s the percent error of

prediction increased for all time points (Table 2.2).

smulation — In vit
% Error = Simula zon' n oo x 100 (2.5)
In wvitro

For fluorescein, under a 1pm assumption, the D.;; from 1E-19 to 5E-19 ¢cm?/s shows a

reduction in percent error of prediction of simulations (Table 2.3) at the 6 hour time point
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Table 2.1: FITC simulated mass (mg) compared
to average in vitro mass. Monolayer thickness of
1 pum, volume of 2.36E-04 mL. All mass multiplied
by 1E-09.

Time In Vitro | Deys® % | Deps® %
(hrs)  (mg) (mg) error | (mg) error

6 7.03 1.21  82.74 | 6.07 13.69
9 7.54 1.82  75.86 | 9.10 20.68
18 9.94 3.64 63.38 | 18.2 83.09

2 Depr =1E-20 cm?/s
b Deff =5E-20 Cm2/S

Table 2.2: FITC simulated mass (mg) compared
to average in vitro mass. Monolayer thickness of
5pm, volume of 1.18E-03 mL. All mass multiplied
by 1E-08.

Time In Vitro | Dy % | Deys® %
(hrs)  (mg) (mg) error | (mg) error

6 3.52 1.21 6548 | 12.1 245.23
9 3.77 1.82  51.72 | 182 382.82
18 4.98 3.64 26.85| 36.4 631.50

& Dypp =1E-19 cm? /s
> Deyp =5E-18 cm?/s

28



and an increase in error rate at the 9 and 18 hour time points (Table 2.3). Under a monolayer

assumption of 5 pm there is a reduction in percent error at all three time points (Table 2.4).

Table 2.3: Fluorescein simulated mass (mg) com-
pared to average in vitro mass. Monolayer thick-

ness of 1 pm, volume of 2.36E-04 mL. All mass mul-
tiplied by 1E-08.

Time In Vitro | Dy % | Doy %

(hrs)  (mg) (mg) error | (mg) error
6 5.30 1.21 7712 | 6.07 1441
9 5.33 1.82 65.85| 9.10 70.75
18 5.83 3.64 3750 | 18.2 212.47

? Depr =1E-19 cm?/s
b Deff =5E-19 CHlZ/S

Table 2.4: Fluorescein simulated mass (mg) com-
pared to average in vitro mass. Monolayer thick-
ness of 5pm, volume of 1.18E-03 mL. All mass
multiplied by 1E-08.

Time In Vitro Deffa % Deffb %

(hrs)  (mg) (mg) error | (mg) error
6 26.5 243 90.85 | 12.1 54.24
9 26.7 3.64 86.35| 18.2 31.74
18 29.1 7.28 75.01 | 36.4 24.96

* Deys =1E-18 cm?/s
b Deyr =5E-18 cm?/s

NaF1, under an assumed 1pm thickness, produced a decrease in percent error at the 6 and
9 hour time points for D.;; from 5E-20 to 5E-19 ¢cm?/s and an increase in percent error at
the 18 hour time point (Table 2.5). With a 5 pm monolayer thickness there is a decrease in
all time points when the effective diffusion constant (D.s) is increased from 5E-19 to 5E-18
cm? /s (Table 2.6).
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Table 2.5: NaFl simulated mass (mg) compared
to average in wvitro mass. Monolayer thickness of
1 pm, volume of 2.36E-04 mL. All mass multiplied
by 1E-08.

Time In Vitro | Dess® % | Deps® %
(hrs)  (mg) (mg) error | (mg) error

6 6.29 0.607 90.35 | 6.07 3.54
9 6.44 091 8586 | 9.10 41.39
18 6.51 1.82 72,04 | 18.2 179.59

2 Desr =5E-20 cm? /s
b Deff =5E-19 CHlZ/S

Table 2.6: NaFIl simulated mass (mg) compared
to average in vitro mass. Monolayer thickness of
5 pm, volume of 1.18E-03 mL. All mass multiplied
by 1E-08.

Time In Vitro | Doyt % | Deys® %
(hrs)  (mg) (mg) error | (mg) error

6 31.5 1.21  96.14 | 12.1 61.44
9 32.2 1.82 9434 | 182 43.44
18 32.6 3.64 8882 | 364 11.78

& D,pp =5E-19 cm?/s
> Deyp =5E-18 cm?/s

30



2.4 Discussion and Conclusion

For both fluorescein and NaF1 tracers the in vitro data showed high fluorescence compared
to FITC time points with few statistically significant increases in tracer uptake over the
24-hour period. Additionally, fluorescein and NaF1 simulated diffusion models have trouble
narrowing in on a suitable effective diffusion constant range due to very little change in the in
vitro data. It is probable that the fluorescein and NaF1 tracer mass could be better explained
by a more appropriate mechanism other than the passive diffusion such as binding to the
cell surface or embedding within the lipid bilayer. Only FITC showed an increase in in vitro
tracer that could be closely recreated through computational simulation. For FITC, under
a 1pm thickness, effective diffusion constants between the range of 1.00E-20 and 5.00E-20
cm?/s can serve as a good approximation of in vitro data. At the 5pm thickness, effective
diffusion constants around 5.00E-19 ¢cm?/s would serve as a good approximation for the in

vitro data.

With minimal movement of FITC into the HBMEC monolayers, being shown above, an
alternative computational approach would involve the use of the error function where the
HBMEC monolayer could be modeled as a semi-infinite slab. The 1D partial differential
equation (equation (2.6)) with the two boundary conditions (equations (2.7) and (2.8)) yield
a diffusion equation (equation (2.9)) that can be used to describe the movement of FITC
into the HBMEC monolayer as a function of space and time. Here, ¢ represents the surface

concentration of tracer (0.1 mg/mL).

31



c d%c

o = Pertga (2.6)
c(0) = ¢, at surface (z =0) (2.7)
c(+00) = 0, at bottom (2.8)

z

\/4tDeff

c(z,t) =co [l —erf( )] (2.9)
Fluorescent tracers have a multitude of uses in biomedical sciences to stain the exterior
and interior of cells. This paper attempted to determine the potential magnitude of free
diffusion of 3 tracers into HBMEC monolayers at different thicknesses of 1 and 5pm. It
was determined that although higher than FITC, both fluorescein alone and NaFl showed
very little increase in tracer concentration from 3 hours to 24 hours while FITC continued
to increase at statistically significant levels. Under the assumption of diffusion with no
reaction and binding terms, fluorescein and NaF1 effective diffusion constants were not able
to be narrowed to produce simulated curves similar to the in vitro calibration data but a
narrow range can be determined for FITC. This suggests that the retention of fluorescein
and NaF1 to the HBMEC monolayer may be better explained by another mechanism while
FITC uptake make be reasonably approximated using a diffusion model. It is also important
to note that in wvitro results achieved are highly dependent on a multitude of experimental

factors such as pH, temperature, cell type, and concentration levels.
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Chapter 3

Effect of Febuxostat on Oxidative
Stress and Autistic Behaviors in

BTBR Mice

Jamelle M. Simmons, Wataru Ito, Alexei Morozov, Yong W. Lee

Submitted to Physiology and Behavior

Autism spectrum disorder (ASD) is a lifelong neurodevelopmental disability that affects
individuals in the areas of social interaction, verbal and non-verbal communication, and
restrictive and repetitive behaviors. Xanthine oxidase (XO) is an enzyme involved in the
conversion of hypoxanthine to xanthine with the resultant byproducts leading to elevated
levels of reactive oxygen species (ROS) that can cause oxidative stress. With XO being found
in multiple tissues, including the brain, we examined the use of febuxostat in the inhibition
of XO in a BTBR mouse model and the potential benefits on oxidative stress and social be-
haviors. Juvenile C57BL/6J (C57) and BTBR T+ ltpr3tf/J (BTBR) male mice were treated
with either a vehicle solution (5% dimethyl sulfoxide) or a vehicle solution + febuxostat at
10mg/kg for seven days. Changes in body and brain weight were recorded, general activity
levels assessed, social interaction with demonstrator mice (129S1/SvlmJ) or novel objects

(empty cup) quantified, and reactive oxygen species intensity measured by dihydroethidium
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(DHE) staining. We found that the treatment of BTBR mice with febuxostat did not lead
to statistically significant reductions in repetitive behaviors or improvements in social inter-
action. We also found that there were no significant differences between C57 control mice
and BTBR vehicle or drug treated mice for levels of ROS. With febuxostat having a high
binding affinity for plasma proteins, alternative delivery methods, such as the use of infusion
pumps, may be needed to bypass the blood-brain barrier and expose brain tissue to high
enough levels to allow for better evaluation of the potential of febuxostat for use in treating

autism.
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3.1 Introduction

Autism spectrum disorder (ASD) is a lifelong neurodevelopmental disability characterized
by abnormalities in areas of (1) social interaction, (2) communication, and (3) restric-
tive and repetitive behaviors.># The exact cause of ASD is not known but research sug-
gests that a multitude of factors may be at play such as (1) genetics, ' (2) mitochondrial
dysfunction,'®1*! (3) metabolic dysfunction,?* %2 (4) environmental,®®l and (5) oxidative

g [24-

stres 26,120-123] Oxidative stress is defined as the imbalance between the pro-oxidative and

antioxidant states where an imbalance in favor of a pro-oxidant state can lead to elevated

levels of reactive oxygen species (ROS) that can lead to cellular damage. 2

ROS molecules such as superoxide radicals, hydrogen peroxide, hydroxyl radical, peroxyni-
trite, and reactive carbonyls are generated from a number of sources; (1) NADPH oxidase, (2)
nitric oxide synthase (NOS), (3) mitochondria, and (4) xanthine oxidase (XO).'?4 Xanthine
oxidoreductase (XOR) includes the forms xanthine dehydrogenase (XDH) and xanthine ox-
idase (XO) where the XO form leads to the generation of superoxide and hydrogen peroxide
from the reduction of hypoxanthine and xanthine. 3124126l The enzyme XO is found in the
plasma, brain, lungs, liver, small intestines, and kidneys of varying levels depending on the

