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ABSTRACT



ABSTRACT

Understanding the mechanisms that govern drug absorption and elimination is a critical
component in pharmaceutical research and development, as the oral route remains the most
common method of drug administration. The utilization of in silico physiologically based
pharmacokinetic modeling and simulation (PBPK M&S) has enabled the extrapolation of
modeling and simulation in special populations where concerns regarding alteration in
overall drug exposure may arise, such as following gastrointestinal surgery. Roux-en-Y
Gastric bypass (RYGB), or partial resection of the gastrointestinal tract, leads to multiple
physiological alterations that affect drug absorption. The inability to generalize and predict
changes in oral drug bioavailability (Fora)) following gastric bypass surgery presents a

considerable therapeutical challenge to clinicians.

PBPK M&S is a widely used approach for predicting the bioavailability changes in
different clinical scenarios. Infection post-surgery is the most common risk factor and
should be monitored and treated with utmost care. There is limited literature assessing the
bioavailability changes of oral antibiotics post-gastric bypass surgery. This thesis aimed to
determine the impact of gastric bypass surgery on oral drug absorption and metabolism for
antibiotics such as azithromycin, cefuroxime axetil, and metronidazole. This was
accomplished by applying the PBPK M&S approach to identify and define essential
intrinsic elements and parameters, model implementation, and validation within a general

model development framework.

The developed post gastric bypass surgery PBPK model provides a framework for

investigating physiological mechanisms associated with changes in systemic drug

14



exposure after oral administration, which may result from the interplay of disintegration,
dissolution, absorption, and presystemic metabolism by the intestine and liver. The
developed PBPK models of azithromycin, cefuroxime axetil, and metronidazole were used
to evaluate the changes in antibiotic exposure in gastric bypass surgery patients after a
solid and liquid formulation. The results from solid formulation bioavailability post gastric
bypass surgery model simulations suggest that the current dosing regimen for azithromycin
and cefuroxime axetil may not be sufficient for treating infections, and dose modifications
might be necessary. At the same time, no significant changes were observed for
metronidazole bioavailability post-surgery. The results from liquid formulations of these
antibiotics suggest that the azithromycin suspension presents enhanced absorption and
bioavailability than the tablet formulation. In contrast, the suspension of cefuroxime axetil

followed the same trend as solid formulation.

Overall, this thesis demonstrates the application of PBPK M&S in the extrapolation
of oral drug exposure to special populations (e.g., RYGB). The PBPK approach shows oral
bioavailability to provide clinicians with an evidence-based dose selection to prevent the
risk of treatment failure due decreased drug exposure of oral antibiotics post gastric bypass

surgery.
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BACKGROUND



Background

The World Health Organization (WHO) declared obesity, now a worldwide epidemic,
as one of the major concerns for global health. The WHO considered obesity to be the fifth
leading risk for global death and a significant burden on health care systems. Body mass
index (BMI= body weight (kg)/height (m)?) is the most commonly used measure for
classifying adults as overweight or obese, both at the population and the individual level.
Table 1 presents the WHO classification of obesity based on BMI with normal weight as a
BMI of 18 to 24.9 kg/m?, overweight as a BMI of 25 to 29.9 kg/m?, obesity as a BMI of 30
kg/m? or more, and morbid obesity as a BMI of >40 kg/m? or >35 kg/m? in the presence of
comorbidities [1]. Morbid obesity (body mass index [BMI] > 35 kg/m?) is an enormous
global health challenge, with an exponentially increased global prevalence over the past
several decades [2]. In the United States, the number of people who are overweight or obese
has increased to outnumber normal-weight individuals by 2:1. In the United States, during
the period 2015-2016, nearly 39.8% of adults and worldwide, more than 2.1 billion people

were classified as obese [3,4].

Table 2 presents the incidence of mortality and its associated comorbidities,
including cardiovascular disease, type 2 diabetes (T2D), dyslipidemia, hypertension, low-
grade systemic inflammation, depression, hyperlipidemia, and some cancers, which has
increased in the obese population relative to the normal weight category and represents a
major health and economic burden [5-7]. WHO estimated that overweight and obesity have
attributed to 44% of the diabetes cases, 23% of the heart disease cases, and up to 41% of

certain cancers worldwide. Globally, more than 2.8 million adults die each year as a
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consequence of being overweight or obese [8]. Regardless of race and age, women are

more affected by morbid obesity compared to men.

Equally serious, overweight and obesity rates in children parallel those of adults. The
incidence of obesity in children has increased to a point where one-third of children are
obese or overweight. The prevalence of obesity from 1999-2000 through 2017-2018
increased from 30.5% to 42.4% and affected about 14.4 million (19.3%) children and
adolescents. Obesity prevalence was 13.4% among 2-5-year-olds, 20.3% among 6-11-
year-olds, and 21.2% among 12-19-year-olds [9]. For children and teens, BMI is age and
sex-specific and is referred to as BMI for age. After calculating BMI for a child, the BMI
number is plotted on the CDC growth charts to obtain a percentile ranking. Percentiles,
which are age and sex-specific, are used to assess the size and growth patterns of children.
The growth charts classify the weight status categories into underweight, healthy weight,

overweight, and obese (Table 3) [10].

Table 1: WHO classification of adult overweight and obesity

Classification BMI (kg/m?) Risk of comorbidities
Normal Range 18.5-24.99 Average
Overweight >25.0
Pre-Obese 25.0-29.99 Increased
Obese >30.0
Obese Class | 30.0-34.99 Moderate
Obese Class Il 35.0-39.99 Severe
Obese Class Il >40.0 Very Severe

Treatment for obesity ranges from lifestyle modifications, such as diet and exercise, to

drug therapy, and surgical interventions with varying degrees of invasiveness. Such
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approaches also differ in effectiveness, health outcomes, and cost. Lifestyle modifications

in varying levels of intensity and various combinations have shown low to moderate long-

term effectiveness. There are few effective therapeutic products for the treatment of morbid

obesity. Weight loss as a result of pharmacotherapy is short term compared to lifestyle

modifications, and patients regain most of the lost weight once the therapy has stopped [11].

The rise in the prevalence of obesity resulted inincreased attention to the surgical approach

as part of the treatment of obesity. The National Institutes of Health, in 1991, established

guidelines for surgical therapy of morbid obesity, now known as bariatric surgery.

Table 2: WHO estimated Relative Risk (RR) for the obese subjects developing obesity — related

diseases

Greatly Increased
(RR>3)

Moderately Increased
(RR=2-3)

Slightly Increased
(RR=1-2)

Type 2 Diabetes
Dyslipidemia

Insulin Resistance
Depression
Sleep Apnea
Breathlessness
Gall Bladder disease

Coronary Heart Disease

Hypertension

Osteoarthritis

Hyperuricemia and gout

Cancer (Breast Cancer in postmenopausal women,
endometrial cancer, colon cancer)
Reproductive Hormonesabnormality
Polycystic Ovary Hormone
Impaired Fertility

Low Back Pain

Increased risk for anesthesia complications

Fetal defect associated with maternal obesity
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Table 3: BMI weight status categories and percentiles

Weight Status Category

Percentile Range

Underweight

Less than 5™ Percentile

Healthy weight

5% Percentile to less than the 85" Percentile

Overweight

85™M to less than the 95™ Percentile

Obese

Equal to or greater than the 95™ Percentile
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INTRODUCTION



Introduction

Bariatric surgery has demonstrated superiority in terms of effectiveness and
sustainability of weight loss and resolution of comorbidities associated with obesity when
compared to pharmacotherapy and lifestyle modifications [12,13]. Over the past decade, the
efficacy of bariatric surgery has led to a noticeable increase in the number of procedures
performed in the United States, with approximately 394,431 operations performed in 2018
[14]. One can see remarkable development in the bariatric surgical procedures, based on the
technical advances, efficacy data, complication rates, and increased understanding of the

physiology underneath their success.

Bariatric surgery procedures can be divided into two general categories: restrictive
or malabsorptive, or a combination of the two. Restrictive methods act by limiting the
intake of food by reducing the size and capacity of the stomach, slowing gastric emptying,
and promoting and prolonginga feeling of satiation. Restrictive methods align with
hypotheses that support negative calorie balance and decreased hepatic and pancreatic fat
as the main mechanisms responsible for postoperative normalization of glucose metabolism
and insulin sensitivity. Malabsorptive methods reduce the size of the stomach and divert
food’s passage directly to the distal intestine, bypassing the proximal intestine where most
absorption occurs and resulting in more rapid delivery to the distal intestine. Malabsorptive
methods include not only a calorie restriction model but also align with hypotheses that
support enteroendocrine changes that impact the enteroinsular and adipoinsular axes and

appetite regulation [15].
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Types of Bariatric Surgery

Roux-en-Y Gastric Bypass (RYGB) also known as gastric bypass, sleeve
gastrectomy (SG), adjustable gastric band, and biliopancreatic diversion with a duodenal
switch are the most common bariatric procedures (Figure 1). Each procedure has its
advantages and disadvantages. Even though biliopancreatic diversion (BPD) is performed
less frequently due to high complications and severenutrient deficiencies, the rate of
remission is high [16]. Sleeve gastrectomy (SG) (45.9%) and Roux-en-Y gastric bypass
(RYGB) (39.6%) are the most common bariatric procedures performedglobally [17].
However, 10% to 35% of patients fail to lose sufficient weight or regain weight after RYGB,

sometimes with recurrence of co-morbidities [18].

Adjustable gastric banding: Non-adjustable gastric banding was first reported in 1978
by Wilkinson and Peloso [19], but the first report on the clinical use of the adjustable
gastric band was in 1986 by Lubomyr Kuzmak [20]. Adjustable gastric banding is
considered to be one of the least invasive procedures. An inflatable gastric band is placed
horizontally around the proximal part of the stomach, which is connected to a subcutaneous
port. The subcutaneous port creates a pouch by inflating the band, which controls the rate
of emptying the pouch and meal capacity. Based on the individual needs, the diameter of
the band can be adjusted. This procedure can be done laparoscopically or using an open
technique. Thereare no malabsorptive measures with this procedure. While it is a
reversible, adjustable procedure and has the lowest risk of postoperative complications and
nutritional deficiencies, it is less successful in achieving weight loss and has the highest
rate of re- operation. Moreover, it requires a foreign object to remain in the body, which

can probably slip from the position or, in rare cases, erode into the stomach.
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b)

Roux-en-Y gastric Bypass: The first gastric bypass was reported in 1967 by Mason and
Ito [21]. This procedure is a combination of both restrictive and malabsorptive methods.
In the Roux-en-Y gastric bypass (RYGB), a gastric pouch of about 20-30 ml capacity is
created by dividing the upper stomach using surgical staples. The intestine is split to create
a proximal biliopancreatic limb of 30 to 45 cm long and a distal Roux limb of about 10 cm
long. The Roux limb is anastomosed to the small pouch stomach. The bottom of the
biliopancreatic limb is anastomosed to the distal Roux limb. In this way, stomach acids and
digestive enzymes mix with food after it has passed through a large part of the Roux limb.
The smaller stomach is a restrictive measure, while the bypassed stomach and proximal
intestine is a malabsorptive measure. Adjustments of the procedure have been used to
increase malabsorption and increase weight loss by lengthening the Roux-en-Y limb to 100
150 cm. This method has excellent results in weight loss and diabetes remission. However,
it is more complex than either the Laparoscopic Adjustable Gastric Banding (LAGB) or
Sleeve Gastrectomy (SG),potentially. This procedure can be performed laparoscopically or

using open techniques.

Sleeve gastrectomy: Sleeve gastrectomy was first reported by Doug Hess in 1988 [22]. In
patients with BMI of more than 60 who pose a greater risk for bariatric surgery, sleeve
gastrectomy is considered as a bridging procedure. In a sleeve gastrectomy procedure, about
80% of the stomach along the greater curvature is divided and removed to form a sleeve
or a tube-shaped stomach. In 6-12 months, this procedure is converted to either gastric
bypass or duodenal switch. However, for some, enough weight loss is achieved with the
sleeve gastrectomy alone, and it can be considered the sole treatment for obesity in

selective patients. This procedure can be done laparoscopically or using open techniques.
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d)

It is a less technically complex procedure: it does not require insertion of any foreign

objects into the patient, as in LAGB, or bypass/re-routing of food, as in RYGB.

Biliopancreatic diversion with duodenal switch: Biliopancreatic diversion was first
reported in 1978 by Scopinaro [23] and is now commonly performed by adding the
duodenal switch component. It is primarily a malabsorptive procedure involving resection
of the stomach along the greater curvature. By removing a larger part of the stomach, a
small, tubular pouch is created. The duodenum is then divided just past the outlet of the
stomach and roughly three-quarters of the way down the small intestine. The proximal
intestine, which remains connected to the pancreas and gall bladder, is reconnected to the
distal small intestine. This procedure uses restrictive methods very similar to SG and
malabsorptive methods similar to RYGB. It differs from RYGB in that a large portion of
the stomach is irreversibly removed, a greater portion of the proximal intestine is bypassed,
and bile and pancreatic secretions do not mix with stomach acid and food until much further
in the gastrointestinal (GI) tract. This procedure shares many of the same benefits as RYGB,
but they are more pronounced in BPD. It is the most effective method for treating diabetes.
However, it has the highest complication rate, a greater risk of nutritional deficiencies, and

requires intensive follow-up and strict adherence to dietary and lifestyle changes.

Out of all the bariatric procedures, RYGB 1is considered the “gold standard” of
bariatric surgery due to its high rates of diabetes remission and weight loss and low rates
of complication [24]. The Roux-en-Y Gastric Bypass accounts for almost 80% of the total
number of procedures undertaken in the United States [25]. Hence, in the current situation,
the best option left for obese individuals is to undergo bariatric surgery, the gold standard

technique for which is the Roux-en-Y gastric bypass (RYGB). These bariatric surgeries
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have been shown to benefit the healthcare system by markedly cutting the cost of treatment
of comorbid conditions in obese patients. RYGB achieves its key objectives in two ways:
(@) cutting down the absorptive surface (forced malabsorption) and (b) restricting the
contents of the food intake because of anatomical changes after surgery [26]. The most
disconcerting side effects of these procedures include anastomotic leak, strictures, or
marginal ulcers. In relatively rare instances, these complications can lead to death in
approximately 0.5% of patients; however, severe complications are rare and occur in less
than 2% of the patients undergoing these procedures. Despite the continuous improvement

in the safety and efficacy of these procedures, the costs remain high [27].
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Figure 1. A- Roux-en-Y Gastric bypass, B- Adjustable gastric band, C- Sleeve Gastrectomy,
D- Biliopancreaticdiversion with duodenal switch [28].
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Implications of Roux-en-gastric bypass on Drug Absorption, Metabolism, and Transport

All bariatric surgery procedures alter the anatomy and physiology of the Gl tract.
These changes in the GI tract can impact a broad range of factors involved in limiting the
oral bioavailability of drugs [29]. Overall, the bioavailability of orally administered drugs
(F) depends on three main processes: the fraction of the drug absorbed into the intestinal
gut wall (fa), the fraction that escapes gut wall metabolism (fg), and the fraction that
escapes hepatic metabolism (fh). The observed bioavailability is obtained by multiplying
these three fractions. fa and fg can be affected in bariatric surgery, and the subsequent

weight loss may affect fg and fh.