46-48

animal species! I and has been implicated in brain tissue damage due to ischemia and

reperfusion as well as many other tissues. [*9127)

Research by Zoroglu et al. found elevated levels of XO in blood samples of autistic adoles-
cents in addition to elevated levels of thiobarbituric acid reactive substances (TBARS), and
superoxide dismutase (SOD) compared to age matched controls. 39] This study demonstrates
the presence of elevated levels of oxidative stress outside of brain tissue as well as elevated
levels of XO. With the XO enzyme being found in tissues throughout the body, including

the brain, there is the potential for it to play a role in the generation of ROS in brain tissue.
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If XO is involved in significant levels of oxidative stress in brain tissues, there are XO-
inhibitors currently on the market that can be used to reduce the activity of this enzyme.
The XO-inhibitor allopurinol has been around for decades as the primary compound of choice
in inhibiting XO in gout. Allopurinol is an analogue of hypoxanthine that when converted
to oxypurinol is responsible for most of the inhibiting effect on XO. Both allopurinol and
oxypurinol are purine inhibitors that can potentially interfere with purine metabolism of
compounds other than hypoxanthine and xanthine. Uloric (febuxostat) is a newer compound
that has higher potency than allopurinol and is a non-purine inhibitor with specificity for

XO where it does not affect other purines. %5128

We hypothesize that elevated levels of XO result in an increase in oxidative stress which can
lead to cellular damage in autistic brain tissue. Through use of febuxostat, XO levels would
be inhibited which would lead to lower levels of cellular ROS generation and some recovery
of typical behavior of autism. A mouse model of autism, BTBR T+ ltpr3tf/J (BTBR), was
used in febuxostat treatments as it shows the most face validity to the diagnostic symptoms of
autism: (1) reduced reciprocal social interactions, (2) low sociability, (3) increased repetitive
self-grooming, (4) reduced social transmission of food preference, and (5) abnormal ultrasonic
vocalizations.'?] Preliminary research from our lab has found elevated mRNA expression
levels of XO in the brain tissue of 3 week old male BTBR mice (data not shown). The main
goal of the present study is to determine if repeated dosing of febuxostat leads to reductions

in XO-induced oxidative stress and improvements in behaviors of juvenile BTBR mice.
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3.2 DMaterials and Methods

3.2.1 Animals

Three week old male C57BL/6J (C57) and BTBR T+ ltpr3tf/J (BTBR) mice and seven
week old male 12951/SvimJ (129S1) mice were purchased from Jackson Laboratories (Bar
Harbor, ME). Male juvenile mice were used for this study as prevalence rates in male chil-
dren are higher than in female children.!!! C57 and BTBR mice were housed individually
while 12951 mice were housed in groups. All cages were supplemented with water gels and
enrichment toys in addition to access to food and water ad libitum. Mice were placed on
a 12 hour light/dark cycle for the entire study. This study was carried out in accordance
with the Guide for the Care and Use of Laboratory Animals and the approved Virginia Tech
Institutional Animal Care and Use Committee (IACUC) protocol (number 16-003). All sur-
gical procedures were performed under anesthesia, 2.5% Avertin solution at 0.17mL/10gram
body weight through intraperitoneal (I.P.) injection, and all efforts were made to minimize

distress and suffering.

3.2.2 Treatment by Intraperitoneal Injection

Mice were split into three groups, (1) C57 + Vehicle, (2) BTBR + Vehicle, and (3) BTBR
+ Febuxostat (drug) with a sample size of 5 mice per group. The vehicle solution was
composed of dimethyl sulfoxide (DMSO) diluted to a final concentration of 5% (v/v) in
sterile phosphate buffered saline (PBS 1x) before I.P. injection. Febuxostat was diluted in
the vehicle solution and injected at a concentration of 10mg/kg per mouse in the volume of

0.1 to 0.21 ml. All groups were dosed once a day for 7 days.
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3.2.3 Behavioral Testing

Room Preparation

All mice were transported to the testing room and given 1 hour to acclimate to the envi-
ronment. C57 and BTBR groups were housed on racks outside of the testing environment
while the 12951 mice were held in the testing room to avoid contact with other mice. The
testing room was set up with a three-chamber sociability apparatus made of Plexiglas with
cameras placed in front, behind, and above the apparatus. Removable dividers were placed
to separate all three chambers and wire cups were placed in the left and right chambers while
the middle chamber remained empty. The lights were dimmed to 90 Flux and a curtain was

used to hide the experimenter from the animals.

Three-Chamber Testing

Testing occurred in two phases with 10 minute durations using an adapted protocol. 1307132
During phase 1 an experimental mouse (C57 or BTBR) was placed in the middle chamber
with the removable dividers in place to restrict movement for 10 minutes. During phase 2,
a 12951 demonstrator (novel) mouse was placed under an inverted wire cup in either the
left or right chambers. For each new experimental mouse the location of the demonstrator
mouse was switched between the left and right chambers. In the remaining chamber an
empty inverted wire cup served as a novel object. Both wire cups had another object (cup
filled with water) placed on top to keep the experimental mice from climbing on top of the
cups during phase 2 testing. With the cups in position, the dividers separating the chambers
were removed and the experimental mouse was given access to all three chambers for 10
minutes. During both testing phases cameras were used to record movement and behaviors

that were later analyzed off line. At the end of phase 2 the experimental and novel mice

39



were returned to their cages. The interior of the apparatus was cleaned with 70% ethanol
followed by water and towel dried after each experimental mouse was used. The wire cups

were cleaned with water and towel dried for the next experimental run.

3.2.4 Quantification of Behaviors

Repetitive grooming was quantified during phase 1 of testing. Only grooming bouts occurring
for 1 second or longer were counted towards the cumulative scoring. During phase 2 of
testing, the following parameters were quantified: (1) total number of crossings between
chambers, (2) total time spent in each chamber, (3) total time spent around the cup with
the demonstrator mouse vs. the novel object, (4) total social approach time where the
experimental and demonstrator mouse were face-to-face, and (5) total time spent grooming

when given access to all chambers.

3.2.5 Reactive Oxygen Species (ROS) Measurement

The day following behavioral testing, mice brains were perfused with ice-cold PBS 1x with
6 units of heparin per ml of PBS solution. Brains were cut into right and left hemispheres
down the midline (anterior to posterior) through the corpus callosum. Hemispheres were
frozen on dry ice and stored at -80°C until analysis. Next, frozen brain sections were placed
in 20% sucrose solution in PBS 1x overnight until hemispheres sunk. Next brain hemispheres
were botted and embedded in optimum cutting temperature (OCT) compound and frozen.
Brain hemispheres were cut into 20 micron (pm) sections starting at the midline where the
hemisphere was initially cut moving laterally into the parietal-temporal lobes. Sections were

mounted on glass slides and stored at -20°C until use.

For dihydroethidium (DHE) staining slides were thawed to room temperature and washed in
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PBS 1x to remove OCT. Next, slides were dried and sections were outlined with a liquid pap
pen. DHE solution was added to brain sections and incubated in the dark for 30 minutes
at 37°C. The solution was then removed and sections were imaged at 20x within 1 hour
of incubation with 4 images taken per section for fluorescence intensity quantification with
Image J. Two sections were used from samples near the midline and two sections were used
further into the parietal-temporal lobes 360 microns away from the midline sections. The
DHE stain is reactive with ROS, the imbalance of the pro-oxidant and antioxidant states

can lead to oxidative stress if there are more pro-oxidant species than the cell can handle.

3.2.6 Statistical Testing

For behavioral testing each group contained 5 animals. Tests for equal variance and normality
were run to determine if a parametric ANOVA could be used to compare more than two
groups. Post-hoc Tukey multiple comparisons were run when the ANOVA reported p-values
less than 0.05. Numerical values reported were mean + standard error for each tests. In
figures statistical differences less than 0.05 were denoted with a single asterisk (*) while
p-values less than 0.01 were denoted with two asterisk (**) and p-values less than 0.001 were

denoted with three asterisks (***). All statistics were generated using Minitab 18.

3.3 Results

3.3.1 Effects of Febuxostat on Body and Brain Weight

All mice were initially weighed before the IP injection schedule began as well as the end of
the study under anesthesia before tissue collection took place. C57 mice saw an increase in

average weight from 9.8 + 0.2 to 18.2 4 0.374 grams over 7 days while the BTBR vehicle
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group saw increases from 15 4 0.447 to 25.4 £ 0.678 grams and the BTBR drug group saw
increases from 15.6 + 0.4 to 25.2 &+ 0.58 grams. Very little variation in whole brain weight
was found between all groups. C57 mice, on average, had a brain weight of 0.44 £+ 0.009
while the BTBR vehicle and drug groups had average brain weights of 0.41 4+ 0.025 and 0.41
+ 0.012 grams. Under vehicle and drug treatments all groups saw a significant increase in
weight gain over 7 days with p-values of <0.0001 (Figure 3.1A) and no statistically significant
differences in brain weight were noted between groups using an ANOVA (F-stat = 0.98, p-

value = 0.402) comparing the means of each group (Figure 3.1B).
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Figure 3.1: Body weight and brain weight of juvenile mice. (A) Body weight average of C57
and BTBR groups at 3 and 4 weeks of age (n=>5 per group). Significant increases in weight
gain were observed between weeks 3 and 4 for each group with a p-value <0.0001. (B) Whole
brain weight average of C57 and BTBR groups at 4 weeks (n=>5 per group). No significant
differences in average brain weight were found between the groups using an ANOVA (F-stat
= 0.98, p-value = 0.402).
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3.3.2 Effects of Febuxostat on General Activity Levels

General activity levels of mice were assessed by counting the number of chamber crossings
over a 10 minute period to determine if febuxostat had any sedative effects beyond the effects
of DMSO. Significant differences in activity levels were found between the groups (ANOVA
F-stat = 9.89, p-value = 0.003) with Tukey post-hoc comparisons showing p-values of 0.005
and 0.007 when comparing C57 activity levels to the BTBR vehicle and febuxostat groups
respectively (Figure 3.2). No significant differences were noted between the vehicle and

febuxostat groups for BTBR mice.

45! _

40 I sk |
35|
30}
251
20 —_ -
15 _
10}
5 i
| _

Number of Chamber Crosses

Figure 3.2: Chamber crossings general activity levels. Significant reductions in activity levels
were detected between the C57 vehicle group and both the BTBR vehicle and drug groups
with p-values of 0.005 and 0.007 respectively.

3.3.3 Effects of Febuxostat on Grooming Behaviors

Each group of experimental mice were assessed for grooming activity when isolated to the

center chamber (restricted) for 10 minutes and when given free access to all chambers (un-
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restricted) for 10 minutes (Figure 3.3). In the unrestricted setting grooming was counted if
it occurred in any of the three chambers. Within all groups there were no statistically sig-
nificant differences noted between the restricted and unrestricted settings. Between groups
no statistically significant differences were found in the restricted setting using an ANOVA
(F-stat = 0.02, p-value = 0.985). A significant increase in grooming was found between
groups in the unrestricted setting with an ANOVA (F-stat = 4.03, p-value = 0.046) showing
a higher tendency for grooming in the BTBR group receiving the drug treatment compared
to the C57 vehicle group using Tukey post-hoc comparisons (T-value = 2.83, p-value =
0.037).
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Figure 3.3: Phase 1 (restricted) and phase 2 (unrestricted) grooming activity. A higher
tendency of grooming was noted in the BTBR group receiving the drug treatment, in the
unrestricted setting, compared to the C57 vehicle group (p-value = 0.037).

3.3.4 Effects of Febuxostat on Time Spent in Chambers

For the C57 group significant differences were noted between time spent in each chamber

(ANOVA F-stat = 19.78, p-value = 0.00016) (Figure 3.4). Using a Tukey post-hoc compari-
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son a significantly higher portion of time was spent in the demonstrator chamber compared
to the empty chamber (p-value = 0.01) and the middle chamber (p-value = 0001). For the
Cbh7 group significantly more time was spent in the middle chamber compared to the empty
chamber with a p-value of 0.047. For the BTBR vehicle group significant differences in time
spent in each chamber were detected (ANOVA F-stat = 4.26, p-value = 0.04). Using a post-
hoc Tukey comparison significantly more time was spent in the demonstrator chamber than
the middle chamber (p-value = 0.033). In the BTBR febuxostat group significant differences
were detected between chamber times (ANOVA F-stat = 17.98, p-value = 2.3E-06). Using
a post-hoc Tukey comparison significantly more time was spent in the demonstrator than
the middle chamber (p-value = 1.2E-05) and significantly more time was spent in the empty

chamber than the middle chamber (p-value = 4.5E-04).
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Figure 3.4: Time spent in each chamber. The C57 group spent significantly more time in
the demonstrator chamber than both the middle and empty chambers. The BTBR vehicle
group spent significantly more time in the demonstrator chamber than the middle chamber.
The BTBR febuxostat group spent significantly more time in the demonstrator and empty
chambers than the middle chamber.
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3.3.5 Effects of Febuxostat on Time Spent with Demonstrator

and Empty Cups

All groups were assessed for time spent around the empty cup versus time spent around
the cup with the demonstrator mouse while given unrestricted access to all chambers for 10
minutes (Figure 3.5). Times were counted if the mice were close to the wire cups. The C57
group spent significantly more time around the cup with the demonstrator mouse than the
empty cup (p-value = 0.024). No significant differences were noted within the BTBR vehicle

and febuxostat groups with p-values of 0.3 and 0.584 respectively.
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Figure 3.5: Time spent around empty and demonstrator cups. The C57 group spent signif-
icantly more time around the demonstrator cup than the empty cup. BTBR groups showed
no significant differences in time spent in around empty and demonstrator cups.

3.3.6 Effects of Febuxostat on Social Interaction

During phase 2 when experimental mice were given free access to all chambers, the amount

of time spent face to face with the demonstrator mouse was quantified (Figure 3.6). C57
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mice, on average, spent 24.17 £ 6.15 seconds interacting with the demonstrator mouse. The
BTBR vehicle group and BTBR drug groups spent 3.42 £ 1.65 and 3.92 £ 2.11 seconds
on average interacting with the demonstrator mice. When comparisons were made between
groups for time spent interacting with demonstrator mice differences were found between
all three groups (ANOVA F-stat = 9.35, p-value = 0.004). A post hoc Tukey comparison
shows the C57 group having spent significantly more time with the demonstrator mice that

the BTBR vehicle group (p-value = 0.007) and the BTBR drug group (p-value = 0.008).
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Figure 3.6: Face-to-face interaction with demonstrator mice. The C57 mice spent signifi-
cantly more time face to face with demonstrator mice than both BTBR groups.

3.3.7 Effects of Febuxostat on Reactive Oxygen Species (ROS)

Fluorescence intensities were quantified in all groups for samples taken near the brain midline
(medial) and laterally from the midline into the parietal-temporal lobes (at 360pm from the
midline sections) using a DHE staining (Figure 3.7). All intensities were averaged from each

group for a total of 4 sections quantified per animal in quadruplicate with 5 animals per
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experimental group. The C57 group had an average fluorescent intensity of 978.9 4+ 29.3
and the BTBR vehicle and drug groups had average intensities of 1027.3 £+ 24.8 and 989.5
+ 28.5 respectively. An ANOVA between the three groups showed no significant differences

in fluorescent intensities (F-stat = 0.85, p-value = 0.428).
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Figure 3.7: DHE fluorescent intensity of brain tissue. No significant differences were noted
between groups.

3.4 Discussion

The aim of the study presented was to determine if the use of XO inhibitors could improve
behavioral deficits in a BTBR mouse model by reducing oxidative stress. Juvenile male
BTBR mice, 3-4 weeks in age, were treated with febuxostat for 7 days followed by behavioral
assessment and quantification of ROS levels in brain tissue. Overall, we found no statistically
significant improvements in behaviors with drug administration compared to BTBR vehicle

and C5H7 vehicle controls.
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With repeated administration of vehicle solutions (DMSO and PBS) and vehicle 4 febuxostat
(10mg/kg) solutions we tracked the body weight and brain weight of the C57 and BTBR
controls (vehicle solution) and the BTBR experimental group (vehicle 4+ febuxostat). In
all groups there were significant increases in body weight from the start of I.P. injections
(initial) and the end of I.P. injections (final) which shows that the administration of the
vehicle and febuxostat did not have a negative impact on the growth of the juvenile mice.
The difference in body weight between the C57 and BTBR mice could be explained by the
rapid growth weight seen in BTBR mice post-natal days 2 to 12.1!33) Brain weights were
measured, at 4-5 weeks of age, to determine if there was any loss in brain mass between the
groups and no differences were found. Both measures were used to determine overall animal

health for behavioral testing.

During phase 2 of testing in the three-chamber apparatus, the general activity levels of mice
were quantified by the number of crosses between chambers made in a 10 minute period.
This measure was used to determine if febuxostat has any stimulant or sedative effects on the
BTBR mice. There were no significant differences found between the BTBR mice activity
levels from the vehicle and vehicle 4+ febuxostat groups. There was a significantly higher
level of cage crossings seen when comparing the C57 group to the BTBR groups, but this

can be attributed to strain differences.

Repetitive grooming in BTBR and C57 groups were assessed in the three-chamber apparatus
in two phases where in phase 1, the mice were restricted to the center chamber, and in phase
2, the mice were given free access to all portions of the chamber that included a novel

1.4 found higher levels of

mouse under a wire cup or an empty wire cup. Pearson et a
repetitive grooming in adult BTBR mice compared with adult C57 mice when restricted to
a clear Plexiglas chamber for 30 minutes. Our study found no significant differences between

groups when restricted to the center chamber of the Plexiglas three-chamber apparatus for
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10 minutes. Repetitive grooming was also monitored during phase 2 of testing to determine if
exposure to new environmental stimuli (empty cup and demonstrator mouse) would influence
levels of grooming. The C57 group showed a decrease in repetitive grooming and the BTBR
groups showed increases in grooming with a significantly higher amount of grooming found
in the BTBR (febuxostat) group compared to the C57 (vehicle) group but no significant

differences detected between the BTBR groups.

Time spent in each of the three chambers was measured for all groups to determine if there
was a preference for being in an empty chamber, chamber with an empty cup (novel object),
or chamber with the demonstrator mouse. Result of our study, within groups, show that
C5H7 mice have a preference for spending time in the chamber with the demonstrator mouse
compared to the chamber with the empty cup (novel object) while the BTBR (vehicle) mice
showed no preference between the two chamber which is consistent with previous research in
adult and juvenile C57 and BTBR mice. 135136 The addition of febuxostat did not improve
chamber preference of BTBR mice to favor the chamber with the demonstrator mouse over

the empty cup (novel object).

Time spent around the demonstrator and empty cups were also measured as a more sensitive
measure compared to time spent in each chamber. Mice are able to be in close proximity to
the cups without directly engaging in social interaction with demonstrator mice. The C57
mice showed a significant preference for spending time around the demonstrator cup while

the BTBR groups showed no statistically significant preference for either cup.

The final test for sociability (social approach) was used as the most sensitive measure of
social interaction where experimental mice were engaged in face-to-face sniffing with the
demonstrator mice. Our results showed that the C57 mice spent significantly more time
engaged in face-to-face sniffing of the demonstrator mice than the BTBR (vehicle) mice

which is consistent with previous juvenile mice research by Babineau et al.[** The addition of
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febuxostat treatment in BTBR mice did not improve social interaction of BTBR (febuxostat)
mice compared to BTBR (vehicle) mice. C57 mice had a significantly higher amount of time

engaged in sniffing compared to the BTBR (febuxostat) mice as well.