F=faxfg x fh (1)

As a result of RYGB surgery, there may be implications on the absorption and
pharmacokinetic disposition of various drugs administered to patients after the procedure
(Table 4) [30,31]. For example, the lower stomach and duodenum are effectively
nonfunctional in RYGB patients, and therefore, drugs whose absorption window may be
in the stomach to the duodenum region may show altered pharmacokinetic behavior. These
physiological and anatomical changescan alter the pharmacokinetics of a given drug by the
following mechanisms: increased gastric pH,delayed entry of bile acids, reduced small
intestinal surface area available for absorption and a potential bypass of intestinal regions

with a high abundance of drug-metabolizing enzymes [31].
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Table 4: Physiological alteration after RYGB surgery and its possible impacts on oral drug

absorption [31]

Anatomical changes

Physiological changes Expected

Impact on drug
pharmacokinetics

Reduced gastric volume

Alteration of gastric emptying time
Increased gastric pH

Increased Gl tract pH

Change in the rate of oral
absorption?
Change in the extent of oral
absorption®
Change in the rate and extent of
oral absorption

Bypass of the duodenum

Reduced surface of absorption

Reduced intestinal first-pass metabolism
(Mainly CYP3A4, CYP3Ab5)

Reduced intestinal first-pass efflux: P-gp
Decreased intestinal transit time

Change in the rate and extent of
oral absorption
Change in the extent of oral
absorption

Change in the extent of oral
absorption
Change in the rate of oral
absorption

Dissociation of bile salt

Decreased or delayed absorption of drugs

Change in the extent of oral

Decreased steatohepatitis and insulin
resistance
Decreased fat and lean mass

delivery requiring pancreatic secretions or absorption
solubilization with bile salts Reduced
enterohepatic circulation
Weight loss Decreased low-grade inflammation Change in drug metabolism

Change in the extent of oral
absorption
Change in drug distribution

CYP cytochrome P450, P-gp P-glycoprotein
a Measuring Tmax and Cmax can assess change in the rate of oral absorption
b Measuring area under the curve (AUC) can assess change in the extent of oral absorption
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Antibiotics

Bariatric surgery continues to be one of the most successful ways of producing long-
term weight loss (defined as loss of at least 50 percent of excess weight retained for at least
5 years). Despite improvements in medical weight control, with a substantial improvement
in obesity- related co-morbidities and overall mortality [32], long-term follow-up and
aggressive lifelong vitamin supplementation are needed to avoid micronutrient
deficiencies due to the malabsorptioncaused by the alteration in Gl anatomy [33]. A
significant rise in the risk for intra-abdominal infections and urinary tract infections, while
a reduction in the risk of infection of the respiratory,skin, and soft tissues is associated
with bariatric surgery. Goto et al., performed a self-controlled case series study by using
the emergency visits and inpatient databases from California, Florida, and Nebraska. The
study reported the frequency of emergency visits and hospitalizations due to any of four
types of infections - intra-abdominal infection, urinary tract infection (UTI), respiratory
infection, or skin and soft tissue infections after bariatric surgery, compared to a reference
periodof 13 to 24 months before surgery [34]. With the increased risk of infections post-
bariatric surgery, there is a need to use different oral antibiotics in both in-patient and out-
patient settings. In addition, given the scarcity of data about the exposure changes of oral
antibiotics post-bariatric surgery, there is a need to look into the dose modifications or

frequency modifications of oral antibiotics if necessary.

The anatomical and physiological changes of the GIT, changes in gastric emptying
time, pH, and a decrease in absorptive surface area of the small intestine along with bypass
of many transporters, metabolic enzymes, and efflux pumps used to move the drugs
through the intestinal epithelium located in the proximal gut may result in anticipated
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reductions in drug absorption. These changes can result in the altered bioavailability of
oral antibiotics that use these absorption processes, posing a risk for increased treatment
failures [35]. The data demonstrating changes in oral antibiotic bioavailability after RYGB
is primarily limited to a small number of pharmacokinetic single-dose studies. In RYGB
patients, drugs with known oral bioavailability close to 100 %, such as linezolid, have
shown no significant change in pharmacokinetics [36]. However, in patients that have
undergone RYGB, antibiotics, such as azithromycin, have shown substantial reductions in
systemic drug exposure [37]. The only data documenting clinical results with oral antibiotic
use after RYGBwere limited to a case report where amoxicillin, nitrofurantoin, and
amoxicillin/clavulanate failedto treat a patient for microbiologically susceptible urinary
tract infection and eventually required parenteral ceftriaxone therapy [38]. Therefore, more
studies are needed to investigate whether altered pharmacokinetics from RYGB lead to a

change in treatment outcomes of oral antibiotics.

Gastric bypass circumvents the primary site of absorption for antibiotics like
azithromycin, cefuroxime axetil, and metronidazole, i.e., the upper small intestine [39]. It
is also possible that this procedure can alter the pharmacokinetics of drugs by altering the
expression of transporters and enzymes in that region. Overall, compared with controls,
antibiotic plasma concentrations in gastric bypass subjects could be significantly
reduced/altered. Even though the clinical significance is currently unclear, patients treated
with the medications after bypass surgery may require a dose adjustment and/or closer

clinical monitoring for treatment failure.
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Azithromycin

Azithromycin is a broad-spectrum macrolide antibiotic used to treat both local and
systemic infections, including skin, respiratory, Gl, and genital tract infections such as
pneumonia, sinusitis, and pharyngitis, tonsillitis infections, and gonococcal and
chlamydial infections [40]. Azithromycin remains an integral part of treatment regimens
for COPD exacerbations due to its immunomodulating and anti-inflammatory
characteristics [41]. It acts by binding to the 23S rRNA of the bacterial 50S ribosomal
subunit, preventing the mRNA translation by preventing the next amino acid addition by

tRNA, thereby ceasing the protein synthesis of bacteria [42,43].

Azithromycin [9-deoxo0-9a-aza-9a-methyl-9a-homoerythromycin, Figure 2] is a part
of the azalide subclass and contains a 15-membered ring, with a methyl-substituted
nitrogen instead of a carbonyl group at the 9a position on the aglycone ring, which prevents

metabolism by the mechanism undergone by other macrolides [44].

Figure 2: Molecular structure of Azithromycin [45]

Azithromycin has an oral bioavailability of 37 % due to its increased stability at low
pH [46]. Azithromycin is lipophilic in nature and is distributed widely in blood and tissues.

Upon reaching the bloodstream, azithromycin binds to alpha-1-acid glycoprotein (AGP),
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an important plasma binding protein in addition to albumin. The protein binding of
azithromycin is nonlinear, decreasing from 51% at 0.02 mcg/ml to 7% at 2mcg/ml. [47].
Concomitant administration of oral azithromycin with food significantly decreases by
bioavailability by 50%. The time to maximum concentration is relatively short (1 to 2 h),
and the dominant site of azithromycin absorption is assumed to be in the duodenum, the
jejunum, or both. Thus, intact drug captured distal to the jejunum would suggest that

incomplete absorption is mainly responsible for the poor bioavailability of the oral capsule.

Azithromycin is widely distributed across the body following oral administration,
with an apparent steady-state volume of distribution of 31.1 L/kg. Greater amounts of
azithromycin have been found in tissues than in plasma or serum. High tissue
concentrations are not quantitatively linked to clinical efficacy. Azithromycin is minimally
metabolized by CYP3A4 (a weak substrate), and neither induces nor inhibits CYP3A4
activity [48]. It is thought that MRP2 plays a smaller role in the excretion of azithromycin
into bile than ABCB1 [49]. Azithromycin is mainly eliminated unchanged in the feces via
biliary excretion and transintestinal secretion. Urinary excretion is a minor elimination
route: about 6% of an oral dose and 12% of an intravenous dose are recovered unchanged

in the urine. The mean terminal elimination half-life of azithromycin is 48 to 96 hours [50].

Cefuroxime Axetil

Cephalosporins are among the most widely prescribed classes of antimicrobial
agents since their introduction in the 1970s. Cephalosporins of the second generation, such
as cefamandole and cefuroxime, have a more extended spectrum than those of the first

generation. Cefuroxime is a cephalosporin of the second generation with broad
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antimicrobial activity against gram-positive and gram-negative organisms [51].
Cefuroxime is a bactericidal antibiotic that, like other B-lactam antibiotics, and it inhibits
bacterial cell wall synthesis by interfering with the cell wall binding mechanism of
transpeptidation, compromising the cell wall to create filaments that are not viable.
Cefuroxime leads to lysis of the organism by binding to a protein that plays a role in the

formation of the bacterial cell wall.

Chemically, cefuroxime axetil is the 1-(acetyloxy) ethyl ester of cefuroxime, is
(RS)-1-hydroxyethyl (6R,7R)-7-[2-(2-furyl) glyoxylamido]-3-(hydroxymethyl)-8-oxo-5-
thia-1-azabicyclo [4.2.0] oct2-ene-2-carboxylate,72-(Z)-(O-methyl-oxime), 1-acetate 3-
carbamate (Figure 3). Its molecular formula is C20H22N4010S and has a molecular weight

of 510.48.
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Figure 3: Molecular structure of Cefuroxime axetil [51]

Cefuroxime axetil is lipophilic in nature and it is the ester prodrug of the parenteral
agent, cefuroxime. Cefuroxime axetil is primarily absorbed from the gastrointestinal tract
following oral administration and rapidly hydrolyzed to cefuroxime by non-specific
esterases in the intestinal mucosa and blood (Figure 4) [52]. Cefuroxime axetil oral
formulations are recommended in the treatment of respiratory tract infections, intra-
abdominal infections, and intensive care units. The bioavailability of the drug is only 37

% upon oral administration, and the absorption of a tablet is higher when taken after food,
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i.e., 37 to 52 %. Cefuroxime, a B-lactam antibiotic is a substrate for PEPT1 mediated
transport with higher activity in duodenum, and jejunum which serves as a major route of
absorption for most of the oral antibiotics [53]. The serum protein binding of cefuroxime
is approximately 38-50%. Cefuroxime is distributed throughout the extracellular fluids,
and the axetil moiety is metabolized to acetaldehyde and acetic acid [54-56]. Oral
administration of cefuroxime and cefuroxime axetil yields high blood concentrations
ensuring that pathogenic microorganisms are eradicated. These drugs, even administered
at high doses, do not cause adverse effects. The enhanced absorption of the prodrug
compared with cefuroxime alone is thought to be due to increased lipophilicity, resulting
in more rapid diffusion. The elimination of cefuroxime is essentially renal. Within the first
12 h, about 90% of the quantity absorbed is found in unchanged form. Cefuroxime is

excreted by both glomerular filtration and by tubular secretion via OAT [57-58].

—a [ HalC. ]
0 / ] 3
ﬁ_-o I ,
. OH
s} 0 o} /
. A N 0 %0
CHs0 N I o—
N ] \ Esterase a A o)
u A s Hz N CH30 N R g
At NHH H -AcOH " \ l |
¥ Jl I MH;
L L. NHH H
o 0 Ny
-0
Ceftin o
(Cefuroxime Axetil) L —

Fast | -H;CCOH

(8]
—OH
o ©®
CHy0 N IE;J “o— 4
)l s NH;
A A NHH H
i Sy S
g

Cefuroxime
Figure 4: Bioconversion pathway of Cefuroxime axetil to cefuroxime [52]
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Metronidazole

Metronidazole (2-methyl-5-nitroimidazole-1-ethanol, Figure 5) is an oral synthetic
antiprotozoal and antibacterial agent that belongs to the class of nitroimidazoles.
Metronidazole is widely used to treat anaerobic infections and in prophylaxis against
infections after elective intestinal surgery. Metronidazole may be administered orally,
topically, or intravenously [59]. Metronidazole exhibits a concentration-dependent

bactericidal effect by developing free radicals after passive diffusion into cells [60].
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Figure 5: Molecular structure of Metronidazole [61]

Metronidazole is a relatively hydrophilic compound with low plasma protein binding
(20%) and high distribution into various tissues and body fluids [62]. Metronidazole is
well absorbed after oral administration, with peak concentrations occurring after 1 to 2 h
after dosing. The plasma concentrations increase linearly with dose. Metronidazole
undergoes hepatic metabolism (~ 85% of the administered dose), resulting in the
generation of three metabolites. Metronidazole is metabolized by CYP3A4 and 2A6 to
hydroxy metronidazole and oxidized to 1-metronidazole acetic acid. It undergoes UGT-
mediated glucuronidation to form a glucuronide metabolite (Figure 6). Both the parent and

the hydroxy metabolite possess in vitro bactericidal activity. The enzyme involved in the
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oxidation of metronidazole to acetic acid metabolite has not yet been identified, but several
studies suggest that CYP2E1 may play an important role in acid metabolite formation
[61,63]. Plasma concentrations of the hydroxy metabolite range from 25 to 65% of the
metronidazole concentrations observed, while only trace amounts of the acid metabolite
were detected shortly after administration. The major route of elimination of both
metronidazole and its metabolites (~60-80%) is renal and 6 — 15% is accounted for as fecal
excretion. The elimination half-life of metronidazole ranges from 6 to 10 h, whereas the

half-life of hydroxy metabolite ranges from 8 to 19 h [64-67].
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Figure 6: Biotransformation of Metronidazole to its metabolites [68]

Pharmacodynamics of Antibiotics

A pharmacokinetic/pharmacodynamic (PK/PD) analysis is important in antibiotic
dosing. Understanding the PK/PD relationship helps optimize the dosing and maximize
the efficacy while also preventing the development of resistance against bacteria. The
minimum inhibitory concentration (MIC) is considered a principal PD parameter to

determine the in vivo efficacy. However, some antibiotics have the same MIC value, which
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differs in the bactericidal characteristics. Thus, MIC alone cannot predict the in vivo

efficacy of antibiotics.

Antimicrobial killing characteristics are dependent on both the concentration of drug
in relation to the MIC and the time that the exposure is maintained. When the effect of
concentration predominates over that of time, the antibiotic displays concentration-
dependent effects that are significantly associated with an optimal free drug maximum
concentration to MIC ratio (fCmax/MIC). When the effect of time is greater, then the
antibiotic displays time-dependent effects, and bacterial outcomes are associated with free
drug concentrations remaining above the MIC for a defined portion of the dosing interval
(fFT>MIC). Antibiotics that have both the concentration- and time- dependent effects may
observe killing that is associated with the free drug are under the curve to MIC ratio
(FAUC/MIC). Concentration-dependent killing is characteristic of aminoglycosides,
quinolones, macrolides (e.g., azithromycin), ketolides. Time-dependent drugs is a

characteristic of B-lactam antibiotics [69].