Currently there no supportive data to determine if BTBR mice were systemically exposed
to febuxostat leaving us unable to determine if the drug had any behavioral effects over
the 1 week treatment period. Additionally, the study design had a low sample size per
group resulting in low overall power. Using a two-sample power analysis between BTBR
(febuxostat) and BTBR (vehicle) for grooming (restricted), grooming (unrestricted), and
social interaction (face-to-face), estimated samples sizes required to detect differences can be
calculated. Here we can assume equal sample sizes per group, a power of 0.80, and an alpha
of 0.05 to get an idea of the number of animals needed. For grooming (restricted) assuming
a mean difference of 10 seconds between the BTBR groups and a standard deviation (SD)
of 35 seconds yields an effect size of 0.29 which results in a sample size of 188 mice per
group to achieve an overall power of 80%. In the grooming (unrestricted) setting we can
assume a mean difference of 20 seconds between the BTBR groups and a standard deviation
(SD) of 45 seconds yields an effect size of 0.44 which results in a sample size of 83 mice per
group to achieve an overall power of 80%. For social interaction (face-to-face) assuming a
mean difference of 5 seconds between the BTBR groups and a standard deviation (SD) of 4
seconds yields an effect size of 1.25 which results in a sample size of 12 mice per group to
achieve an overall power of 80%. Overall, we would need more mice to detect differences in

repetitive grooming behaviors than for social interaction.

DHE staining of mouse brain tissue was carried out for all three groups to determine if
ROS levels would be lowered with febuxostat treatment. Overall, the levels of ROS in all
three groups were not significantly different from each other; this result requires further

investigation. If febuxostat managed to cross the blood brain barrier (BBB) into the brain
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tissue to inhibit XO it would be expected that lower levels of ROS would be present when
comparing the BTBR (febuxostat) to the BTBR (vehicle) groups but that was not seen.
Questions remain on (1) whether febuxostat made it to the blood stream after I.P injection
and (2) if febuxostat was absorbed into the blood stream was it able to reach the brain
tissue? Assuming that febuxostat could make it into the blood stream it is possible that it
would not be able to cross the BBB after 7 days of administration due to the properties of
the drug and properties of the BBB. Factors important in determining if a compound will
cross the BBB are its size, charge, lipophilicity, tertiary structure, and its amount of protein
binding. ¥%137 In humans, febuxostat has a rapid absorption after oral administration where
it reaches peak concentrations in the plasma within 1 hour and has high binding to albumin
in the blood of approximately 99%.[™%% With plasma proteins such as albumin not being
able to cross the BBB!3® it is expected that compounds bound to these proteins would
also not be able to cross the BBB which may help explain why differences were not found

between BTBR groups.

3.5 Conclusions

With febuxostat being highly bound to plasma proteins, specifically albumin, a direct deliv-
ery route into brain tissue may be needed to study the potential effects of febuxostat on ROS
levels. Micro-infusion systems can be implanted into mice that allow for direct access to the
brain where compounds can be delivered continuously for extended periods of time. [139:140)
This approach would be favorable as it would remove the need for daily administration

through I.P. injections and longer studies can be run where delivery of febuxostat into brain

tissue is ensured.
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Chapter 4

Pharmacokinetic Modeling of
Absorption, Distribution,
Metabolism, and Excretion of

Febuxostat

Jamelle M. Simmons, Luke Achenie, Yong W. Lee

In preparation for submission

Febuxostat is a non-purine selective inhibitor for xanthine oxidase management in gout pa-
tients with rapid absorption and low to medium volume of distribution. It is metabolized by
both the cytochrome P450 and uridine diphosphate (UDP) glucuronosyltransferases (UGT)
families in the liver, specifically UGT1A1, 1A3, 1A7, 1A8, 1A9, 1A10, and CYP1A1, 1A2,
2C8, and 2C9. While febuxostat is targeted for gout management, alterations in blood-brain
barrier (BBB) integrity, found in some neurological diseases, can see increased permeability
into the central nervous system (CNS). Brain tissue also contain cytochrome P450 enzymes
and the ability to metabolize drugs. This study models pharmacokinetic (PK) absorption,
distribution, metabolism, and excretion beyond the central plasma compartment under mul-

tiple hypotheses to explain drug movement into other compartments.
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Human plasma data at 40mg and 80mg febuxostat dosages from Luo et al.["® were digitized
and a multi-compartment model constructed under four cases where peripheral compart-
ments (liver, CNS, kidney, and other tissues) were optimized to produce a simulated plasma
compartment that closely matched human plasma data. A total of four hypothesis-driven
cases are proposed (1) drug movement into all compartments, (2) no drug passage into the
CNS, (3) metabolism and excretion only occur in the liver and kidney compartments, and

(4) a diseased state in the CNS with increased permeability.

Cases 1 and 2 produced PK models that resulted in a simulated central plasma compart-
ment that had low percent error for area under the curve (AUC) where rates of entry into
compartments were either equal to or higher than exit rates back to the central plasma com-
partment. Cases 3 and 4 were only able to produce simulated central plasma data similar
to human data by creating exiting rates at significantly higher levels than entry rates for
the CNS and tissue compartments. Case 1 emerged for further investigation to continue to

narrow PK parameters of peripheral compartments when permeability and metabolism in

the CNS are considered.
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4.1 Introduction

Febuxostat (MW = 316.374), 2-[3-cyano-4-(2-methylpropoxy)phenyl]-4-methylthiazole-5-carboxylic
acid, is a non-purine selective inhibitor of xanthine oxidase for the management of hyper-

uricemia in patients with gout!™7783,

In healthy human subjects, febuxostat is rapidly
absorbed after oral administration with peak concentrations reached after 0.5 — 1.5 hours
under fasting conditions. Additionally, febuxostat is a weak acid with a dissociation con-
stant (pKa) of 3.3, is highly bound to albumin in blood (approximately 98-99%) and carries

a low to medium volume of distribution 777

. Pharmacokinetic (PK) parameters calculated
from human data are highly variable in literature even among studies drawing from the same

population (Table 4.1).

Table 4.1: Pharmacokinetic data of febuxostat plasma levels in healthy volunteers.

Zhou et al.? (B4) | Zhang et al.* (™) | Wu et al.’ (I¥9])
Parameters | Dose Mean+SD Mean+SD Mean4SD
C (ng,/ml) 40mg | 2835£1136.41 1911.954+678.40 3318+1446
e 80mg | 5356.75£1711.33 | 2966.70£1176.13 451941968
; (hr) 40mg 1.71£0.75 1.02£0.72 1.5+0.8
e 80mg 1.46+0.62 0.96+0.35 2.9+1.9
t15 (hr) 40mg 5.95+2.71 3.81x1.77 4.7+1.8
1/2 80mg 9.41+7.47 5.024+1.23 6.54+2.3
40mg 4.81£1.18 9.41£2.87 not specified
CL/F (L /hr) 80mg 4.70+1.21 10.92+4.66 not specified
VA/F (L) 40mg 39.66+16.69 48.80+£19.49 not specified
80mg 62.72+£51.41 77.90+£32.35 not specified

& healthy male and female Chinese volunteers under fasting conditions

b

no gender or fasting specifications of healthy Chinese volunteers

Metabolism of drugs occurs by phase I and phase II elimination where phase I generally leads
to oxidation, reduction, or hydrolysis of drugs while phase II leads to conjugation reactions
which helps with excretion of metabolites in the urine!®).Cytochrome P450s (CYP450s) en-

zymes are responsible for most of the phase I drug metabolism and are mainly present on
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smooth endoplasmic reticulum (ER) and mitochondria of liver hepatocytes and small intes-
tine of epithelial cells. Based on the protein content, CYP3A4 is the most abundant in the
human liver at 22.1%, followed by CYP2E1 at 15.3%, and CYP2C9 at 14.6%, with CYP2C8,
CYP1A2, and other CYP450s accounting for smaller percentages!™. The uridine diphos-
phate (UDP) glucuronosyltransferase (UGT) family is responsible for phase II conjugation
where compounds are glucuronidated. The liver is the main site of glucuronidation although
other tissues such as the kidney, lung, gastrointestinal tract, prostate, spleen, skin, and brain

also express UGT !,

Febuxostat is extensively metabolized by both the UGT and CYP450 enzymes, specifically
UGT1A1, 1A3, 1A7, 1A8, 1A9, 1A10, and 2B7 by conjugation and CYP1A1, 1A2, 2C8, and
2C9 by oxidation!™141142l - Phase I metabolism results in up to 40% metabolism by glu-
curonidation and up to 35% metabolism by oxidation!"#%83 While the focus of metabolism
of febuxostat has mainly centered on the gastrointestinal system, oxidation of drug com-
pounds can also occur in other tissues such as the brain. Although the brain CYP levels
have been estimated to range from 0.5-2%™ up to approximately 10%[™ of those found in
the liver they can still contribute to metabolism of drugs that can reach brain tissue. Of the
CYPs found to metabolize febuxostat in the liver, CYP1A1, 1A2, and 2C8 have been shown
to be expressed in the brain in various regions such as the cortex, cerebellum, basal ganglia,

hippocampus, substantia nigra, medulla oblongata, and other tissues[143144,

Normally, the blood-brain barrier (BBB) of the central nervous system (CNS) is extremely
selective in the types of compounds that cross it and the mechanism of transport. During
a diseased state the BBB can have increased permeability which would allow compounds
that previously would not be able to cross the BBB. BBB disruption and altered function

64,65

have been documented in autism spectrum disorder (ASD) % multiple sclerosis (MS)[64:6°]

and Alzheimer’s disease (AD)%+67] As these disorders remain with patients from their early
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onset it is important to also investigate drug transport into the CNS space when the BBB

function is altered.

With the potential of the brain to metabolize febuxostat PK models can be developed that
include the CNS as another site where drugs can be distributed if they reach the central
plasma compartment. With pharmacological data on human organ systems being sparse
outside of drug concentrations in blood (specifically plasma), computational approaches can
be used to simulate and evaluate hypotheses about how various systems interact when drug
flows throughout the body. We attempt to determine pharmacologic parameters outside
of the blood plasma through the use of PK models represented through linear differential
equations where we link the plasma compartment to the liver, kidneys, CNS, and remaining
tissues. The goal of the study is to estimate PK parameters for peripheral compartments

that yield a simulated plasma compartment similar to human published data.

We investigated 4 hypothesis-based cases as follows: (1) drug flow to the plasma compart-
ment and all other compartments, (2) drug flow to the plasma compartment assuming no
metabolism in the CNS, (3) drug flow to the plasma compartment assuming no metabolism
in both the CNS and other tissues, and (4) drug flow to the plasma compartment assuming
increased drug flow into the CNS but no metabolism in the CNS. All cases were simulated
for both 40 and 80mg febuxostat doses which are approved for use in humans. For this study

no distinction was made between unchanged febuxostat or its active oxidized metabolites

67M-1, 67TM-2, or 67M-4 in the compartments.
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4.2 Materials and Methods

4.2.1 Plasma Pharmacokinetic Parameters

Luo et al.[" conducted a 4-way, randomized, open-label cross-over clinical study in 24
healthy male volunteers (age 18 to 40 years) with a body mass index between 19-24 kg/m?.
Blood samples were collected at 0, 0.25, 0.5, 0.75, 1.0, 1.5, 2, 3, 4, 6, 8, 10, 12, 16, 24,
36, and 48 hours (hr). For the 40mg and 80mg reference formulations the time to reach
maximum serum concentrations (t,,.,) was 1.854+1.03 (mean £+ SD) hours and 2.23+1.55
hours for the 40 and 80mg doses respectively. The apparent volume of distribution (V/F)
was 53.61422.33 liters (L) and 63.77423.74 L for the 40 and 80mg doses. The clearance
(CL/F) was 8.0142.91 liters per hour (L/hr) and 8.32+2.69 L/hr for the 40 and 80mg doses

respectively 7.

For our purposes the PK mean clearance values from Luo et al.["® were rounded to 8 L /hr for
both 40 and 80mg doses. Volume of distribution was rounded to 54 L for the 40mg dose and
64 L for the 80mg dose. The elimination rate from the plasma compartment, ke (hr=!), was
calculated by dividing Cl/F by V/F for both the 40mg and 80mg doses to yield elimination
rates of 0.148 and 0.125 (hr™!) for the 40 and 80mg doses respectively. The absorption rate
(kq, hr™!) from the gastrointestinal tract into the plasma compartment for the 40 and 80mg
doses was determined using the t,,,, equation (equation(4.1)) where t,,,, was set to 1.85
and 2.23 hr for the 40 and 80mg doses and k, was solved for. Absorption rates (k,) were

calculated as 1.34 and 1.1 (hr™') for the 40 and 80mg doses.

In a separate study Hira et al.[*? generated a population PK model for patients with severe
renal impairment where a final model estimate for k, of 2.52 (hr™!) was determined. Hirai et

al.["% assumed a value of 2.18 (hr™') for gastrointestinal absorption (k,) as they were unable
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to determine an absorption value. Both studies used absorption values higher than those
determined from using the Luo et al."! data. The central plasma compartment terminal
elimination rates (k), based on the Luo et al.["l data, were calculated as 0.148 (hr~!) for
the 40mg single dose and 0.125 (hr™!) for the 80mg single dose of febuxostat. PK studies,
where k,; values were published for a 80mg single dose, showed k.; values of 0.0864+0.030
(hr=!) from Kim et al.®¢ and 0.10996 (hr~!) from Chandu et al.["*" which are both lower

than the k; value for the 80mg single dose of febuxostat in this current study.

In (fe)

e

tmaz =
ka - kel

(4.1)

WebPlotDigitizer version 4.1 https://automeris.io/WebPlotDigitizer was used to ex-
tract concentrations at each time point from the 40 and 80mg reference formulation plots
from Luo et al. and the area under the curve (AUC) for both formulation was calculated
using the trapezoidal method. Peak concentrations (ng/mL) from the digitized plots of the
40mg and 80mg doses were 1123 and 1796 respectively with AUCs of 5446.40 and 11026.95

(ng*hr/mL) respectively for the 40mg and 80mg doses.

4.2.2 Development of a Multi-Compartment Pharmacokinetic Model

A five compartment model (Figure 4.1) is developed with absorption of febuxostat into the
central plasma compartment and bi-directional flow into the liver, kidneys, CNS, and all
other tissues (fat, muscle, etc.). The PK parameter rates entering the CNS from the central
compartment, returning to the central compartment, and metabolism in the CNS compart-
ment are K.i, ke, and k.., respectively (units, hr~!). The parameters rates entering the

liver from the central compartment, returning to the central compartment, and metabolism
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in the liver compartment can be represented as ki, ki, and ki, respectively (units, hr™1).
The kidneys can be represented with parameter rates entering the compartment from the
central compartment (kg;), returning to the central compartment (kis), and being excreted
from the body as ke, respectively (units, hr=!). Parameter rates entering all other tissues
from the plasma compartment, returning to the plasma compartment from the tissues, and

retention in the tissues can be represented by ki1, kso, and ky, respectively (units, hr™1).

CNS — kcex

K R
Ks Central |-« - - | Tissues p—> ki
12
fy \k”
A‘; m
Kidneys Liver
kkex I(Iex

Figure 4.1: Pharmacokinetic model of febuxostat distribution in vivo for 40mg and 80mg
cases. Bioavailability of 80% is assumed for both 40mg and 80mg cases.

The oral bioavailability of febuxostat is not known as there is no intravenous formulation to
compare to the oral formulation but bioavailabilities have been assumed within the range of
65% 1146 to 85%(™™. For modeling purposes we assumed an oral bioavailability of 80% for both

the 40 and 80mg doses meaning that 80% of the dose made it to the central compartment
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while the remaining 20% was removed from the body as waste.

The plasma compartment was exposed to the available dose of febuxostat continuously for
times less than tmax for both 40 and 80mg doses (equation(4.2)). PK equations were gen-
erated for the CNS (equation(4.3)), tissues (equation(4.4)), liver (equation(4.5)), kidneys
(equation(4.6)), and the central plasma (equation(4.7)) compartments. It is assumed that

drug concentrations within each compartment are homogeneous at each time point.

R(t) = Dose x Bioavailability, fort < tma (4.2)
d[C;ZZ;fS] = ko X Central — CNS[ke + keey] (4.3)
W = ki x Central — Tissue[kiy + Kiex) (4.4)
% = kp x Central — Liver[kyy + kie,] (4.5)
W = k1 % Central — Kidneys[kps + krea] (4.6)
d[Central] _ ko x R(t)

o vd + [k X ONS + ki x Tissue + kjg X Liver + ko x Kidney|

—Centrallka + kn + ki + ki
(4.7)

4.2.3 Data Constderations

For modeling purposes, PK parameters and data were estimated from published figures by
Luo et al.[™ in addition to using average values (tyae, CL/F, V/F) which carried a wide
deviation in the sample size of 24 healthy volunteers. This added additional complexity

making it harder to match the simulated plasma compartment to the human data by varying
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parameters of the CNS, liver, kidneys, and other tissue compartments. Additional sources
of complexity were the choice of bioavailability which has an impact on the amount of drug
that is absorbed from the gastrointestinal tract into the central plasma compartment. Since
the absolute bioavailability of febuxostat is not known, estimates for its bioavailability vary

within the literature (77146l

4.2.4 Physiologic Modeling Considerations

Drug absorption from the gastrointestinal tract into the central plasma compartment was
removed once peak concentration times were reached for both the 40mg and 80mg doses.
Physiologically, it is unrealistic for the liver, kidneys, CNS, and other tissue compartments
to be actively engaged in drug transport, retention, metabolism, and excretion at early time
points, but it is not known how long of a delay should be applied computationally before
these compartments are considered active. With the assumption that febuxostat can be
retained in tissues it is not known how long they are retained for and the rate of release from
these tissues back into the central compartment, where it can be broken down and removed

from the body.

4.2.5 Modeling Cases

Under various cases PK parameters are varied for the CNS, tissues, liver, and kidneys com-
partments that would produce a simulated plasma compartment which could be compared

to human plasma data for the 40 and 80mg cases from Luo et al.l™.

Initial guesses are
used as inputs for MATLAB 2017b and through least squares optimization, rate constants
for the CNS, tissue, liver, and kidney compartments are varied to minimize the difference

(sum of squares) between the simulated plasma compartment concentration and the human
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plasma compartment data. The area under the curve (AUC) is computed for the simulated
plasma (AUCy;,) compartment using the trapezoidal method that can then be compared to

the AUC for the published human plasma data (AUC,,;).
Four modeling cases are considered for the 40 and 80mg doses:
Case 1: Drug movement to all compartments

Under case 1, the hypothesis was that metabolism of drug is primarily in the liver compart-
ment while metabolism in the CNS and tissue compartments and excretion in the kidney
compartment were similar and less significant. The parameter rates entering (k.;) and ex-
iting (k.2) the CNS compartment were the same, rates entering (k) and exiting (k) the
tissue compartment were the same, rates entering (k;;) and exiting (k) the liver compart-
ment were the same, and rate entering (ky;) and exiting (k) the kidney compartment were
the same. Parameter rates for the liver were the highest, followed by the kidney, tissue, and

CNS compartments.
Case 2: No passage of febuzostat into the central nervous system

Under case 2, the hypothesis set rates entering (k. ) and exiting (k.) the CNS to zero
while metabolism within the CNS was allowed to vary. Parameter rates for the liver and
kidney compartments were held the same as in case 1. Parameter rates of entry, exit, and
metabolism in the tissue compartment were allowed to vary. The rate of metabolism in the

liver compartment held the same value as in case 1.
Case 3: Febuzostat metabolism and excretion occurs only in liver and kidneys

Under case 3, the hypothesis assumed no metabolism within the CNS and tissue compart-
ments (Kee.=kser,=0) and the rates into these compartments(k.; & k;;) were slower than the

rates out (ke & kio). The remaining parameter rates in the liver and kidney compartments

64



were allowed to vary.
Case 4: Disease state in central nervous system with increased CNS permeability

Under case 4, the hypothesis assumed the CNS was more permeable under a disease state.
Rates entering (k.;) and exiting (k.2) the CNS compartment were increased but the metabolism
rate was assumed to be negligible. Rates entering (k;;) and exiting (k;2) the liver compart-
ment were set equal to each other and rate entering (kj;) and exiting (kgo) the kidney
compartment were set equal to each other. The rate of metabolism in the liver compartment
(kier) was set higher than the tissue compartment (ky.,) and higher than the rate of excretion

from the kidney compartment (kg ).