This classification of antibiotics evolved into three PK/PD indices (i) concentration-
dependent antibiotics: the ratio of the maximum plasma concentration to MIC (Cmax/MIC),
(i) concentration-dependent with time dependency antibiotics: the ratio of the area under
the curve to the minimum inhibitory concentration (AUC/MIC), and (iii) time-dependent

antibiotics: time for which the drug concentration exceeds the MIC (%T > MIC).
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Figure 7: PK/PD indices associated with the efficacy of the antibiotics [69]

MIC: Minimum Inhibitory Concentration; Cmax/MIC: Maximum concentration to MIC ratio; AUC/MIC: Area
under the curve to MIC ratio; T>MIC: Time above the MIC

Role of Physiologically Based Pharmacokinetic Modeling and Simulation

Physiologically based pharmacokinetic (PBPK) modeling and simulation
approaches have become an integral part of drug discovery and development. The
pharmacokinetics of drugs in the target population with varying physiology compared to
healthy subjects can be predicted prior to the conduct of clinical trials using a PBPK
approach. These models, when used in combination with pharmacodynamic (PD) models,
can predict the effect profile and help to optimize dosage regimens to attain the desired

exposure in vivo.

Teorell first introduced the concept of physiologically based pharmacokinetic

modeling in 1937. Efforts have been made over the past several decades to refine PBPK
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models for the application in drug discovery and development [70]. These PBPK models
are usually applied from an early stage of discovery to drug development in further stages
of research where a large amount of data is available for the drug [71]. The role of PBPK
modeling can be categorized in three ways: a) informing regulatory communications, b)
making impactful clinical development decisions, and c) promoting the mechanistic
understanding of clinical observations. PBPK modeling is one approach that enables the
integration of physiological, chemical, and drug-dependent preclinical and clinical
information to model drug absorption, distribution, metabolism, and excretion and

ultimately simulate untested clinical scenarios [72].

PBPK models are comprised of a series of compartments that represent various
physiological organs of the body. These compartments are then connected by the
circulating blood system, and these compartments are described by tissue volume and
blood flow, which are assumed to be either permeability-rate-limited or perfusion-rate-
limited. Blood flow to tissues is the limiting step for perfusion-rate-limited kinetics, which
tends to apply to small lipophilic molecules, whereas permeability across cell membranes
is the limiting step for permeability limited kinetics. Permeability limited kinetics tends to
occur for large hydrophilic molecules. These PBPK models consider the parameters that
can affect the pharmacokinetics of drug molecules in the target population, such as age,
sex, enzyme expression, race, and disease states. A schematic representation of the PBPK

model is shown in Figure 8.
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Figure 8: Schematic of a PBPK model. Insert denotes detailed representation of the intestine. CLint,
intrinsic clearance; PBPK, physiologically based pharmacokinetics[73].

PBPK modeling naturally uses a "bottom-up™ approach where preclinical data
collected during the early drug discovery stage are used to predict the pharmacokinetics
and pharmacodynamics of drugs in humans. Both the physicochemical and biochemical
properties of the drug molecule determine the predictive ability of these models. Prior to
the conduct of clinical trials in humans, the PBPK approach can be used to predict the in
vivo data through in vitro-in vivo extrapolation models. In the last 10 years, regulatory
agencies have accepted PBPK models as a tool for informing clinical study strategy and
has become a useful tool over drug development. Sixty percent of all of the PBPK models
submitted to regulatory agencies in 2013 were for drug-drug interaction (DDI) assessment

[74].
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PBPK models can be utilized to extrapolate drug pharmacokinetic behavior in
healthy volunteer as well as patient populations that are a challenge to test clinically, such
as predicting doses and drug exposure in children and infants and patients suffering from
impaired renal or liver function [75]. Simcyp®, a population-based simulator, is one of
several platforms of PBPK modeling available, which uses the in vitro data to simulate
absorption, metabolism, and excretion of the drug, and to predict the systemic exposure of
the drug in healthy and diseased populations. This investigation was carried out using the

Simcyp simulator.

To date, a total of 18 published studies reported drug exposure changes post RYGB
surgery. Of these, 7 examined the effect of gastric bypass surgery on the pharmacokinetics
of drugs using the physiologically based pharmacokinetic modeling [76-83]. Only one
publication addressed effect of gastric bypass surgery on pharmacokinetics of
azithromycin and there is little reference to drug treatment in the international guidelines.
The published studies were conducted with a single dose with 24 h sampling and in small
number of participants, there are no published studies examining the effect of gastric
bypass surgery on the pharmacokinetics of cefuroxime axetil and metronidazole. making
it difficult to draw conclusive recommendations about suitable dosing strategies for
patients after bariatric surgery. Additionally, most of the reviews presented in the literature
recommend that liquid formulations are preferred to solid dosage forms for all drug classes,
assuming that some problems related to tablet/capsule absorption may occur post-RYGB
surgery. However, none of the reviews or studies published demonstrated differences in
bioavailability between tablet and liquid suspension formulations in the gastric bypass

surgery population [84].
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For this dissertation research, Simcyp was used to develop a PBPK model for oral
antibiotics azithromycin, cefuroxime axetil, and metronidazole post gastric bypass surgery.
These models were used to evaluate the pharmacokinetics, of azithromycin, cefuroxime
axetil, and metronidazole solid formulations like tablets, capsules in comparison to
suspensions in post-gastric bypass patients. The exposure-response relationships for the
efficacy and safety of these oral antibiotics were assessed using the PD indices like
AUC/MIC and T-MIC to predict the therapeutic success or failure of antibiotics post

gastric bypass surgery.
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Study Rationale

As previously described, obesity has been declared as one of the major global health
concerns by the WHO. Obesity more often is associated with multiple comorbidities, such
as cardiovascular disease, type 2 diabetes (T2D), dyslipidemia, hypertension, low-grade
systemic inflammation, depression, hyperlipidemia, and some cancers, which collectively
pose social, economic as well as psychological implications on patient lives affecting
nearly over a third of population today [85]. Both lifestyle modifications and
pharmacotherapy have successfully demonstrated short term weight loss. The surgical
treatment of obesity results in higher weight loss, and greater reduction in comorbidities,
which results in prolonged survival rates as compared to other nonsurgical interventions.
Hence, in the current situation, the best option for obese individuals is to undergo bariatric
surgery, the gold standard technique for which is the Roux-en-Y gastric bypass (RYGB).
RYGB surgery results in significant alterations in the anatomy of the Gl tract that could
result in potentially significant alterations in the absorption and hence the pharmacokinetic
behavior of different drugs that are commonly prescribed to this population, thereby

restricting or affecting the overall process of oral drug bioavailability.

Obesity has been associated with increased risk of infection, and patients often
require treatment with antimicrobial therapy following bariatric surgery [86]. Given that
oral antibiotics represent an important first-line treatment option for a variety of infections,
further studies investigating the rates of oral antibiotic failure in patients following bariatric
surgery are warranted to better put existing data into clinical context. In addition to altering

the anatomy and physiologyof the Gl tract, bariatric surgery causes significant changes in
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bile acid physiology and the gut microbiome. These changes may influence the ADME of

drugs, such as oral antibiotics [87].

However, there are only sparse reports available evaluating the effect of bariatric
surgeries on the pharmacokinetics of oral antibiotics. Furthermore, the current available
data is insufficient to make clinical recommendations regarding the appropriate surgical
adjustment of dose or alternate dosage forms for patients after bariatric surgery. Thus, it is
important that patients who require antimicrobial therapy receive appropriate evidence-

based dosing of the agents after surgery.

A self-controlled case series study conducted by Goto et al. found adivergent pattern
in the risk of four common infectious diseases like skin and soft tissue infections (SSTI) and
respiratory infections, intra-abdominal infections, and urinary tract infections (UTI) after
bariatric surgery. Azithromycin,cefuroxime axetil, and metronidazole are oral antibiotics
that are widely prescribed for outpatient treatment for respiratory infections like
community-acquired pneumonia, intra-abdominal infections, and UTIs. Most of the
bacterial infections are managed on an outpatient basis; many patients are not directly
monitored in the hospital. Early antibiotic dosing is vital as it significantly lowers the
mortality rate if antimicrobials are administered within 4-8 h of diagnosis of infection. To
maximize clinical effectiveness, early (within 24 h) administration of antimicrobials at

appropriate doses is, therefore, necessary [88].

Conducting clinical studies on antibiotic exposure and efficacy post-RYGB surgery
is costly and time-consuming, which is the main reason for the lack of published studies
in this patient population. Therefore, developing an in-silico model that can accurately

predict the drug exposure following RYGB surgery could provide appropriate evidence-
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based dosing for antibiotic dosing after surgery. Thus, the pharmacokinetic analysis of
antibiotics and the PK/PD analysis using the PD indices like AUC/MIC and T-MIC may
help provide evidence about the need for dose adjustments when prescribing antibiotics in

gastric bypass patients.

This research aimed to use the PBPK modeling platform Simcyp to develop PBPK
models for oral antibiotics that characterize the drug disposition in gastric bypass surgical
patients, which can inform safe and effective dosing in these patient populations. The goal
was to test the hypothesis that a model-based dosing regimen will prevent antibiotic
therapeutic failure by maintaining the plasma drug concentrations within an effective range

over the course of therapy.
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Specific Aims

Specific aim 1: To verify the previously published postsurgical population model
using two CYP3A4 substrates, atorvastatin and midazolam

The aim was to verify a previously published post-surgical RYGB population in Simcyp
simulator. The population model was developed by altering the physiology of the GI tract
in the morbidly obese population which was prebuilt in Simcyp. A physiologically based
pharmacokinetic model (PBPK) of atorvastatin was developed and verified in healthy
volunteers. Subsequently, the verified substrate profiles for atorvastatin and midazolam
available in the Simcyp library were used for postsurgical population model verification
by capturing the changes in drug exposure in morbidly obese and post RYGB patients.

This validated population model then utilized for the other aspects of the research.

Specific aim 2: To develop and verify physiologically based pharmacokinetic models

for azithromycin, cefuroxime axetil, and metronidazole in healthy volunteers

The goal of this aspect of the research was to develop and to verify physiologically based
pharmacokinetic models of probe drugs cefuroxime axetil, metronidazole, and
azithromycin in healthy volunteers. A PBPK model for each probe drug was developed by
incorporating the physicochemical, absorption, distribution, metabolism and elimination
properties obtained from literature. These developed PBPK models were then verified by
simulating and predicting plasma concentration profiles and exposure metrics (AUC and
Cmax) in healthy volunteers and comparing it to the clinical observed data obtained from

literature.
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Specific aim 3: To simulate and predict the drug exposure changes for cefuroxime
axetil, metronidazole and azithromycin tablets in morbidly obese and post gastric
bypass population, characterize the PK/PD relationship using PD indices AUC/MIC
and T>MIC

The goal was to simulate and predict the drug exposure changes for probe drugs cefuroxime
axetil, metronidazole and azithromycin in morbidly obese and post gastric bypass
population when these medications were administered as solid oral dosage forms. These
predictions were used to evaluate the changes in bioavailability of these formulations (e.g.,
tablets) in post-gastric bypass patients when compared to controls (morbidly obese).
Systemic exposure and exposure time in morbidly obese and gastric bypass were used to
characterize the PK/PD relationship to predict the therapeutic success or failure. Systemic drug
exposure in morbidly obese and post gastric bypass patients was simulated using the

verified PBPK models developed under specific aim 2.

Specific aim 4: To predict the relative bioavailability of orally administered
suspension and tablet formulations for azithromycin and cefuroxime axetil in post-
gastric bypass population, and characterize the PK/PD relationship using the PD
indices AUC/MIC and T>MIC for suspension formulations

The goal of this aspect of the research was to evaluate drug exposure changes for
azithromycin and cefuroxime axetil when administered as liquid suspensions in post
RYGB patients. These predictions were then used to evaluate the changes in bioavailability
in gastric bypass patients for solid dosage forms when compared to liquid dosage forms
like suspensions for various clinically recommended doses and characterize the PK/PD

relationship of antibiotics for suspension formulations.
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Specific Aim 1

Specific aim 1: To verify the previously published postsurgical population model using

atorvastatin and midazolam

Introduction

Oral bioavailability (F) is dependent on the fraction of drug that is absorbed in the
intestinal gut wall (f5), the fraction that escapes gut wall metabolism (fg) and the fraction that

escapes hepatic metabolism (fn) (Equation 1).

Drug and formulation properties such as disintegration, dissolution, permeability,
solubility, and chemical stability highly impact f.. The physiology of Gl tract can also affect
fa, which include factors such as gastric emptying time, pH profile, small intestinal transit
time, abundance and enzymes and transporters in gut wall. Gastric emptying time can serve
as the rate limiting step for drugs that are highly permeable and highly soluble as reduction
in size of stomach results in inevitably low absorption from stomach [89]. Altered pH after
bariatric surgery might affect the drug dissolutionof drugs having a pKa within the range
of Gl pH fluctuations. The small intestine is the main siteof absorption, and bioavailability
of drugs that are poorly soluble or formulated as extended release might be altered as a

portion of small intestine will be bypassed post-surgery [90].

Gut metabolism (fy) can be an important determinant of absorption and acts to
regulate the oral bioavailability of drugs and xenobiotics. Drug metabolizing enzymes like
CYP, UDP glucuronosyltransferases, sulfotransferases, and glutathione S-transferases are

expressed in the intestinal cells. Both CYP3A4 and 3A5 are present along the Gl tract,
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where 3A4 is expressed at lower levels in duodenum, at higher levels in jejunum and
decreasing towards the ileum. Numerous transporters are present in the gut, such as the
multidrug resistance transporterl, also referred to as P-glycoprotein (P-gp), multidrug
resistance associated protein 2 and breast cancer related protein. These transporters effect
the absorption and extent of gut metabolism through gut efflux. Relative expression pattern
of P-gp in the small intestine increases from the proximal to the distal parts of the small

intestine [91].

The Simcyp Simulator v19 (Simcyp Limited, Sheffield, UK) population template
for the morbidly obese subjects is based on a Northern European Caucasian population and
was used to build the Post-surgical RYGB population model. Gl physiological parameters
based on surgical/population data were implemented into advanced dissolution absorption
and metabolism (ADAM) model to create Post Roux-en-Y gastric bypass population
template/file. The ADAM model is a mechanistic representation of the GI tract that is
implemented into Simcyp simulator. This ADAM model considers the type of formulation,
and various physicochemical factors such as disintegration, dissolution, solubility,
precipitation, supersaturation occurring in each section of GIT (Figure 9). Development

and validation of RYGB population model was previously published by Darwich et al [80].

A goal of the proposed research was to verify and analyze the model performance
against the physiologically based pharmacokinetic model of atorvastatin (drug tested in
the pilot study by Darwich et al.), and another CYP3A4 substrate, midazolam. Empirical
PK models of atorvastatin and midazolam describing the changes in drug exposure pre

(morbidly obese) and post RYGB surgery have been published in the literature [92,93].
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The model performance was analyzed by comparing the predicted pharmacokinetic data

to the observed data obtained from the literature.
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Figure 9: The advanced dissolution, absorption, and metabolism (ADAM) model of events in the
gastrointestinal tract (94).