4.2.6 Sensitivity Analysis for Bioavailability

In addition to the four hypothesis-driven cases a sensitivity analysis for bioavailability is
completed, using case 1 initial input PK parameters, to determine the impact bioavailability
on the resulting plasma profile and optimized parameters. Bioavailability values of 70% and

90% are used as inputs to test the model sensitivity.

4.3 Results

4.3.1 Case 1: Drug Movement to All Compartments

The simulated plasma concentration profiles (Figure 4.2) captured the drug profiles of the
published human plasma data even though the peak concentrations for the 40mg dose (1013
ng/mL) and 80mg dose (1648 ng/mL) were slightly smaller than the published values. After

optimization for the 40mg dose (Table 4.2), the CNS, tissue, and liver compartments returned
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the same best-fit rate value of 0.0081 hr~! entering and exiting each compartment. The

I entering (ky;) and exiting

kidney compartment had the best-fit rate value of 0.126 hr~
(kxo) compartment. Best-fit metabolism rates were the same for both the CNS and tissue
compartments (ke = kier = 0.242 hr!) while the best-fit liver metabolism and kidney

excretion rates were 0.315 hr=! and 0.231 hr~! respectively.

For the 80mg dose the optimized tissue compartment parameters resulted in a lower exiting
(ks2) rate than entering (k;1). The optimized metabolism rate of the CNS (0.242 hr™!) yielded
a higher value than the tissue metabolism (0.22 hr~!) while the excretion rate from the kidney

compartment was set at the same rate as the CNS (0.242 hr™!) with liver metabolism set at

0.3152 hr—t,

The rate of elimination from the plasma compartment for the 40 and 80mg simulated
doses were optimized but not high enough to exactly match the human data. The human
plasma compartment (AUC,,;) for both the 40 and 80mg doses were 5446.40 and 11026.95
(ng*hr/mL). The simulated plasma compartment (AUCy;,,,) were calculated at 5677.13 and
11061.91 (ng*hr/mL) for the 40 and 80mg doses respectively (Table 4.2). The results were
good with 4.24% and 0.32% error between the simulated AUC (AUC;,) and published

human plasma data (AUC,,;) for the 40 and 80mg doses respectively.

An increase from the 40mg to 80mg dosage resulted in (1) a reduction in gastrointestinal
absorption into the central plasma compartment, (2) a decrease in both tissue metabolism
and the return rate from the tissue back into the plasma compartment, (3) a decrease in
rates entering and exiting the liver and kidney compartments, and (4) an increase in the

kidney excretion rate.
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Figure 4.2: Case 1 for (A) 40mg and (B) 80mg dosing matching simulated plasma compart-
ment to human data.

Table 4.2: Case 1: pharmacokinetic parameters used to minimize the simulated plasma
compartment to published human data.

Dose ‘ CNS* ‘ Tissues® ‘ Liver® ‘ Kidneys® ‘ Additional
ke.1=0.0081 | k¢ =0.0810 | k;3=0.1800 | kx1=0.1260 k,=1.34°
10mg keo=0.0081 | k;2=0.0810 | kj3=0.1800 | ky2=0.1260 | AUC,,,=5446.40°

Keer =0.2420 | k4, =0.2420 | k;e,=0.3150 | kge,=0.2310 | AUC,;,,=5677.13
ke.1=0.0081 | k¢ =0.0810 | k;3=0.1260 | kz;=0.1080 k,=1.10°
$0mg keo=0.0081 | k;2=0.0450 | k;2=0.1260 | kzz=0.1080 | AUC,,,;,=11026.95"

Keer =0.2420 | k4, =0.2200 | ki, =0.3152 | kge,,=0.2420 | AUC;,=11061.91

2 fitted parameters (hr—!)
b calculated from Luo et al.[76]
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4.3.2 Case 2: No Passage of Febuxostat into Central Nervous

System

The simulated plasma concentration profiles, after optimization (best-fit) (Table 4.3), de-
viated slightly from the human plasma data (Figure 4.3) for both doses. Under the 40mg
dose the concentration peaked at 1013 ng/mL and under the 80mg dose the concentration
peaked at 1648 ng/mL. For both the 40 and 80mg doses the rates entering and exiting the
liver and kidney compartments remained the same as in case 1 while the kidney excretion
rate increased for the 40mg dose in case 2 (0.2970 hr~!) compared to case 1 (0.2310 hr™!) to
help counteract the decreased metabolism rate in the system when the rate entering the CNS
compartment is set to zero. When the entry, exit, and metabolism rates of the tissue com-
partment were allowed to vary, for the 40mg dose, the metabolism rate increased between
case 1 (0.2420 hr™') and case 2 (0.2970 hr=!). The rate entering the tissue compartment

also increased when the rate entering the CNS compartment was set to zero.

Increasing the dose to 80mg in case 2, the rates entering and exiting the liver and kidney
compartments decreased in addition to a decrease in the exiting rate from the tissue com-
partment. The metabolism rate of the tissue compartment decreased while there was a slight
increase in the liver compartment. The Kidney excretion rate also decreased compared to the
40mg dose. When compared to case 1 for the 80mg dose, the tissue compartment increased

its metabolism rate to counteract the loss of entry to the CNS compartment.

The simulated plasma compartment AUC;,, for both doses were predicted at 5469.92 and
11107.20 (ng*hr/mL) for the 40 and 80mg doses respectively (Table 4.3). This deviates by
0.43% and 0.73% from the published human plasma data (AUC,,;) for the 40 and 80mg

doses respectively.
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Figure 4.3: Case 2 for 40mg and 80mg assuming not passage of febuxostat into the central
nervous system.

Table 4.3: Case 2: pharmacokinetic parameters assuming no central nervous system

involvement (k. = koo = keew = 0).
Dose ‘ CNS ‘ Tissues® ‘ Liver® ‘ Kidneys® ‘ Additional
k.1=0.0000 | kys=0.0900 | k;;=0.1800 | kx3=0.1260 k,=1.34°
A0m keo=0.0000 | k;2=0.0810 | kj3=0.1800 | ky2=0.1260 | AUC,,,=5446.40°
& Kz =0.0000 | k¢, =0.2970 | kje,=0.3150 | kge,=0.2970 | AUC,;,,=5469.92
k.1=0.0000 | k;1=0.0900 | k;;=0.1260 | kx;=0.1080 k,=1.10°
80m keo=0.0000 | k;2=0.0540 | kj3=0.1260 | kzz=0.1080 | AUC,,,;,=11026.95"
& Keer =0.0000 | kyer,=0.2420 | ki, =0.3154 | kge,=0.2420 | AUC;,,,=11107.20

2 fitted parameters (hr—!)
b calculated from Luo et al.[76]
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4.3.3 Case 3: Febuxostat Metabolism and Excretion Occurs Only

in Liver and Kidneys

Under the assumption that metabolism does not occur in the tissues and CNS the simulated
plasma compartment (Figure 4.4) reached a lower peak concentration in both 40mg (950
ng/mL) and 80mg (1476 ng/mL) doses that was lower than what was seen in case 1 and

case 2.

For both the 40and 80mg doses when no metabolism rate is assumed for the CNS and tissue
compartments, higher rates exiting the tissue, CNS, and kidney compartments back to the
central compartment occurred. The liver compartment rates entering and exiting remained
the same for the 40 and 80mg doses (Table 4.4). To compensate for higher rates back into the
central compartment the kidney and liver compartments increased their rate of metabolism
and excretion respectively with the 40mg dose showing higher rates than the 80mg dose.
While case 3 also showed a reduction in metabolism and excretion rates for the liver (0.4234
hr™! to 0.333 hr') and kidney (0.3520 hr™! to 0.2750 hr™!) compartments, increasing from

the 40mg to 80mg doses, these rates were higher than both cases 1 and 2 at both doses.

The simulated plasma compartment AUC,;,, for both doses were calculated at 5526.20 and
10802.09 (ng*hr/mL) for the 40 and 80mg doses respectively (Table 4.4). This deviates by
1.47% and 2.04% from the published human plasma data (AUC,,;) for the 40 and 80mg

doses respectively.
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Figure 4.4: Case 3 for 40mg and 80mg assuming metabolism only occurs in the liver and

kidneys.

Table 4.4: Case 3: pharmacokinetic parameters assuming no metabolism within CNS
and tissue compartments (Keez = kier = 0).

Dose ‘ CNS“ ‘ Tissues® ‘ Liver® ‘ Kidneys® ‘ Additional
k.1=0.0081 | k4;=0.0810 | k;1=0.2702 | ky;=0.1801 k,=1.34°¢
A0mg keo=0.1646 | k;2=0.3295 | k;3=0.2700 | kyz=0.2110 | AUC,,;=5446.40°

Keer=0.0000° | k4o =0.0000° | k;o,=0.4234 | kp, =0.3520 | AUC,;,,=5526.20

k.1 =0.0081 | k4=0.0810 | k;;=0.2340 | kz;=0.1800 k,=1.10¢
$0mg ke=0.0810 | kp=0.2860 | k;2=0.2340 | kzo=0.2420 | AUC,,;,=11026.95°

Keee=0.0000° | Ky, =0.0000° | k;=0.3330 | kpee=0.2750 | AUC,;,,=10802.09

2 fitted parameters (hr=!)

b

C

assumed parameters (hr—1)
calculated from Luo et al. 7%
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4.3.4 Case 4: Disease State in Central Nervous System with

Increased CNS Permeability

Under the assumption that permeability is increased (Figure 4.5) in the CNS, the rate into
the CNS was increased by more than double (0.0270 hr~!, Table 4.5) compared to cases 1
and 3 (0.0081 hr~!) for the 40mg dose. CNS entry rates increased by approximately ten-
fold (0.0841 hr™') compared to case 1 and 3 (0.0081 hr™') for the 80mg dose after best-fit
optimization. The rate exiting the CNS for case 4 approximately doubled between the 40mg
(0.1350 hr!) and 80mg (0.2571 hr™!) doses compared to case 1 where the rate exiting the
compartment remained the same and case 3 where the rate exiting the CNS into the central
compartment was cut approximately in half when increasing from the 40 to 80mg dose. Peak
concentration levels were higher for both the 40mg (1018 ng/mL) and 80mg (1565 ng/mL)

doses than those seen in case 3.