Modeling strategy

Evaluation of post RYGB population model previously developed through mimicking

clinical investigations on atorvastatin and midazolam after gastric bypass

A virtual “Post Roux-en-Y gastric bypass” population was created using
Advanced Dissolution Absorption and Metabolism (ADAM) model within the Simcyp
simulator based on the characteristics of morbidly obese population published by

Darwich et al and Chen et al., [80, 81]. The ADAM model describes the oral absorption
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through a physiologically based eight segment model of the small and large intestine,
including: duodenum, jejunum I & 11, lleum I-1V, and colon. The model defines release of
drug from formulation, dissolution, precipitation. degradation, absorption, active transport,
and metabolism as the drug moves through the small intestine, which allows for

incorporation of population variability and saturation effects.

The post-surgical PBPK model describes absorption using ADAM model with
alterations of specific anatomical and physiological parameters that are known to change
post-surgery. These parameters include gastric capacity, fluid dynamics, gastric emptying
rate, small intestinal bypass, GI pH, bile flow, and changes in regional abundance of drug
metabolizing enzymes and transporter p-gp. Whole body physiological changes, such as

postsurgical recovery of renal function was also incorporated intothe model (Table 5).

Population implementations of small intestinal bypass and delay in bile inlet were
dimensionally estimated as a function of body surface area (BSA) utilizing Equations 2
and 3 as implemented into the Simcyp Simulator ADAM model. The effective human

permeability (Peff) was set to zero in the drug template for intestinal segments that are

bypassed.

Length of duodenum = 0.205 BSA %% (2)

Length of jejunum and ileum =5.231'BSA %414 (3)

Small intestinal transit time post-surgery was implemented into the model utilizing

the incorporated Weibull distribution fitted to describe a log normal distribution through
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altering the scale factor (B) of small intestinal transit time, keeping the shape factor (o)

constant, thus retaining the log normal distribution assumption (Equation 4).

) o x -1 .
.l(.\')=—(—) e P (8)
B\B.

Table 5: Input parameters for population template to mimic the postsurgical conditions (Darwich

et al.,[80])

Parameters RYGB
Gastric emptying: liquids (minutes) 7; CV:45%
Gastric capacity (ml) 30
Qsec stomach (I/h) 0.059
Initial volume of stomach acid (ml) 9.9
Gastric pH 6.5

Small intestinal bypass (centimeters and/or

100cm (duodenum and

segments) jejunum 1)*
Bile exclusion (centimeters and segments) 110cm (Stomach and
jejunum 1)
CYP3A4 abundance (nmol/total gut) 48.3 CV:60%

CYP3ADS5 abundance (nmol/total gut)

18.0 CV:60%

Mean small intestinal transit time (hours)

®3.0; 0=2.6, p=3.7

Renal equation

MDRD

CV, coefficient of variation; MDRD, modification of diet renal disease equation; Qsec, secretion flow; RYGB, Roux-

en-Y gastric bypass;

aSetting human effective permeability (Peff) of compounds close to zero in bypassed segments.

b o and B, Weibull scaling factors utilizing assuming a variance of 1.8h used to calculate intestinal transit item using
equation 4.

The population recreated using the post-surgical condition from the previously
published model was then validated with two substrates: atorvastatin (the substrate studied
by Darwich et al., for validation of the Gastric bypass population model) and midazolam.

The substrate profile for midazolam was available in Simcyp library and the model was
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used without any further modifications. The substrate profile for atorvastatin was not

available in the library, so a PBPK model was developed and verified in healthy volunteers.

Development of PBPK model of atorvastatin in healthy subjects

The substrate profile of atorvastatin was created using Simcyp simulator version 19.
The substrate's physiochemical parameters and additional parameters relating to
absorption, distribution, metabolism, and transport [95-102] are summarized in Table 6.
The ADAM model was used to predict the absorption of atorvastatin in Simcyp.
Atorvastatin acid is primarily metabolized by CYP3A4 to ortho and para hydroxy
atorvastatin acid, with marginal contribution from CYP2C8. Acyl glucuronidation of
atorvastatin acid to lactone and UDP mediated metabolism of atorvastatin acid primarily
to a minor glucuronide metabolite through UGT1A1 was also considered as a part of model
development. Given the rapid absorption of atorvastatin (Tmax <1 h), it was presumed
that the plasma Cmax was primarily that of absorbed atorvastatin acid and not that later
formed systemically from atorvastatin lactone. In vitro data suggest P-gp mediated efflux

and OATP1B1 mediated hepatic uptake of atorvastatin acid.

The developed atorvastatin PBPK model was used to simulate the plasma
concentration profile in Healthy Volunteers, which is in-built in the Simcyp population
library, and the simulated systemic exposure was compared against the published data
[103, 104]. Next, simulations were carried out to predict the changes in atorvastatin
systemic exposure in morbidly obese (pre-surgery) subjects and in the developed post-
RYGB population, model. Sex, age, weight, height, and matched simulations was carried

out corresponding to identified clinical studies.
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The healthy population virtual trial #1 include of total 120 subjects (10 trails of 12
subjects each), aged between 24-48 years, fasted, 6 males and 6 females, single oral dose
of 40mg. In trial #2, 630 subjects (10 trails of 63 subjects each), aged between 18-55 year,
fasted, 51 males and 12 females, single oral dose of 40mg was simulated. The pre- and
post-Surgery virtual trail include subjects aged between 29-63 years, fasted, total 120
patients (10 trails of 12 subjects each), 4 female and 2 males for a single oral dose of 20mg,
all females for a single oral dose of 40mg and all males for a single oral dose of 80mg. The

demographics and the study design is shown in Table 7.

The simulated plasma concentration profiles in healthy, pre, and post-surgery

populations were compared with published clinical data [93,103-104] digitized using

WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/). Fold error calculation of
pharmacokinetic parameters Cmax and AUC and visual predictive checks was performed
for all three populations. Fold error was calculated as a ratio of predicted to the observed

value of each pharmacokinetic parameters.
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Table 6: Input parameters to create substrate profile for atorvastatin in Simcyp®

Parameter

Physicochemical Properties:

Distribution Model
Prediction Method
Kp Scalar

Full PBPK model
Method 2 (Rodgers et al.,)
2 (optimized)

Molecular weight 546 g/mol [95]
LogP 4.47 [95]
pKa 4.46 [95]
Blood/plasma ratio 0.61 [98]
Fraction unbound in plasma 0.027 [98]
Absorption:
Absorption Model ADAM
Caco-2 (pH 6.4:7.5) (10 cm/s) 4.9 [97]
1.23
Dissolution:
Agqueous Solubility @ pH 6.0 (mg/ml) [96]
Distribution:

Metabolism/Elimination:
Clearance Type
CYP3A4: para-OH
Clint (uL min-1 mg-1 protein)
CYP3A4: ortho-OH
Clint (UL min-1 mg-1 protein)
CYP2C8
Clint (uL min-1 mg-1 protein)
Additional HLM
Clint (uL min-1 mg-1 protein)
UGT1Al
Clint (uL min-1 mg-1 protein)
UGT1A3
Clint (UL min-1 mg-1 protein)

Enzyme Kinetics

35.5+48.1

458 £59.1

10.5

65

5.23

6.2

[99, 100, 101]
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Transport :
P-gp (Apical efflux, small intestine)
Jmax (pmol/min)
Kin (M)
OATP1BL1 (Sinusoidal uptake, Liver)
Jmax (pmMol/min/10° hepatocytes)
Kin (M)

OATP1B3 (Sinusoidal uptake,
Liver)
Jmax (pmol/mg protein/min)
Kin (M)

OATP2B1
Jmax (pmol/mg protein/min)
K (M)

141+11
115+19

25
0.77

25
0.73

24.272.84

[97]

[102]

ADAM, advanced dissolution, absorption, and metabolism; @ Optimized to account for acid to lactone conversion in

stomach; ® Optimized to reproduce Cmax

Table 7: Study design for Simcyp® simulations in healthy population

Healthy (Lau 2007)

Healthy (Bullman 2011)

No. of Trials 10 10
No of subjects in each Trial 12 63
Age of Subjects(years) 24-48 18-55
% of females 50 20
Duration of study (h) 24 24
Dosage regimen 40mg 40mg
single dose QD for 7days
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Results

PBPK modeling of atorvastatin in healthy population

A PBPK model for atorvastatin was developed and validated in healthy subjects. To
evaluate the model's accuracy, the simulated plasma profiles were compared to the
published data. As illustrated in Figure 10. the predicted values are within the 95%
confidence interval when comparedto observed data. Table 8 shows the observed and
predicted pharmacokinetic parameters and calculated fold error for healthy populations.
These results demonstrate that the model successfully captured the drug behavior in
healthy subjects. Fold errors for AUC and Cmax ranged from 0.77 to 1.14, indicating that

the model successfully predicted the pharmacokinetic parameters compared to observed

data.
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Figure 10: Observed (solid circles) and Predicted (open circles) concentration time profiles of 40mg
single oral dose ofatorvastatin in healthy subjects with 5% and 95% confidence predicted interval
(grey dashed lines) from Lau et.al., 2007 (top) and Bullman et al., 2011 (bottom)

Table 8: Pharmacokinetics of atorvastatin in healthy population: PBPK model predictions vs.
published clinical data

Lau 2007 Bullman 2011
Cmax (ng.ml) AUC (ng.h/ml) Cmax (ng.ml) AUC (ng.h/ml)
Observed 174 +8.7 89.0+31.3 143 62
Predicted 13.9+10.7 74.4 £58.1 12.7+£9.9 70.8 £53.9
Fold Error (FE) 0.80 0.84 0.89 1.14

Observed- Parameter estimate reported in literature [103,104];
Predicted- Parameter estimate predicted by PBPK model using Simcyp Simulation;
FE- Fold-error- ratio of [predicted]/[observed] values
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PBPK modeling of atorvastatin and midazolam in morbidly obese and post RYGB surgery
population
Changes in oral drug bioavailability post bariatric surgery were demonstrated for
atorvastatin and midazolam following Roux-en-Y gastric bypass [92-93]. Sex, age, height,
and weight matched simulations were carried out based on corresponding clinical studies
utilizing the post gastric bypass surgery population coupled to a full PBPK distribution
model into the Simcyp® Simulator. The results from the comparison of observed versus

simulation studies are discussed below

Atorvastatin

In a clinical trial carried out on 12 morbidly obese patients, atorvastatin was
administered as an immediate-release (IR) tablet (dose 20-80 mg) in the fasted state where
patients were allowed to eat two hours post-administration. The pre- to post-surgical trend
in oral exposure in this study displayed high variability where the overall reported trend
displayed a median post/pre-surgery AUC ratio of 1.07 (range: 0.59-2.72), albeit being
statistically insignificant (p>0.05). The median post/pre-surgery AUC ratio was in close

agreement to the AUC ratio of 1.12 (range: 0.34 — 2.33) reported by Darwichet al., [80].

Virtual simulations of oral drug exposure of atorvastatin pre- to post-RYGB were
conducted in 10 randomized trials, consisting of 12 subjects for 20mg dose, 40mg, and
80mg dose. The demographic data for this aspect of research was summarized in Table 9.
Table 10 shows the observed and predicted median AUC of atorvastatin for different doses
of 20-80 mg. Figures 11 shows the observed (Darwich et al., ) and simulated post/pre surgery
fa and fg ratios of atorvastatin. The model predicted fa and fg are in close agreement to the

fa and fg reported by Darwich et al., [80].
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Table 9: Study design for
population

Simcyp® simulations of atorvastatin acid in pre and postsurgical

20mg 40mg 80mg
No. of Trials 10 10 10
No of subjects in each 6 4 2
Trial
Age of Subjects(years) 29-63 29-63 29-63
% of females 33 100 0
Duration of study (h) 12 12 12

Dosage regimen

20mg single oral
dose

40mg single oral

dose

80mg single oral

dose

Table 10: Observed vs predicted median AUCo-s) of Atorvastatin acid pre- and post-surgery

Median AUCo-g) (ng.h/ml)

Dose Pre surgery Post-surgery
(Morbidly Obese)
Observed | Predicted FE Observed | Predicted FE
20mg 185 20.7 1.12 28 25.3 0.9
40mg 100.5 98.3 0.98 64 531 0.83
80mg 175 171.96 0.98 84 83.6 0.99

Observed- Parameter estimate reported in literature [93];

Predicted- Parameter estimate predicted by PBPK model using Simcyp Simulation;FE- Fold-error- ratio of

[predicted]/[observed] values
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Figure 11: Observed (Darwich et al.,) and predicted post/pre surgery fa (fraction of dose absorbed
in the intestine) and fg (fraction escaping gut wall metabolism) ratios

Midazolam

The midazolam compound file, available in the Simcyp® simulator compound
library, was adapted to account for changes in oral drug exposure of a 2mg midazolam oral
solution post-RYGB surgery. The ADAM model was used to predict the absorption, and
a full PBPK model was utilized to describe midazolam distribution. Following RYGB,
Chan et al. [92] reported a higher mean peak concentration of midazolam occurring earlier
(shorter Tmax) compared to baseline. Plasma concentration profiles were obtained for 12
h after drug administration. Virtual simulations for oral drug exposure of midazolam pre
to post RYGB were conducted in 10 randomized trials, consisting of 12 subjects in each

trial. The demographic data for this aspect of the research is shown in Table 11.
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Table 11: Study design for Simcyp® simulations of midazolam in pre and postsurgical population

Pre-Surgery Post-Surgery
No. of Trials 10 10
No. of subjects in each trial 12 12
Age of subjects (years) 37-55 37 -55
% of females 75 75
Duration of Study (h) 12 12
Dosing Regimen 2mg oral solution 2mg oral solution

As illustrated in Figures 12 and 13, the predicted systemic concentrations of midazolam
over time after administration are well within the 95% confidence interval compared to
observed data. Figure 14 compared the simulated plasma concentration profile pre and post
RYGB of the 2mg oral solution of midazolam. Table 12 summarizes the observed and
predicted pharmacokinetic parameters and calculated fold error pre-and post-surgery. These
results show that the model successfully captured the drug behavior in pre and post RYGB
surgery population with fold errors for AUC and Cmax ranging from 0.74 to 1.25, which
indicates that the model successfully predicted the pharmacokinetic parameters compared to

observed data.