The simulated plasma compartment AUC,;,, for both doses were calculated at 5471.20 and
11051.53 (ng*hr/mL) for the 40 and 80mg doses respectively (Table 4.5). This deviates by
0.46% and 0.22% from the published human plasma data (AUC,,;) for the 40 and 80mg

doses respectively.

Table 4.5: Case 4: pharmacokinetic parameters for central nervous system disease state

(kcex = O)

Dose ‘ CNS“ ‘ Tissues® ‘ Liver® ‘ Kidneys® ‘ Additional
k.1=0.0270 | k4=0.0810 | k;3=0.1800 | kx1=0.1260 k,=1.34°¢
40mg keo=0.1350 | kp=0.0810 | kj»=0.1800 | kz2=0.1260 | AUC,,;=5446.40°

Keew=0.0000° | Kkyee=0.2750 | k;e;=0.3600 | kpe,=0.2750 | AUC,;,,=5471.20
ke =0.0814 | k;1=0.0810 | k;3=0.1263 | kx1=0.1083 k,=1.10°¢
$0mg kep=0.2571 | ky=0.0511 | k;9=0.1356 | kz2=0.1230 | AUC,,;,=11026.95°

Keew=0.0000° | kyee=0.2205 | kjep=0.3487 | kper,=0.2640 | AUC,;,=11051.53

2 fitted parameters (hr—1)

b

C

assumed parameters (hr—1)
calculated from Luo et al. (7

72



1A —&— 40mg B R
—@®— Plasma —@®— Plasma
> CNS > CNS
T —%— Liver —%— Liver
1000 - o Kidneys m} Kidneys
4 —— Other Tissues —— Other Tissues

Concentration (ng/mL)
Concentration (ng/mL)

0 10 20 30 40 50
Time (hours) Time (hours)

Figure 4.5: Case 4 assuming for 40mg and 80mg assuming increased CNS permeability.

4.3.5 Sensitivity Analysis for Bioavailability

Visual inspection of the 40mg (Figure 4.6) and 80mg (Figure 4.7) dose shows that bioavail-
ability has an increased effect on the steepness of absorption into the plasma compartment
when varied at 70, 80, and 90%. Sensitivity analysis for the 40mg (Table 4.6) dose reveals no
changes in CNS, liver, kidney, or other tissue compartment PK parameters with the bioavail-
ability input of 70 and 80%, but the AUC,;,, for the 70% input is lower than for the 80%
input resulting in a percent error increase from 4.24% (80% bioavailability) to 9.30% (70%
bioavailability). When the bioavailability is increased from 80% to 90% the PK parameter
rate for CNS entry into the CNS increases and the rates for entering, exiting, and metabolism
in the liver also increase. This change leads to an AUC,;,, of 5862.18 and a percent error of
7.63% from the human plasma compartment data. For the 80mg dose (Table 4.7) the 70%
bioavailability input resulted in increased exiting rates from all peripheral compartments
back to the central plasma compartment with reductions in metabolism/excretion from the

CNS, liver, and kidneys compared to the 80% bioavailability. When the bioavailability is
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increased further to 90% only metabolism in the liver compartment increases in addition to
increased rates of entry into the CNS. AUC percent error, comparing simulations (AUCg;,)
to human plasma data (AUC,,;), for the 70% (10.53%) input decreases to 0.32% when 80%

bioavailability is reached but then increases to 1.50% when bioavailability is increased further

to 90% for the 80mg dose.

1250 1250
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D> CNS 7 D> CNS
4 % Liver 1 —%— Liver
1000 —H o Kidneys 1000 o Kidneys
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Concentration (ng/mL)
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Figure 4.6: Sensitivity analysis using (A) 70% and (B) 90% bioavailability for 40mg dose.
Compartment profiles for 80% bioavailability can be found in Figure 4.2(A).

4.4 Discussion and Conclusions

4.4.1 Case Considerations

A total of 4 hypothesis-based cases were presented where PK parameters were varied within
different compartments with the goal of simulating a plasma compartment similar to hu-
man published data. This approach could help provide insight into potential PK values for

each compartment. As parameters were varied to minimize error between the human and
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Table 4.6: Pharmacokinetic parameters resulting from sensitivity analysis for 40mg dose at 70, 80,
and 90% bioavailability.

Bioavailability (%) | ~ CNS® | Tissues” Liver | Kidneys® | Additional
k.;=0.0081 | k;;=0.0810 | k;1=0.1800 | kz;=0.1260 k,=1.34%

0 keo=0.0081 | ki{=0.0810 | k;5=0.1800 | kxo=0.1260 AUCpub:5446.40b
Keew=0.2420 | K4, =0.2420 | ki, =0.3150 | ke, =0.2310 | AUC,;,,=4939.69
k.1=0.0081 | k¢1=0.0810 | k;1=0.1800 | kx;=0.1260 k,=1.34°

20 keo=0.0081 | ki{=0.0810 | k;5=0.1800 | kio=0.1260 AUCpub=5446.40b
Keew=0.2420 | K¢ =0.2420 | ki, =0.3150 | ke, =0.2310 | AUC,;,,=5677.13
k.1=0.0099 | k;1=0.0990 | k;1=0.1924 | k;;=0.1260 k,=1.34°

90 ko=0.0081 | ky{=0.0810 | k;5=0.2001 | ki»=0.1260 AUCpub:5446.40b
Keex=0.2420 | k4o, =0.2420 | Kk;o;=0.3850 | kper,=0.2310 | AUC,;,,=5862.18

2 fitted parameters (hr—!)

b calculated from Luo et al. (7
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Figure 4.7: Sensitivity analysis using (A) 70% and (B) 90% bioavailability for 80mg dose.
Compartment profiles for 80% bioavailability can be found in Figure 4.2(B).
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Table 4.7: Pharmacokinetic parameters resulting from sensitivity analysis for 80mg dose at 70, 80,
and 90% bioavailability.

Bioavailability (%) | ~ CNS® | Tissues® | Liver® | Kidneys® | Additional
ke.1=0.0081 | k4=0.0811 | k;1=0.1263 | kx1=0.1083 k,=1.10°
70 keo=0.009 | kp=0.0501 | k;3=0.1336 | kyp=0.1212 | AUC,,;,=11026.95°
Keex=0.2382 | ky,=0.2200 | kje,=0.3356 | kger,=0.2302 | AUC4;,,,=9865.96
k.1 =0.0081 | k41=0.0810 | k;3;=0.1260 | ki1=0.1080 k,=1.10°
30 keo=0.0081 | k=0.0450 | k;2=0.1260 | kzz=0.1080 | AUC,,;,=11026.95"
Keer=0.2420 | k¢, =0.2200 | ki, =0.3152 | kye,=0.2420 | AUC;,,,=11061.91
k.1=0.0099 | k;1=0.0810 | k;3=0.1260 | kx3=0.1080 k,=1.10°
90 keo=0.0081 | k;=0.0450 | k;3=0.1260 | kz2=0.1080 | AUC,,;,=11026.95"
Keez=0.2420 | ky;=0.2200 | kje,=0.3831 | kge,=0.2420 | AUC4;,,=11192.41

2 fitted parameters (hr—!)

b calculated from Luo et al.[76]

simulated plasma compartments some unlikely results emerged. For cases 1 and 2 the rate
of entry into the peripheral compartments and rates of return to the central plasma com-
partment were either equal to each other or the rate of return to the central compartment
was lower than the rate of entry into the peripheral compartments. Cases 3 and 4 resulted
in higher rates exiting the peripheral compartments than entry into the compartments from

the central plasma compartment.

Plausibility of the computational models would need to be reinforced by both in vitro and
in vivo experiments with febuxostat in both healthy and diseased states to understand both
transport mechanisms as well as cell and tissue uptake in both states. Normally the BBB
is highly selective and restricts the movement of compounds into the CNS but under dis-
ease states such as MS, Alzheimer’s, and ASD permeability can increase resulting in drug

movement into the CNS but those levels are unknown.

Cases 1, 3, and 4 generated CNS concentration profiles where case 1 parameters are optimized
to low rates of entry and exit from the CNS while also assuming metabolism within the

compartment. Cases 3 and 4 produced higher rates of entry and exit from the CNS while
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also assuming no metabolism within the compartment. Out of these three cases, case 1
appears to be more plausible as it allows for metabolism even though the entry and exit
rates are low. Case 2 assumes zero rates of entry, exit, and metabolism (k.; = koo = Keer
= () making it less plausible than case 1 since brain tissue has the potential to metabolize
febuxostat by P450 enzymes. Currently there is no published literature on febuxostat that
would give insight into the potential for metabolism by other tissues such as fat and muscle.
Due to the lack available information on this topic multiple tissue types were lumped together
resulting a single tissue compartment. While assumptions about compartments were made,
case 1 would still make a good candidate model as it includes metabolism/excretion from
the liver, kidneys, and CNS compartments which cases 2-4 do not have. With case 1 being
identified as the most plausible prediction model from this study it would next need to be

tested and validated on its ability to accurately predict a new set of human PK data.

A major drawback of human multi-compartment PK models, in general, is the lack of biologi-
cal data. It is not feasible to obtain and process human organs at various time points to track
drug absorption, distribution, and metabolism useful for modeling. At best, animal models
can be used as a substitute but an appropriate model must be chosen with anatomy and
physiology which closely matches humans. Through computational modeling we were able to
simulate drug flow into various compartments, with and without restrictions, to determine
models which may give some insight into drug distribution scenarios that would reproduce

. The strength of the case 1 model is its

the plasma concentration profile from Luo et al.!
ability to be adapted and expanded on as future data and studies surrounding febuxostat
absorption, distribution, metabolism, and excretion becomes available in the future, but for

now it is a good start.