The analyses found that the AUCo-12 (22 £ 7.8 ng.h/mL) for the postsurgical group
was close to that of the morbidly obese group (25 + 9.5 ng-h/mL), and statistically
insignificant (p >0.05). However, the Cmax for the postsurgical group (17.6 + 4.6 ng/mL)
was significantly higher than that for the morbidly obese group (7.2 £ 2.4 ng/mL), and the
mean Tmax Was shortened from 0.76 h to 0.21 h. Collectively, these results indicate that a
significant increase in absorption rate with no significant change in overall exposure was

observed for midazolam post-RYGB surgery.
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Table 12: Pharmacokinetic parameters of midazolam 2mg oral solution in pre and postsurgical
population: PBPK model predictions vs. published clinical data

Pre-Surgery Post-surgery
(Morbidly Obese)
Obs Pred FE Obs Pred FE

Cmax (ng/ml) | 9.7+6.8 7.4+£29 0.74 16.1+6.7 176 +£4.6 1.09

AUC 0.1ast)
(ng.h/ml)

20.8 +10.7 25+9.5 1.19 20.3+10.8 22+7.8 1.08

Tmax (h) 0.61+0.22 | 0.72+0.13 1.25 0.28+0.08 | 0.21+0.03 0.75

Obs- Parameter estimate reported in literature [92];
Pred- Parameter estimate predicted by PBPK model using Simcyp Simulation;
FE- Fold-error- ratio of [predicted]/[observed] values
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Figure 12: Observed (open circles) and Predicted (solid circles) concentration time profiles of 2mg
oral solution of Midazolam in Pre RYGB surgery (Morbidly obese) subjects with 5% and 95%
confidence predicted interval (grey dashed lines).
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Figure 13: Observed (open circles) and Predicted (solid circles) concentration time profiles of 2mg
oral solution of Midazolam in Post RYGB surgery subjects with 5% and 95% confidence predicted
interval (grey dashed lines).
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Figure 14: Predicted pre RYGB (solid circles) and post RYGB (solid triangles) concentration time
profiles of 2mg oral solution of Midazolam.
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Discussion
Because RYGB involves profound alterations to GI anatomy and physiology, it has

been suspected that patients undergoing RYGB may be at an increased risk for either
adverse reactions or a suboptimal response due to altered pharmacokinetics and
pharmacodynamics of orally administered drugs. However, recent studies have shown
contrasting results either because of altered bioavailability from decreased absorption or
because of rapid transit or decreased first-pass metabolism from bypassing the drug-

metabolizing enzymes in the duodenum and proximal jejunum. [105].

Atorvastatin, administered in the acid form, is an HMG-CoA reductase inhibitor
with high permeability. Atorvastatin undergoes extensive liver and small intestine
metabolism, primarily mediated by CYP3A4, UGT1A1, and UGT1A3. Atorvastatin is a
substrate of drug transporters such as P-glycoprotein and OATP1B1 [95]. UGTs play a
significant role in the interconversion of atorvastatin acid and the lactone metabolite. The
stomach degradation function in Simcyp was used in the atorvastatin model file to illustrate
the acid-to-lactone conversion. The plasma peak concentration was considered to be
predominantly that of absorbed atorvastatin acid and not that later formed systemically
from atorvastatin lactone. Furthermore, as atorvastatin has a low solubility at low pH, for
doses of 10 mg or more, the concentration of atorvastatin in the stomach would be greater
than the solubility. As only soluble drug would be subject to conversion, it is expected that
the gastric conversion of atorvastatin acid to atorvastatin lactone will vary depending on
the dose; thus, the less gastric conversion will occur with higher atorvastatin doses. This
would result in a non-linear increase in atorvastatin plasma concentration as the dose is
increased, as reported in clinical data [96]. Trends in simulated oral drug exposure of

atorvastatin pre to post RYGB were consistent with observed data. The area under the
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concentration curve (AUCo.s ng.h/ml) ranged from 9 to 315 ng.h/ml vs. 14.4 to 136.3
ng.h/ml pre-surgery (obs vs. pred) and from 17 to 107 ng.h/ml to 17 to 106.6 ng.h/ml post-
surgery (obs vs. pred). It was also observed that the interindividual variability in the
exposure of atorvastatin was decreased after gastric bypass surgery, which is evident from
the decreased coefficient variation of AUCo.g post surgery, i.e., from 121 to 52% vs. 77 to
54% (obs and pred). Bypassing the proximal small intestine reduces the surface area
available for absorption. However, because the CYP content is greater in the proximal
small intestine [106], bypass of this segment will also cause a relatively large reduction in
overall GI, metabolic activity. These two opposing processes may, to different degrees,
affect the bioavailability of orally administered drugs, depending on the drug and the

individual patient characteristics resulting in high variability of oral drug bioavailability.

Midazolam is a substrate of CYP3A4 with baseline oral bioavailability of ~30%.
Therefore, for a CYP3A4 substrate with relatively low oral bioavailability, RYGB appears
to increase the rate of absorption, thereby achieving higher peak concentrations. The faster
midazolam oral absorption can be explained by faster gastric emptying of stomach due to
the reduced size of stomach post-surgery. This increase in peak concentrations could
increase the risk of dose-related side effects. It appears that the new RYGB procedure
alters the pattern of absorption without significantly changing the overall exposure to the
drug. The RYGB procedure bypasses the duodenum and proximal jejunum, leading to a
reduction of intestinal CYP3A4-mediated metabolism. The predicted fraction of drug
escaping the gut wall metabolism increased from 64% to 82% post-surgery due to
decreased gut wall clearance (Clint, G). Due to post-surgical upregulation of hepatic

CYP3A4, the intrinsic hepatic clearance increased 1.3-fold in patients post gastric bypass
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[107]. Despite the faster rate of absorption of midazolam post gastric bypass surgery, the
observed increase in clearance after oral (Clpo) administration indicated increase in the
fraction of drug escaping the intestinal first pass metabolism (fg) which resulted in
unaltered bioavailability of midazolam post-surgery. This alteration would result in higher
peak concentration after oral administration of midazolam in post-gastric bypass surgery
population in comparison to the morbidly obese subjects before surgery. These changes
may be of clinical importance. However, the extent and direction of change would depend
on the individual patient and the characteristics of the drug administered (e.g., intestinal

vs. hepatic first-pass metabolism).

Trends in simulated oral drug exposure of atorvastatin and midazolam pre to post
RYGB were consistent with the observed data. The drug exposure of atorvastatin in
morbidly obese and post-surgical patients displayed high variability, and higher mean peak
concentrations with decreased Tmax were observed for midazolam. However, no

significant changes in terms of the extent of absorption were observed for midazolam.

In this aspect of research, the post-surgical population model adopted from the
literature was successfully created in Simcyp and verified for two model drugs.
Furthermore, PBPK model prediction of systemic exposure in all three populations tested
were well within the 95% confidence interval for both atorvastatin and midazolam. Thus,
this mechanistic PBPK modeling approach has the potential to serve as a tool in examining
the effect of surgical alterations after RYGB on oral bioavailability in the absence of
published clinical pharmacokinetic data, thus illustrating the validity of PBPK modeling

and simulation in predicting the impact of bariatric surgery on drug exposure.
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SPECIFIC AIM 2



Specific Aim 2

Specific aim 2: To develop and verify physiologically based pharmacokinetic model for

cefuroxime axetil, metronidazole and azithromycin in healthy volunteers

Introduction
Intra-abdominal infection (IAl) is the second most commonly known source of

severe sepsis in the intensive care unit (ICU), a standard disease process managed by
surgical practitioners. Despite clinical advancements made over the past decades, it is
associated with significant morbidity and death. The definitive treatment for complicated
IAl is surgery, but systemic antibiotic therapy is a required addition. One of the main
components of managing these infections is adequate antimicrobial therapy directed against
the infection's micro-organisms. In this setting, the purpose of antibiotics is to prevent and

treat the hematogenous spread of infection and minimize late complications [108].

The Surgical Infection Society (SIS) developed and disseminated guidelines for the
management of these infections in 1992, in 2002, and most recently in 2010 as a joint
guideline with the Infectious Diseases Society of America (IDSA) [109]. In intra-abdominal
infections, cefuroxime is effective against most gram-negative and gram-positive causative
aerobes, and metronidazole is effective against anaerobes. Most infections are

polymicrobial, with both aerobic and anaerobic bacteria involved.

Community-acquired pneumonia (CAP) is a common condition affecting millions of
individuals every year. It is one of the four common infections affecting gastric bypass
patients, thereby resulting in a significant increase in number of emergency visits or

hospitalizations post-surgery. It is also one of the most prevalent infectious diseases
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worldwide that can result in morbidity and mortality. Every year over 5.6 million
Americans and 915,900 Americans aged 65 are affected by community-acquired
pneumonia (CAP). In the United States, it is the sixth leading cause of death and is
responsible for 600,000 hospitalizations of geriatric patients . Many viruses and bacteria
cause CAP, but Streptococcus pneumoniae, Haemophilus influenzae and Moraxella
catarrhalis remain the bacterial pathogens causing significant morbidity and mortality in

adults [110 - 111].

The etiology of CAP has changed over the past few decades: antibiotic-resistant
bacteria that were thought to exist only in hospital environments are becoming more
prevalent in community environments (e.g., Staphylococcus aureus). [112]. Several
guideline-recommended clinical alternatives for CAP care are provided by the Infectious
Diseases Society of America (IDSA) and the American Thoracic Society (ATS). Although
clinical performance or mortality has not been correlated with the selection of agents, the
availability of guideline-recommended therapy has been related to improved clinical
results. The treatment options for community-acquired pneumonia are shown in Table 13.

[113-114].

Table 13: Treatment options for outpatients with Community-acquired pneumoniae [115]

Patient status Recommended Antimicrobial Therapy
No comorbidities or risk factors for MRSA* or | Amoxicillin or doxycycline or macrolide (if local
Pseudomonas aeruginosa pneumococcal resistance is, 25%)
With comorbidities? Combination therapy with

respiratory fluroguinolone

amoxicillin/clavulanate or cephalosporin NAD
macrolide or doxycycline or monotherapy with

IMRSA = methicillin-resistant Staphylococcus aureus.
2Comorbidities include chronic heart, lung, liver, or renal disease; diabetes mellitus; alcoholism; malignancy; or
asplenia.
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Azithromycin is a member of the macrolide class of antibiotics. It is a semi-synthetic
erythromycin derivative. Azithromycin is less active than erythromycin against gram-
positive bacteria but is significantly more effective against certain gram-negative species.
Azithromycin acts by binding to the 50S ribosome subunit and inhibit protein synthesis.
Clinically, azithromycin is used for most community-acquired infections, including
infections involving the upper and lower respiratory tract, as well as sexually transmitted

diseases [116].

Orally administered azithromycin is quickly absorbed and is widely distributed
across the body, except to the brain and cerebrospinal fluid. The bioavailability of
azithromycin in healthy volunteers is 37% following an oral dose of 500 mg, with a peak
serum concentration of 0.4 ug/ml approximately 2-3 h after dosing. Azithromycin also can
be administered intravenously, producing plasma concentrations of 3-4 g/ml after a 1-h
infusion of 500 mg. As the time to maximum concentration following oral administration
is relatively short (1 to 2 h), it is presumed that the dominant site of absorption of
azithromycin is in the duodenum, jejunum, or both [117]. Food reduces absorption from
capsules but not from tablets or suspensions. Extensive tissue distribution and high drug
concentrations within cells (including phagocytes) are the unique pharmacokinetic
properties of azithromycin, resulting in significantly higher drug concentrations in tissue or
secretions than corresponding serum concentrations [118]. Azithromycin undergoes some
hepatic metabolism (demethylation) to inactive metabolites, but biliary excretion is the
major route of elimination. Only 12% of the drug is excreted unchanged in the urine. The
elimination half-life (t1/2), 40-68 h, is prolonged because of extensive tissue sequestration

and binding [119-120].
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Cefuroxime is a second-generation cephalosporin antibiotic that has been used to
treat various bacterial infections globally for more than three decades. Two forms of
cefuroxime are available: cefuroxime sodium (salt) and cefuroxime axetil (ester prodrug).
Cefuroxime sodium is suitable for parenteral administration. Cefuroxime axetil (CA) is
formulated as an ester prodrug to facilitate its oral absorption by increasing lipophilicity
compared to free acid (cefuroxime). CA exhibits enhanced gastric stability due to its higher
pKa value [121]. However, CA is primarily absorbed in the proximal region of the Gl tract
upon oral administration and undergoes rapid hydrolysis to form cefuroxime in the
presence of non-specific esterase enzymes in the intestinal mucosa and blood. The ester
group is later metabolized to acetic acid and acetaldehyde, which have no inherent activity

[122].

Although the ester prodrug (CA) increases lipophilicity of cefuroxime, de-
esterification due to esterase enzymes before absorption in the intestinal fluids leads to low
permeation across the intestinal mucosa [123]. CA is poorly soluble and exhibits greater
bioavailability in the presence of foods rich in lipids due to the lower specificity of esterase
enzymes in the intestine toward CA [124]. Cefuroxime axetil is available in tablet form
and suspension. Plasma protein binding has been reported as 33-50% with a small volume
of distribution of 0.25 to 0.3 L/kg. Peak plasma concentrations are reached 3-3.5 hours
after oral administration. The reported elimination half-life of cefuroxime axetil is 1.2-1.9
hours. Cefuroxime is eliminated mainly by the kidney, in an active unchanged form, by
glomerular filtration and tubular secretion, and very little of the drug is excreted via the

bile [125].
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Metronidazole, the antimicrobial prototype of nitroimidazole, is also used to treat
anaerobic infections. Metronidazole has remained a reliable medication for the treatment
of most anaerobic/microaerophilic infections over many years, thereby setting it apart from
most other antimicrobials to which resistance grows much faster [126]. Orally
administered metronidazole is almost fully absorbed, with a bioavailability > 90 percent
for tablets; absorption is unaffected by infection. After a single dose of 500 mg, the peak
plasma drug concentration (Cmax) is approximately 8 to 13 mg/L, with a Tmax of 0.25 to
4h [127]. Oral administration of benzoyl metronidazole suspension formulations,
equivalent to 400 mg and 2 g single doses of metronidazole to healthy males, yielded mean
serum peak metronidazole concentrations of 4.6 mg/L (400 mg dose) and 17 mg/L (2 g
dose) with mean Tmax values of 3.2 to 5.1 h. This formulation has a 20 percent lower

bioavailability and produces a lower Cmax (~ 45% lower) than metronidazole [128].

Metronidazole has low protein binding (<20 percent) and is widely distributed. In
adults, with a steady-state volume of distribution is 0.51 to 1.1 L/kg. The liver extensively
metabolizes metronidazole to five metabolites. Metronidazole and its metabolites are
primarily eliminated in urine and feces, with only 12% excreted unchanged in the urine.
The total clearance (CL) of metronidazole from serum has been reported to range from 2.1
to 6.4 L/h/kg bodyweight. The elimination half-life for metronidazole ranges from 6 to 10

h, with most studies reporting values in the 8 h range [129].

This aspect of the dissertation research aims to develop and validate the PBPK
models for three probe drugs, azithromycin, cefuroxime axetil, and metronidazole, in

healthy volunteers.
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Modeling Strategy

Development of PBPK model of azithromycin in healthy subjects

The substrate profile of azithromycin was created using Simcyp simulator version
19 by incorporating all the physicochemical properties and parameters relating to
absorption, distribution, metabolism, elimination, and transport [130-136]. All the input
parameters for azithromycin substrate profile were obtained from literature and
summarized in Table 14. The ADAM model was used to predict the oral absorption of
azithromycin. The blood to plasma ratio was assumed to be 1. The intrinsic solubility was
predicted using the Simcyp Prediction Toolbox based on melting point (°C), log P, and
molecular weight. The whole body (Full) PBPK model was chosen, and steady-state
volume of distribution (Vss) of azithromycin was estimated by the Rodger’s estimation
method (Method 2) available in software. Simcyp’s retrograde model was used to calculate
the biliary clearance of azithromycin as biliary excretion is the major route of elimination.
Estimates of renal clearance and P-gp mediated transporter kinetics were obtained from

the literature.

The developed azithromycin substrate profile using the listed parameters (Table 14)
was then used to simulate the plasma concentration profile after IV and oral administration
in a healthy volunteer population, which is provided in the in the Simcyp population
library. A virtual clinical trial with a population size of 80 (10 trials of 8 male subjects),
aged between 18 and 43 years, was carried out with IV infusion of 1g and 2g administered
over 2 hours under fasting conditions. The simulated plasma concentration profile was
compared against published clinical data [134] digitized using WebPlotDigitizer

(https://automeris.io/\WWebPlotDigitizer/). Cmax and AUC and visual predictive checks were
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performed. Fold error was calculated as a ratio of predicted to the observed value of each

pharmacokinetic parameter. Once the model was verified 1V administration, verification

was continued for oral administration of azithromycin.

Table 14: Input parameters to create substrate profile for azithromycin in Simcyp®

Parameter Reference
Physicochemical Properties:
Molecular weight 749.12 g/mol [130]
Log P 4.02 [130]
pKa 8.5 [130]
Blood/plasma ratio 1 Assumed
Fraction unbound in plasma 0.69 [131]
(Bound to Alpha-1 acid glycoprotein)
Absorption:
Absorption Model ADAM
PetCaco-2 (pH 6.4:7.5) (10-6 cm/s) 3.59 [132]
Dissolution:
Intrinsic Solubility ((mg/ml) 0.029 Predicted
Distribution:
Distribution Model Full PBPK model
Prediction Method Method 2 (Rodgers et al.,)
Metabolism/Elimination:
Clearance Type Enzyme Kinetics
Biliary Intrinsic clearance _ 9-?5
(Wl/min/10) Calculated using Simcyp’s retrograde
H method, using the 1V and renal clearance
46.5 [134]
Cliv (L/h)
8.67 [135]
Clr (L/N)
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Transport:

P-gp (Apical efflux, small

intestine)
Jmax (nmol/min) 9.07
Km (uM) 11.3

log P, log octano 1-water partition coefficient; pKa, acid dissociation constant; ADAM , advanced
dissolution absorption and ~ metabolism ; Peff, effective human jejunal permeability; CI v, IV clearance;
CLr, renal clearance

A virtual clinical trial with a population size of 120 (10 trials of 12 subjects), 8 males
and 4 females, aged between 22 and 39 years, under fed condition, was carried out with a
single 500mg dose of azithromycin. Another virtual trial with a population size of 120 (10
trials of 12 subjects), 6 males and 6 females, aged between 30 and 45 years, under fasting
conditions, was carried out with a 3-day regimen (500mg Once daily for 3 days) and 5-day
regimen (500mg on day1, 250mg from day 2 to 5). Finally, a virtual clinical trial with a
population size of 240 (10 trials with 24 male subjects), aged between 21 and 31 years,
under fasting condition was carried out with a single dose of 500mg azithromycin
suspension. The simulated plasma concentration profile was compared against published
clinical data [137-139] digitized using WebPlotDigitizer
(https://automeris.io/\WebPlotDigitizer/). Fold error calculation of pharmacokinetic parameters
Cmax and AUC and visual predictive checks were performed. Demographic data for the
reference clinical studies for the 1V, solid oral, and oral suspension formulations are

summarized in Table 15.
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Table 15: Study design for azithromycin Simcyp® simulations in healthy population

1V Dose Oral Tablet
Oral
3-Day 5-Day Suspension
19 29 500mg Regimen Regimen
No. of Trials 10 10 10 10 10 10
No of subjects in each
Trial 8 8 12 12 12 24
Age of Subjects(years) 18-43 18-43 22-39 30-45 30-45 21-31
% of females 0 0 33 50 50 0
Duration of study (h) 240 240 96 288 288 72
Dosage regimen img IVinf | 2mgIVInf | 500mg 5%%?"9 ?g‘rce 500mgday 1, | 500mg Single
gereg for 2h for2h | singledose | 3 dﬁys 250mg day 2-5 dose

Development of PBPK model of cefuroxime axetil in healthy subjects

A substrate profile of prodrug cefuroxime axetil (CA) and its active form cefuroxime
was built using Simcyp simulator version 19. Physicochemical properties and properties
relating to absorption, distribution, metabolism, elimination, transport was obtained from
the literature [140-147] [Table 16]. The ADAM model was used to predict the absorption
of cefuroxime axetil. The whole body (Full) PBPK model was chosen and the steady-state
volume of distribution (Vss) of CA was predicted by the Rodger’s estimation method
(Method 2) available in software. Cefuroxime axetil is hydrolyzed by non-specific
esterases in the intestinal cells. To account for the formation of active drug (cefuroxime)
in the intestine, intestinal esterase CES 2 mediated hydrolysis was incorporated in the
model and the Kkinetic parameters were obtained from the literature. PEPT-1 mediated

uptake kinetic parameters obtained from the literature were also incorporated in the model.
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Table 16: Input parameters to create substrate profile for Cefuroxime axetil in Simcyp®

Parameter Cefuroxime Axetil Cefuroxime
Physicochemical Properties:
Molecular weight 540.48 g/mol [140] 424.4 [146]
Log P 0.55 [140] -0.75 [146]
pKa 10.52 [140] 3.15 [146]
Blood/plasma ratio 0.55 [140] 0.55 [Fitted]
Fraction unbound in plasma 0.33 [140] 0.7 [146]
Absorption:
Absorption Model ADAM ADAM
PefCaco-2 (pH 6.4:7.5) (10-6 cm/s) 3.6 [141] 1.7 [141]
Dissolution:
Solubility ((mg/ml) @pH 6.8 2.49 [142] NA

Distribution:

Distribution Model
Prediction Method

Full PBPK model
Method 2 (Rodgers et al.,)

Full PBPK model
Method 2 (Rodgers et al.,)

Metabolism/Elimination:

Clearance Type

Intestinal Esterases (CES2)

Enzyme Kinetics [143]

Vmax (pmol/min) 500
Km (uM) 315
Clr (L/h)
10.62 [144] 12.25 [144]
Transport:
PEPT-1 (Uptake, small intestine)
Jmax (pmol/min) 40
Km (uM) 7 [145] NA
MRP4 NA
Vmax (Pmol/min) 144
Km (uM) 248 [147]

log P, log octano 1-water partition coefficient; pKa, acid dissociation constant; ADAM , advanced dissolution
absorptionand  metabolism ; Peff, effective human jejunal permeability; Cl v, IV clearance; CLr, renal clearance.
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The PBPK model of cefuroxime axetil and the active drug cefuroxime was verified
against the clinical data obtained from literature in a healthy population, in-built in the
Simcyp population library. Sex, age, weight, and subject number-matched simulations were
performed corresponding to the identified clinical trials. A virtual clinical trial with a
population size of 120 (10 trials of 12 subjects), 7 males and 5 females, aged between 18
and 45 years, under fasting conditions were carried out for 500 mg single oral dose of
cefuroxime axetil. A second virtual trial with a population size of 240 (10 trials with 24
male subjects), aged between 19 and 38 years, under fed conditions were carried out for

250mg oral tablet and suspension twice daily for 5 days.

The simulated plasma concentration profile was compared against published clinical
data [148-149] digitized using WebPlotDigitizer (https://automeris.io/\WebPlotDigitizer/). In
addition, fold error calculation of pharmacokinetic parameters Cmax and AUC and visual
predictive checks were performed. Demographic data for the reference clinical studies for

oral tablet and oral suspension formulations are summarized in Table 17.

Table 17: Study design for cefuroxime axetil Simcyp® simulations in healthy population

250mg 250mg BID
500mg QD Tab BID Tab Suspension
No. of Trials 10 10 10
No of subje_cts in each 12 24 24
Trial

Age of Subjects(years) 18-45 19-38 19-38
% of females 42 0 0
Duration of study (h) 24 96 96

) 500mg 250mg 250mg Twice

Dosage regimen Single dose Twice daily
daily
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Development of PBPK model of metronidazole in healthy subjects

A substrate profile of metronidazole was built in Simcyp simulator version 19. The
developed PBPK model was then verified by comparing the predicted plasma
concentration profile in a healthy population against the published clinical data. The
physicochemical properties and parameters related to absorption, distribution, metabolism,
and elimination were obtained from the literature [150-155]. The ADAM model was used
to predict the absorption of metronidazole. The whole body (Full) PBPK model was chosen
and the steady-state volume of distribution (Vss) of metronidazole was predicted by the
Rodger’s estimation method (Method 2) available in software. Simcyp’s retrograde model
was used to calculate the intrinsic hepatic clearance of metronidazole. Metronidazole is a
substrate of CYP2A6, 2E1. 3A4 and also undergoes glucuronidation. The hepatic
metabolism of metronidazole was attributed to these isoforms and UGT. Oral clearance
and fraction of drug excreted unchanged in urine were obtained from the literature. 30-
40% of active re-absorption through enterohepatic recirculation was implemented in the
model. The input parameters for the metronidazole substrate profile were summarized in

Table 18.
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Table 18: Input parameters to create substrate profile for metronidazole in Simcyp®

Parameter Reference
Physicochemical Properties:
Molecular weight 171.16 g/mol [150]
Log P 0.75 [150]
pKa 2.62 [150]
Blood/plasma ratio 1 [151]
Fraction unbound in plasma 0.9 [151]
Absorption:
Absorption Model ADAM
Perr (10 cm/s) 3.96 [150]
Dissolution:
Solubility (mg/ml) @pH 6.8 13 [150]
Distribution:
Distribution Model Full PBPK model
Prediction Method Method 2 (Rodgers et al.,)
Metabolism/Elimination: Intrinsic hepatic clearance was calculated
using the Simcyp retrograde model [152,153]
Clearance Type Enzyme Kinetics
CYP3A4 fm —0.27
CYP2A6 fm-0.25
CYP2E1 fm-0.24
UGT1Al fm-0.1 [154]
Enterohepatic recirculation 30-40% [155]
Clr (L/h) 0.45

log P, log octano 1-water partition coefficient; pKa, acid dissociation constant; ADAM, advanced dissolution
absorption and metabolism; Peff, effective human jejunal permeability; Cl \v, IV clearance; CLr, renal clearance.
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The developed PBPK model of metronidazole was verified against the clinical data
obtained from published studies after administration of intravenous, oral tablet, and oral
suspension formulations to healthy subjects. A healthy population in-built in the Simcyp
library was used for verification of the model. In addition, sex, age, and number-matched

simulations were performed corresponding to the identified clinical trials.

In trial #1, for verification of IV plasma concentration profile after 500mg Q8H
and 1500mg QD, a virtual trial with a population size of 180 (10 trials with 18 male
subjects), aged 18 to 40 years, under fasting conditions were carried out. In trial #2, for
verification of the systemic profile after oral administration of a tablet formulation, one
virtual trial with a population size of 90 (10 trials with 9 subjects), 8 males and 1 female,
aged 21 to 23 years, under fasting conditions was carried out for a single dose of 500mg
and second virtual trial with a population size of 100 (10 trials with 10 male subjects), aged
23 to 35 years, under fasting conditions were carried out for 400mg single dose of
metronidazole. In trial # 3, for verification of oral suspension formulation plasma profile,
a virtual trial with a population size of 240 (10 trials with 24 male subjects) aged between
18 and 60 years, under fasting conditions were carried out for a single dose equivalent to

500mg of metronidazole.

The simulated plasma concentration profile was compared against published clinical
data [156-159] digitized using WebPlotDigitizer (https://automeris.io/\WebPlotDigitizer/). In
addition, fold error calculation of pharmacokinetic parameters Cmax and AUC and visual
predictive checks were performed. Demographic data for the reference clinical trials for

IV, oral tablet, and oral suspension formulations are summarized in Table 19.
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Table 19: Study design for metronidazole Simcyp® simulations in healthy population

IV Dose Oral Tablet S Oral_
uspension
500mg Q8H | 1500mg QD 500mg 400mg 500mg
No. of Trials 10 10 10 10 10
No of subjects in each
Trial 18 18 9 10 24
Age of Subjects(years) 18-40 18-40 21-23 23-35 18-60
% of females 0 0 12 0 0
Duration of study (h) 74 74 24 48 36
500mg IV .
. . 1500mg IV 500mg 400mg single 500mg
Dosage regimen |anfglr_|1h Inf for 1h single dose dose Single dose

Results

PBPK modeling of azithromycin in healthy volunteer population

The accuracy of the developed PBPK model of azithromycin was evaluated by

comparing the simulated plasma concentration profile against the published clinical data.

As illustrated in Figures 15 to 19, the predicted values are within the 95% confidence

interval compared to published data. In addition, Table 20 reports the observed and

predicted pharmacokinetic parameters along with the calculated fold error in a healthy

volunteer population. These results show that the model successfully captured the drug

behavior in healthy subjects with fold errors for AUC and Cmax ranging from 0.85 to 1.03,

which indicates that the model successfully predicted the pharmacokinetic parameters

compared to observed data.
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Figure 15: Observed (Open circles) and predicted (solid line) concentration time profiles of
azithromycin a) 1g 240hr (top), 24hr blowup (bottom), b) 2g 240hr (top), 24hr blowup (bottom)
IV infusion in healthy subjects with 5% and 95% confidence predicted interval (grey dashed lines)
from Luke et.al., 1996

88



o Obsconc

Pred Conc

S O5th parcentile

———— Sth percentile

Plasma Concentrtaion (mg/L)

0.0 20.0 40.0 60.0 80.0
Time (hr)

Figure 16: Observed (Open circles) and predicted (solid line) concentration time profiles of 500mg
single oral dose of azithromycin in healthy subjects with 5% and 95% confidence predicted interval
(grey dashed lines) from Beringer et.al., 2005
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Figure 17: Observed (Open circles) and predicted (solid line) concentration time profiles of 500mg
QD dose of azithromycin (3-day regimen) in healthy subjects with 5% and 95% confidence
predicted interval (grey dashed lines) from Amsden et.al., 1999
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Figure 18: Observed (Open circles) and predicted (solid line) concentration time profiles of 5-day
regimen (every 24 hr dosing) of azithromycin in healthy subjects with 5% and 95% confidence
predicted interval (grey dashed lines) from Amsden et.al., 1999
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Figure 19: Observed (Open circles) and predicted (solid line) concentration time profiles of 500mg
single oral dose of azithromycin Suspension in healthy subjects with 5% and 95% confidence
predicted interval (grey dashed lines) from Zakeri et.al., 2010
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Table 20: Pharmacokinetics of azithromycin in healthy population: PBPK model predictions vs.

published clinical data

Azithromycin Parameter Observed Predicted Fold
Dose (Mean + SD) (Mean + SD) Error
C
1g IV Infusion (r;‘z;}f) 3.1+04 3.2+04 1.03
for 2h
AUC
(mg.h/L) 23+4 23.3+4.9 1.01
29 IV Infusion Cmax 6.9+20 6.4+0.8 0.94
for 2h (mg/L)
AUC 46+ 9 46.5+ 9.8 1.01
(mg.h/L)
500mg single Cmax 0.30+£0.34 0.26 £ 0.07 0.86
oral tablet (mg/L)
AUC 44+19 44+18 1.01
(mg.h/L)
3-day regimen AUC 19.4+79 17.2+35 0.89
(500mg for 3 (mg.h/L) S T
days)
5-day regimen AUC 159+ 4.8 145431 0.91
(500mg day 1, (mg.h/L) R R '
250mg day 2-
5)
500mg Cmax 0.49+0.13 0.49+0.11 1.01
suspension (mg/L)
single dose
AUC 7.57+ 2.63 6.45+2.11 0.85
(mg.h/ml)