Potential uses for this model would include studying febuxostat distribution into the CNS

in patients with pre-existing neurodegenerative disorders such as ASD, MS, and Alzheimer’s
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that may encounter gout episodes in their lifetime when the BBB in these patient populations
is compromised. Having an understanding of the amount of drug that could cross into the
CNS using approved doses (40 and 80mg) of febuxostat as well as drug metabolism in the
CNS can lead to treatment modifications in patients with a compromised BBB to minimize

potential drug side effects.

Future modeling approaches can investigate the impact of the remaining tissues on drug
distribution as various tissue types may retain febuxostat for different amounts of time which
would impact the rate of return to the central compartment. The number of compartments
can either be reduced or increased once this information is known to generate a better model.
Future approaches can also look into drug-protein binding in the blood which will affect the
distribution of febuxostat throughout the body due to its increase in size when bound to

proteins.
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Chapter 5

Conclusions and Future Directions

Elevated blood levels of XO and brain oxidative stress have been documented in human ASD
patients compared to non-ASD patients with no known cause. Preliminary research from the
Lee lab group has documented elevated mRNA expression levels of XO as well as elevated
oxidative stress in the brain tissue of autistic (BTBR) mice compared to control (C57) mice.
The purpose of this project was to (1) investigate if a reduction of oxidative stress in the
brain tissue of BTBR mice would lead to cognitive improvements, and (2) develop two
computational models to predict transport to the brain. This lead to the development of
the three specific aims below. For this project, febuxostat was chosen as the drug candidate
of study for its lipophilicity, ability to inhibit XO, and its higher potency and better renal

clearance compared to allopurinol.
Aim 1: Model the transport of lipophilic compounds across a BBB mimic.

Aim 2: Determine if XO-inhibition lowers oxidative stress resulting in cognitive improve-

ment.

Aim 3: Create a pharmacokinetic multi-compartment model to study the body distribution

and penetration of febuxostat into the CNS and brain tissue.
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5.1 Specific Aim 1: Conclusions, Relevance, Limita-

tions

In the first study, FITC was examined as a candidate for passive diffusion across an HBMEC
in vitro model due to its similar properties to febuxostat and its isothiocyanate chain that
has been shown to diffuse into cells in the literature. Both NaFIl and flourescein (unconju-
gated) were chosen as controls because NaF1 was predicted to lack the ability to cross the
cell membrane due to its lack of lipophilicity and fluorescein (unconjugated) was expected
to not penetrate into the cell as it lacked the isothiocyanate chain. In vitro computational
simulations of the three fluorescent tracers into an HBMEC model revealed that only sim-
ulations of FITC could be reproduced that resulted in data that closely matching the in
vitro experiments. The continual increases in FITC concentration over the duration of the
in vitro experiments lends itself to the assumption of passive diffusion. Both computational
and in vitro results for NaF1 and fluorescein showed that the assumption of passive diffusion
was not suited for these tracers indicating that other models must be used to explain the

fluorescent intensity that remained with the cell monolayers after multiple washes.

Relevance of this work is two-fold in that it evaluates approaches to (1) computationally
determine physical parameters in an in vitro system and (2) demonstrates a procedure of
substituting lipophilic drug of interests with fluorescent compounds allowing for detection of
low concentrations. These approaches can be used as alternatives to more costly and time-
consuming methods of determining concentrations of compounds within cells and diffusion

constants.

Although the signal was low we were able to show and quantify that FITC could be modeled
by passive diffusion but a few limitations need to be addressed within the study that need

improvement. First, the signal read from cell cultures plates gave no indication of where
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tracers were contained. This made it hard to distinguish between tracer that may have been
within the cell cytoplasm, stuck in the plasma membrane, or remained bound at the surface
after multiple washes. The approach of using fluorescent readings allowed for detection of
small amounts of tracer, but the drawback was that the location of tracer remained unknown.
Calculations of tracer amounts were also based on the expected volume within each well when
converting from fluorescent units to mass. Since volume amounts were estimated based on
assumed monolayer heights of 1um and 5 pm the resulting tracer mass calculations could
vary from what was reported if the cell heights were under or over estimated. Monolayer
heights of 1 pm and 5 pm where chosen as they were within the range of normal cells (1 to
10 pm), but the exact height of the monolayers was unable to be determined experimentally.
Also while computational simulations could give information about depth of tracer amounts,
based on effective diffusion constants (D.ss), this could not be validated by in vitro methods
that only gave aggregate information such as total fluorescent intensity for each well. Once
these limitations are addressed a better experimental protocol can be developed that would

help validate computational simulations.

5.2 Specific Aim 2: Conclusions, Relevance, Limita-

tions

In this study, on the effects of febuxostat on behavior and oxidative stress, no statistically
significant differences were found between the BTBR vehicle group (5% v/v DMSO in PBS)
and BTBR treatment groups (vehicle + 10mg/kg febuxostat) after seven days of once daily
dosing by I.P injection in male juvenile mice. Three questions remained at the conclusion of
this study, (1) were the BTBR mice exposed to febuxostat systemically from IP injection, (2)

if systemic exposure occurred did febuxostat reach the brain tissue, and (3) was the chosen

81



dose and treatment schedule appropriate to see any changes in behavior and oxidative stress?
As there are no other published studies on behavioral changes and reductions of oxidative
stress in a BTBR model using febuxostat a dose of 10mg/kg per day may have been too low

to have any effect, assuming febuxostat was absorbed into the blood and reached the brain.

To address these questions multiple approaches can be used such as (1) a dose escalation
study with I.P injections and (2) direct delivery to the brain with escalating doses. In a
dose escalation study each successive cohort of mice, receiving febuxostat treatment, would
be exposed to higher doses until negative effects emerge due to either toxicity or sedative
effects. With direct delivery the BBB is bypassed and febuxostat can be exposed directly
to the brain that would require a dose escalation study as well. Once a safe dosing range is
found the behavioral and oxidative stress experiments could be repeated with the C57 and
BTBR groups to determine if there are any behavioral changes and reductions of oxidative

stress in BTBR mice treated with febuxostat.

After these tests are repeated, following studies on dose and delivery methods, the relevance
of using febuxostat can be better evaluated. Currently some limitations do exist with the
study related to the use of brain tissue and the detection of oxidative stress. In the study
brain tissues were frozen and stored until time was available for processing; this could result
in loss of oxidative stress detection especially if tissues are stored for long periods of time.
To address this, tissues should be processed as quickly as possible to have the best response
using the DHE stain. Also due to the small size of the juvenile mouse brain entire sections,
along sagittal plane, were used. To help with better comparison between treatment groups
specific brain regions can be identified for sectioning and a rodent brain matrix can be used

to create reproducible sectioning.
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5.3 Specific Aim 3: Conclusions, Relevance, Limita-

tions

In the third study four hypothesis-based PK models were proposed and evaluated for their
ability to describe the absorption, distribution, metabolism, and excretion of febuxostat in
the central plasma, CNS, liver, kidneys, and remaining tissue compartments. Sensitivity
analysis was carried out on a bioavailability range from 70-90% to evaluate how modeling
parameters changed as the plasma concentration profile was varied. Out of all models,
case 1 was selected as the most plausible of the four as the brain has the capacity for
drug metabolism if substances can cross into the CNS which is possible in diseases where
BBB disruption and dysfunction have been documented. Case 1 was also chosen as the
optimization (best-fit) parameters resulted in rates entering peripheral compartments (CNS,
liver, kidneys, other tissues) that were either equal to or higher than the rates leaving these

compartments, returning to the central plasma compartment.

Currently there are no published multi-compartment PK models for febuxostat, which would
make the model from our study a good starting point that can be re-evaluated and updated
as more human PK data for peripheral compartments becomes available. This study also has
potential clinical relevance as it can be used to study movement of febuxostat into the CNS
of patients that may have a compromised BBB which would help improve patient care. The
study also allows considering other plausible hypotheses to be investigated if experimental
data (in vitro or in vivo) for different compartments (i.e. tissues or organs) are generated or

tracked in the future.

A few of the limitations of the third study are (1) the lack of human PK data for febuxostat
in multiple tissues, (2) the method of parameter optimization, and (3) population differences.

Generally in animal models both plasma and tissue samples can be taken to determine drug
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concentrations, but in humans blood sampling is the primary method as tissue sampling is too
invasive which limits the amount of available data for use in a multi-compartment PK model
that includes tissues. For computational simulations initial PK model parameter inputs vary
all compartments which would result in the simulated plasma compartment approaching
values for the human plasma data it is compared to. An optimization-based parameter
identification approach was employed to identify the best set of PK model parameter values.
An issue with this approach is that a global optimization algorithm, such as genetic algorithm
or simulated annealing, is needed. In the study a local optimization algorithm was employed,
in which case the results were influenced by the initial starting parameter values. To counter
this initial PK parameters need to have starting points over a wider range and the results
compared to locate additional plausible optimized parameters for each compartment. Lastly,
population variability needs to be considered as age, race, and gender are potential factors
that would have an impact on drug metabolism in the body making it harder to apply.
One potential approach to address this limitation would be to include data from as many

significant sources of variability as possible to create a more robust model that can be used.

5.4 Future Work

Future work could involve two routes: (1) determination of a safe therapeutic dose of febux-
ostat that could lead to behavioral changes and a reduction of oxidative stress in autism
mice and (2) the creation of a multi-compartment mouse PK model which could potentially
be scaled up for humans. For the first route, discussed in section 5.2, it needs to be de-
termined (1) if there is any safe therapeutic dose that can reduce oxidative stress in brain
tissue of mice by oral administration or direct delivery of febuxostat and (2) if a reduction

in oxidative stress, caused by elevated levels of XO, could lead to behavioral improvements.
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This information would be needed to determine if XO-inhibition with febuxostat should be

continued.

The second route for future work would shift PK modeling to a mouse model which would
allow for more information to be gathered on concentrations within the blood plasma and
different tissues following oral administration, distribution, metabolism ,and excretion at
various doses. This animal model approach would also allow for the study of CNS perme-
ability following BBB disruption and dysfunction to quantify the potential amounts of drug
that could cross into brain tissue. Once PK parameters are calculated from the studies these
can be scaled up to build a human prediction model where the predictions could be compared

to available published human data for validation.
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