Observed- Parameter estimate reported in literature [134, 137-139];

Predicted- Parameter estimate predicted by PBPK model using Simcyp

Simulation;FE- Fold-error- ratio of [predicted]/[observed] values
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PBPK modeling of cefuroxime after oral cefuroxime axetil in healthy population

The model predicted plasma concentration profiles of cefuroxime axetil after an oral
administration of a tablet formulation (500mg single dose and 250mg twice daily) and an oral
suspension (500mg single dose) in healthy subjects were compared to clinically observed data.
As demonstrated in Figures 20-22, PBPK simulations were in close agreement with the
observed values. Table 21 presents the observed and predicted pharmacokinetic parameters
and calculated fold error for healthy populations. The calculated fold errors for AUC and
Cmax ranging from 0.84 to 1.36, indicating that the model successfully predicted the

pharmacokinetic parameters compared to observed data.
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Figure 20: Observed (Open circles) and predicted (solid line) concentration time profiles of
cefuroxime following 500mg single oral dose of cefuroxime axetil in healthy subjects with 5% and
95% confidence predicted interval (grey dashed lines) from Nix et.al., 1997
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Figure 21: Observed (Open circles) and predicted (solid line) concentration time profiles of
cefuroxime following 250mg twice daily oral dose of cefuroxime axetil in healthy subjects with
5% and 95% confidence predicted interval (grey dashed lines) from Donn et.al., 1994
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Figure 22: Observed (Open circles) and predicted (solid line) concentration time profiles of
cefuroxime following 250mg twice daily oral dose of cefuroxime axetil suspension in healthy
subjects with 5% and 95% confidence predicted interval (grey dashed lines) from Donn et.al., 1994
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Table 21: Pharmacokinetics of Cefuroxime after oral Cefuroxime axetil in healthy population:
PBPK model predictions vs. published clinical data

Dose Parameter Observed(Mean Predicted Fold

+ SD) (Mean * SD) Error

500mg Cmax (pg/ml) 53+19.6 55+1.7 1.04
single oral

dose AUC (ug.h/ml) 19.6 + 27.6 233+6.0 1.19

250mg BID Cmax (ug/ml) 3.8+0.9 3207 0.84

AUC (pg.h/ml) 12.7+2.0 12.7+2.7 1.00

250mg BID Cmax (pg/ml) 22+0.4 3.0+0.75 1.36
suspension

AUC (pg.h/ml) 113+1.9 121+27 1.08

Observed- Parameter estimate reported in literature [148-149];
Predicted- Parameter estimate predicted by PBPK model using Simcyp
Simulation;FE- Fold-error- ratio of [predicted]/[observed] values

PBPK modeling of metronidazole in healthy population

The performance of the PBPK model for metronidazole was assessed by comparing
the predicted plasma profile against the clinical data. As illustrated in Figures 23 — 27, the
metronidazole model captured the drug behavior in healthy subjects. The predicted plasma
profiles are within the 95% confidence interval in comparison to the observed plasma
profile. Table 22 compares the observed and predicted pharmacokinetic parameters
(Cmax, AUC). The fold errors for these parameters ranged from 0.81 to 1.16, indicating

that the model successfully predicted the pharmacokinetic parameters compared to

observed.
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Table 22: Pharmacokinetics of metronidazole in healthy population: PBPK model predictions vs. published clinical data

Metronidazole Parameter Observed Predicted Fold
Dose (Mean = SD) (Mean + Error
SD)
500mg IV Inf for 1h Cmax (pg/ml) 22.2+50 216+70 0.97
Q8H
AUC (pg.h/ml) 356 + 68 3725+8.0 1.05
1500mg IV Inf for Cmax 37.7+10.0 39.8+7.1 1.06
1h (ug/ml)
AUC 338 £ 105 393.4 + 1.16
(ug.h/ml) 5.2
500mg single oral Cmax 9.0£05 88x14 0.98
tablet (ng/ml)
AUC 1222 + 1151+ 0.94
(pg.h/ml) 10.3 46.6
400mg single oral Cmax (ug/ml) 85+23 69+1.1 0.81
tablet
AUC 82+ 17 88.6 + 1.08
(pg.h/ml) 37.6
500mg suspension Cmax (ug/ml) 6.1+15 6.0+16 0.99
single dose
AUC 101.1 + 91.0+40.4 0.90
(mg.h/ml) 23.9

Observed- Parameter estimate reported in literature [156-159];

Predicted- Parameter estimate predicted by PBPK model using Simcyp Simulation;FE- Fold-error- ratio of

[predicted]/[observed] values
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Figure 23: Observed (Open circles) and predicted (solid line) concentration time profiles of
metronidazole 500mg IV infusion Q8H in healthy subjects with 5% and 95% confidence predicted
interval (grey dashed lines) from Sprandel et.al., 2004
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Figure 24: Observed (Open circles) and predicted (solid line) concentration time profiles of
metronidazole 1500mg 1V infusion QD in healthy subjects with 5% and 95% confidence predicted
interval (grey dashed lines) from Sprandel et.al., 2004
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Figure 25: Observed (Open circles) and predicted (solid line) concentration time profiles of oral
dose of metronidazole 500mg single dose in healthy subjects with 5% and 95% confidence
predicted interval (grey dashed lines) from Jykri et.al., 1983
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Figure 26: Observed (Open circles) and predicted (solid line) concentration time profiles of oral
dose of metronidazole 400mg single dose in healthy subjects with 5% and 95% confidence
predicted interval (grey dashed lines) from Houghton et.al., 1982
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Figure 27: Observed (Open circles) and predicted (solid line) concentration time profiles of
metronidazole suspension of 400mg single dose in healthy subjects with 5% and 95% confidence
predicted interval (grey dashed lines) from Idkaidek et.al., 2000

Discussion

In recent years, physiological-based pharmacokinetic (PBPK) modeling has
emerged as a promising approach to assess drug behavior in virtual populations by
combining the key drug and system parameters to obtain insight into the drug
characteristics [160]. During the process of drug development, PBPK modeling can be
used to predict plasma drug concentrations in humans based on preclinical data.
Furthermore, the dynamic flux of enzyme production and degradation can be used to
estimate parent and metabolite concentrations at any given time after therapy is initiated,

which is a major advantage of PBPK modeling. This part of the research aimed to develop
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and verify the systemic exposure of three probe antibiotics: azithromycin, cefuroxime
axetil, metronidazole in healthy subjects.

Whole-body PBPK models for azithromycin and metronidazole were developed and
used to predict systemic drug exposure after intravenous and oral administration in healthy
adults. Cefuroxime axetil is an ester prodrug of cefuroxime. So, the developed PBPK
model was verified or applied to predict oral pharmacokinetics cefuroxime after
administration of the prodrug in healthy adults. This approach of whole PBPK modeling
integrated drug-specific parameters such as log P, pKa, permeability, solubility, and other
in vitro parameters such as blood to plasma ratio, plasma protein binding.

Whole body-based PBPK models simulate the pharmacokinetic profiles based on
drug-related physicochemical properties, such as clearance, the volume of distribution, and
relevant physiological parameters like organ volumes, tissue compositions, and blood flow
rates. In general, the intravenous profile is determined by the distribution and elimination
of the drug. These PBPK models estimate the tissue partition coefficient (Kps) values from
physicochemical properties used as input into mechanistic tissue composition equations
[161,162]. These published tissue composition equations provide accurate estimates of Vss
in humans.

Azithromycin is a macrolide antibiotic with unique pharmacokinetic properties
characterized by extensive distribution to tissues and fluids and active uptake by various
cells such as white blood cells and fibroblasts. This allows it to be administered for short
periods while maintaining high infection site concentrations for much more extended
periods. A total of 1500mg of immediate-release azithromycin administered in divided

doses over 3 or 5 days (e.g., 500mg once daily for 3 days or 500mg on day 1 followed by
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250mg on day 2-5) is the recommended regimen to treat most infections [163]. Accordingly,
an intravenous profile of azithromycin was simulated for doses of 1g and 2g in male
subjects.

Azithromycin is a high solubility drug with a reported bioavailability of ~37%. In
vitro studies suggest that azithromycin is a substrate of P-gp, and P-gp efflux could also
limit the oral bioavailability [164]. For azithromycin, biliary elimination is a major route of
elimination. The biliary clearance of azithromycin was calculated using the retrograde
model available in the Simcyp simulator, which back calculates the intrinsic hepatic
clearance/biliary clearance and any additional clearance. The retrograde model estimates
the biliary clearance from total intravenous clearance and renal clearance used as input
[165]. The predicted AUC and Cmax for 1g and 2g IV infusion of azithromycin were in
close agreement with the observed values with fold errors ranging from 0.94-1.03 (Table
20).

Once the PBPK model was verified for intravenous dosing, the model underwent
additional evaluation for oral dosing testing different regimens (500mg QD, 500mg Q3D,
500mg day 1 and 250mg day 2-5 and 500mg suspension single dose) in healthy subjects.
These simulations relied on the Simcyp ADAM model to estimate the rate and extent of
absorption. The predicted Cmax following 500mg single dose of azithromycin is 0.26 +
0.07 mg/L and was in close agreement with an observed value of 0.30 + 0.34 mg/L, and
the predicted AUC was 4.4 £1.8 mg.h/L which also was in close agreement with observed
AUC of 4.4 £ 1.9 mg.h/L. Additional simulations were conducted to predict the exposure
levels of azithromycin for two multiple dose regimens (3-day and 5-day regimens). The

model simulated systemic exposure levels of azithromycin for the two regimens were
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similar, and 3-day dosing did not provide higher exposure levels than the 5-day regimen.
The predicted estimates of pharmacokinetic parameters (AUC and Cmax) for both 3-day
and 5-day regimens were in close agreement with observed values with fold errors ranging
from 0.89-0.91.

The PBPK model was next extended to predict the pharmacokinetics after an
administration of an oral suspension formulation (500mg dose). The predicted Cmax after
was 0.49 + 0.13 mg/L and was in close agreement with observed values. Likewise, the
simulated AUC (6.45 + 2.11 mg.h/L) compared favorably with published clinical
observations. Thus, the oral pharmacokinetics of azithromycin for different regimens of
tablet and suspension formulations were successfully predicted using the developed whole-
body PBPK model, supporting its application to assess the pharmacokinetics of
azithromycin in special populations such as gastric bypass surgical populations.

Cefuroxime axetil is an oral cephalosporin that is rapidly hydrolyzed in the
gastrointestinal tract to the active parent compound, cefuroxime which is then absorbed into
the systemic circulation. Cefuroxime axetil is indicated to treat various infections caused by
susceptible bacteria, primarily for upper respiratory infections. The usual course of therapy
of cefuroxime axetil for most infections is 250mg twice daily for 7 days with a range of 5-
10 days [166]. Cefuroxime axetil has a bioavailability of ~36%. CA is a substrate for the
peptide transporter PEPT1, which is highly expressed in the intestinal membrane of
enterocytes and is the primary route of absorption. The distribution of CA is variable, and
elimination is mainly through the renal route. PBPK model simulations were performed to

predict the exposure levels after administration of a single oral dose (500mg tablet) under
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fasting conditions, and multiple dosing of both a tablet formulation (250mg twice daily for

5 days) and an oral suspension 250mg twice daily for 5 days) under fed conditions.

The predicted systemic parameters were in close agreement with clinically observed
values, which was confirmed following a visual predictive check of the plasma profiles and
by calculating fold errors. A pharmacokinetic study conducted by Nix et.al., following a
single oral dose of 500mg cefuroxime axetil tablet reported the Cmax of 5.24 + 19.6 pg/ml
and AUC of 19.6 £ 27.6 pg.h/ml; the PBPK model- predicted values were consistent with

the clinical data (Cmax 0of 5.45 + 1.64 pg/ml and AUC of 23.38 + 5.98 pg.h/ml).

A similar trend was observed following an oral dose of 250mg twice daily tablet and
suspension in healthy subjects where the observed and predicted parameters were
comparable with fold errors ranging from 0.84-1.36. Upon comparing the mean plasma
concentration profile and AUC after an oral tablet and suspension for 5 days, the results
suggest that the pharmacokinetics of cefuroxime are not altered after repeated dosing of
cefuroxime axetil. Thus, the oral pharmacokinetics of cefuroxime axetil following an oral
tablet and suspension dose were successfully predicted compared to the observed values
using the whole body PBPK model. This verified PBPK model of cefuroxime axetil can be

used or extended to predict the drug exposure changes in special populations.

Metronidazole, an antiprotozoal agent, is a relatively hydrophilic compound with
low protein binding [167]. Elimination occurs predominantly via biotransformation (~85%
of the dose), and a small fraction (~ 10-15% of the dose) is excreted unchanged in the
urine. Metronidazole displays linear PK in over the dose range from 0.2 - 2g [167-168].
The usual adult oral dosage of metronidazole is 500mg every 6 or 8 hours, and the usual

duration of therapy is 7 to 10 days. PBPK model simulations were initially performed to
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predict the steady-state pharmacokinetics of metronidazole following an intravenous
infusion (500mg Q8H and 1500mg Q24H). The PBPK model predicted AUC for the
500mg Q8H (372.5+8.04 pg.h/ml) and 1500mg Q24H (393.39£5.20 pg.h/ml) dosing

regimens were in close agreement with literature clinical values reported AUC.

Next, model simulations were used to evaluate metronidazole exposure after oral
administration of both tablet (400 and 500 mg, single dose) and suspension (500mg)
formulations. The predicted AUC for the 500mg and 400mg oral tablet (115.11+46.58
pg.h/ml, 88.59+37.63 pg.h/ml) were in close agreement with the observed values.
Likewise, the PBPK model-simulated AUC for the oral suspension captured the clinical
data. Thus, the PBPK model of metronidazole was successfully developed, and the model
was able to predict the pharmacokinetics following different doses of metronidazole
compared to the clinical data. This verified PBPK model of metronidazole can be applied

to predict the pharmacokinetics in special populations.

In this aspect of the research, the whole body PBPK models of azithromycin,
cefuroxime axetil, and metronidazole were successfully developed and verified in healthy
subjects for various dosing regimens and doses following intravenous and oral tablet and
suspension doses. In addition, the predictions of mean peak plasma concentrations and area
under plasma concentration curves were well within the calculated 95% confidence
interval. Thus, these PBPK models can provide a mechanistic structure from which to
extrapolate the pharmacokinetics of these oral antibiotics to different populations, such as
gastric bypass patients, where there is currently a lack of published clinical studies
examining the effect of surgical alterations of the GI tract on drug disposition and the
potential impact on safe and effective antibiotic dosing in this special patient population.
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SPECIFIC AIM 3



Specific Aim 3

Specific Aim 3: To simulate and predict the drug exposure changes for cefuroxime
axetil, metronidazole and azithromycin tablets in morbidly obese and post gastric
bypass population, characterize the PK/PD relationship using PD indices AUC/MIC

and T>MIC

Introduction

Obesity is a well-established public health concern, and its prevalence continues to
increase worldwide [169]. Bariatric surgery has emerged as the most effective treatment
for obesity [170] by providing weight loss to decrease comorbidities, such as type 2
diabetes mellitus, dyslipidemia, and an increased risk for infections post-surgery [171].
Patients post-bariatric surgery have an increased risk of intra-abdominal infections, UTIs,
respiratory infections and SSTIs [34,86]. Commonly administered oral antibiotics for
intra-abdominal infections and community acquired pneumoniae include cefuroxime plus

metronidazole, and cefuroxime plus azithromycin, respectively.

Due to changes in the GI tract post-bariatric surgery, oral absorption of antibiotics
can be altered, which may impact therapeutic efficacy. In addition to affecting gastric
emptying time and intestinal motility, bariatric surgery modifies available surface area for
absorption and may affect the intestinal drug metabolism, making antibiotic drug
bioavailability difficult to predict [172 — 173]. Furthermore, obesity itself affects several
pharmacological parameters, such that oral antibiotic absorption may change as patients
lose weight [169]. Previous studies report that obesity itself has effects on antibiotic dosing
requirements [174]. Excess body fat has also been shown to increase the volume of

105



distribution and increases adipose tissue and clearance of antibiotics from the systemic
circulation because of increased kidney mass and glomerular filtration, potentially

decreasing their efficacy [175].

Several studies demonstrated decreased oral antibiotic absorption following RYGB;
however, associated therapeutic outcomes were not consistent. Given the scarcity of data
on rates of oral antibiotic failure and the limited generalizability of the studies conducted
to date, close monitoring is required to investigate the rates of antibiotic failure or to allow
for dose modifications on a case-by-case basis. A limited number of studies have assessed
oral beta-lactams pharmacokinetics post-bariatric surgery; and all included a single dose
administration of antibiotic in the fasting state. Among these studies, amoxicillin and
ampicillin studies reported a slower rate of drug absorption and lower bioavailability post-
bariatric surgery [83, 176-177]. Two studies investigated the pharmacokinetics of oral
penicillin after bariatric surgery. Miskowiak et al. [178] reported no significant difference
in systemic exposure, whereas Terry et al. [179] reported a substantial increase in plasma
concentration post-surgery. Other investigators evaluated the pharmacokinetics of oral
fluoroquinolones post RYGB, and they concluded that no dose modification was required
post-surgery [180,181]. Additional studies investigated the pharmacokinetics of
macrolides in fasting subjects post-surgery using a single dose study design [37, 182]. The
results suggested the need for dose modification and monitoring for treatment failure in
the case of azithromycin. Overall, the limited data from these studies suggest that patients
taking oral beta-lactams and macrolides should be closely monitored following bariatric

surgery due to unpredictable absorption, although oral fluoroquinolones and linezolid may
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not be affected. To date, there are no studies available in the literature reporting the

treatment failure/exposure changes for cefuroxime axetil and metronidazole.

After administration of a drug, it undergoes absorption, distribution, metabolism and
excretion processes, which are characterized by various PK parameters. Once the drug
reaches the site of action at the desired concentration, it produces the desirable effect. In
antimicrobial therapy, the effect is produced on the bacterial pathogen responsible for
infection. The complex interplay among the drug and dose administered, its mechanism of
action (MOA), the concentration at the infection site, and the severity of infection
determines antibiotic treatment success. Pharmacokinetics (PK) and pharmacodynamics
(PD) help elucidate the relationship between drug concentrations in biological fluids such
as plasma, serum, and urine and the associated pharmacological effect [183]. PK-PD
approaches can streamline the process of drug development and help make crucial
decisions which include but are not limited to clinical trial design and the optimum dosing
strategies, all of which can be extremely costly and critical to the compound being

produced if incorrect decisions are taken.

The major indicator of the effect of the antibiotics is the MIC or minimum inhibitory
concentration, which provides information on the susceptibility of pathogen against the
antibiotic. The MIC is an in vitro measure of the antibiotic effect against a bacterium. The
quantitative relationship between a pharmacokinetic parameter and a microbiological
parameter is known as a PK/PD index. The best PK/PD index correlated with efficacy for
antimicrobials with time-dependent killing for pB-lactam antibiotics, such as penicillin,
cephalosporins, carbapenems and monobactams, is the duration of time that active
antibiotic concentrations exceeded the MIC. The PK/PD indexes for antimicrobials with
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concentration-dependent killing such as macrolides, aminoglycosides, metronidazole,
clindamycin, or linezolid is Cmax/MIC or the AUC/MIC ratios. For all the three PK
parameters, their relationship with the MIC of the infecting pathogen is the key to the

effect.

An ideal antibiotic optimization requires a good knowledge of the mechanisms
involved in the effect of the antibiotics, the antibiotic's concentration in the patients' body,
and the pathogen. PK/PD analysis integrates all the information about the
pharmacokinetics and pharmacodynamics and evaluates the dosing required to enhance
the possibility of success of the antibiotics therapy, as well as minimize the side effects
and the emergence of resistance. Predicting the time course of drug effects under different
physiological conditions is an essential quantitative aspect for determining the dose post

gastric bypass surgery, which might affect the oral bioavailability of antibiotics.

This aspect of the dissertation aims to characterize the alterations in drug exposure
when orally administering solid dosage forms (i.e., tablet formulations) for cefuroxime
axetil, metronidazole, and azithromycin. Different dosing regimens (dose, dosing
frequency) post gastric bypass surgery were analyzed to predict the efficacy of the study

drugs using the PD metrics such as AUC/MIC and T-MIC.
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Modeling Strategy

PBPK modeling of azithromycin, cefuroxime axetil, metronidazole in morbidly obese and

post gastric bypass populations

Azithromycin

The developed and verified azithromycin PBPK model presented in specific aim 2
was adapted to account for changes in drug exposure after oral administration (500mg
tablet) to subjects pre- and post-RYGB surgery. An ADAM model was used to predict the
absorption, and a full PBPK model was utilized to describe the distribution of
azithromycin. Following RYGB, Padwal et al. [37] reported a lower mean azithromycin
peak concentration occurring earlier (shorter Tmax) compared to baseline (pre-surgery).
Plasma concentration profiles were obtained for 24 hours after 500mg single dose
administration. Virtual simulations for oral drug exposure of azithromycin pre- and post-
RYGB were conducted in 10 randomized trials, consisting of 14 subjects in each trial. Sex,
age, and number matched simulations were performed. The demographic data for pre- and

post-RYGB surgery simulations for 500mg single tablet was shown in Table 23.

The simulated plasma concentration profiles in pre- and post-surgery populations
were compared with published clinical data [37] digitized using WebPlotDigitizer

(https://automeris.io/\WebPlotDigitizer/). Fold error (FE) calculation of pharmacokinetic

parameters Cmax and AUC and visual predictive checks were performed for all the
populations. FE was calculated as a ratio of predicted to the observed value of each

pharmacokinetic parameter.
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Once it was demonstrated that the model successfully captured the exposure changes
of azithromycin single dose compared to the observed data, the simulations were extended
to predict the exposure changes of azithromycin tablet at steady state following two
different dosing regimens. A single dose pharmacokinetic study of oral azithromycin
single dose (i.e., 500mg) evaluating drug exposure in pre-and post- RYGB surgery is
available in the literature [37]. As the 3- and 5-day oral regimens have not been evaluated
in a clinical study of patients pre- and post-RYGB surgery, a comparison to clinical data
could not be performed. The study design used for predictions after 3- and 5-day regimens

of oral azithromycin are shown in Table 24.

Table 23: Study design for Simcyp® simulations of oral azithromycin in pre- and post-surgical
population [37]

Pre (Morbidly Obese) and Post-surgery

No. of Trials 10
No. of subjects in each trial 14
Age of subjects (years) 18 - 60
% of females 100
Duration of Study (h) 24
Dosing Regimen 500mg tab single dose
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Table 24: Study design for Simcyp® simulations of oral azithromycin (steady state) in pre- and

post-surgical population

Pre (Morbidly Obese) and Post-surgery

3-Day Regimen

5-Day regimen

No. of Trials 5 5
No of subjects in each Trial 10 10
Age of Subjects(years) 18-60 18-60
% of females 50 50
Duration of study (h) 288 288

Dosage regimen 500mg daily for 3

days

500mg x1 Day 1

250mg daily days 2to 5

Cefuroxime axetil

The developed and verified PBPK model of prodrug cefuroxime axetil and its active
form, cefuroxime, presented in specific aim 2, was used to predict the exposure changes
for the following oral dosing regimens of a tablet formulation to pre- (morbidly obese) and
post-RYGB patient populations. Several dosing regimens were evaluated: single dose
(500mg), 500mg twice daily for 5 days, and 250mg tablet twice daily for 5 days. The
Simcyp ADAM model, a more sophisticated absorption model, was adopted to predict the
absorption, and a full PBPK model was used to predict the cefuroxime axetil and
cefuroxime distribution. Each simulation was performed on 120 virtual subjects (10 trials
x 12 subjects). The age, sex, dose, and dosing interval in pre- and post-surgical subjects
were identical to the healthy subjects trail. The demographic data for pre-and post-surgical

trials were shown in Table 25. As there are no published clinical data available to evaluate
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exposure changes of cefuroxime axetil following RYGB, no comparison was made to the

observed data.

Table 25: Study design for Simcyp® simulations of oral cefuroxime axetil in pre and postsurgical
population

Pre (Morbidly Obese) and Post-surgery
500mg 500mg BID 250mg BID
No. of Trials 10 10 10
No of subjects in each Trial 12 12 12
Age of Subjects(years) 18-45 18-45 18-45
% of females 50 50 50
Duration of study (h) 24 96 96
500mg 500mg BID 250mg BID
Dosage regimen
single dose for 5 days for 5 days

Metronidazole

The PBPK model of metronidazole developed and verified under specific aim 2 was
utilized to predict the exposure changes of metronidazole following single (500mg) and
multiple (500mg tablet Q8H for 7 days) oral dosing of a tablet formulation in both pre-and
post-surgical population. Once again, the ADAM model was used to predict the
absorption, and a full PBPK model was used to predict the distribution of metronidazole.
Each simulation was replicated in 5 trials with 10 subjects in each trial. Model-simulated
systemic exposure estimates were predicted and the ratio of post- to pre-surgery for these

estimates were calculated. No comparison was made to observed data as there are no
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published clinical studies regarding exposure changes of metronidazole post-RYGB. The

demographic data for pre-and post-surgical simulations were shown in Table 26.

Table 26: Study design for Simcyp® simulations of metronidazole in pre and postsurgical
population

Pre (Morbidly Obese) and post-surgery
500mg 500mg Q8H
No. of Trials 5 5
No of subjects in each Trial 10 10
Age of Subjects(years) 20-50 20-50
% of females 50 50
Duration of study (h) 24 168
Dosage regimen 500mg single dose 500mg Q8H for 7 days

PK/PD Integration

For antibiotics with concentration-dependent time killing, the effect in vivo depends
on achieving highest concentrations above the infecting pathogen’s MIC to ensure maximal
killing. For most antibiotics there is a high correlation between the peak concentration or
AUC ratioed to the MIC. Azithromycin is an antimicrobial with a concentration-dependent
with time dependency killing, which allows for prolonged persistent effects, that protect
against regrowth when active drug concentration falls below the MIC. For azithromycin
the ratio of unbound AUC (over 24 hrs, AUC24) to MIC correlates well with in vivo
efficacy. Target AUC24/MIC ratios required for clinical success vary among antibiotic
classes, and the value is >5 for macrolides like azithromycin against H. influenzae, and >25

against M. catarrhalis [184]. Azithromycin is active against gram-positive bacteria and
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gram-negative bacteria including Haemophilus influenzae, Moraxella catarrhalis, and
Mycoplasma pneumoniae. The MICgo values for these organisms were obtained from
SENTRY Antimicrobial surveillance data [https://sentry-mvp.jmilabs.com/app/sentry-
public] and published literature [185] and were utilized to determine an AUC/MIC for
relevant pathogens including H. influenzae and M. catarrhalis.

Cefuroxime has a broad spectrum of antimicrobial activity. The MICgo values for
oral cefuroxime were also obtained from SENTRY Antimicrobial surveillance data
[https://sentry-mvp.jmilabs.com/app/sentry-public] and the literature [186]. Cefuroxime is
active against many gram-positive bacteria like S. pneumoniae (MICgo of <0.012 mg/L
(Penicillin susceptible), 4 mg/L (Intermediate). Cefuroxime also shows good activity
against several gram-negative bacteria like H. influenzae (MICgo 1.0 mg/L), and M.
catarrhalis (MICg 2.0 mg/L). Additionally, the drug is also against E. coli, with mean
MICgo values of 4 and 8 mg/L. The MICg value for the most resistant strains of E.
coli ranges from 8 to 32 mg/L. A recent study by Gascon et al [187] reported that for E.coli
the MICgo of 4 mg/L (CLSI - Clinical and Laboratory Standards Institute) and 8 mg/L
(EUCAST — European Committee on Antimicrobial Susceptibility Testing) [188-189]
resulted in invariably zero %T>MIC and MICgo of >0.5mg/L resulted in more than 90% of
strains reached the target % T>MIC with clinical response above 90%. Gascon et al. reported
that most microbiology laboratories analyze the in vitro susceptibility with automates
systems, which use a straight range of concentrations, around a clinical breakpoint which
could be a limitation in the clinical outcome. Accordingly, an MICg of >0.5mg/L was

used for E.coli in this study for PK/PD analysis.
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PK/PD analysis suggests that the time cefuroxime concentrations are above the
MICgp is the most predictive parameter. A %T> MIC of 50 to 70 % of the dosing interval
correlates well with the efficacy assuring therapeutic success [69]. Most of studies
reporting PK/PD analysis of oral cefuroxime identified that % T>MIC of 50 to 70% attains
near maximal bactericidal activity, especially for H. influenzae, and a target of 40% is
required to inhibit the growth of bacteria. Thus, a PD target of 50 to 70% of the time
interval above MIC was considered as optimal effect [189]. Estimates of the amount of
time that plasma levels exceed MIC values were obtained from plasma concentration time
profile to determine the %T>MIC for different dosing regimens as demonstrated in the

below equation:

%T > MIC = [t, — t,] x% (5)

Where the t1 and t, corresponds to the time at which the drug concentration reaches the
MIC in the ascending (absorption) and descending (elimination) phases of the plasma
concentration-time profile, where t represents the dosing interval, which is 12hr for all the

simulations in pre- and post-surgical populations[187].
Results

Azithromycin

The PBPK model predicted the clinically observed mean plasma concentration
profile after a single oral dose of 500mg tablet in pre- surgical population (Figure 28) and
post-surgery (Figure 29). The graphs show that model predicted exposure values were
within the 95% confidence interval compared to observed data. Figure 30 compares the

predicted plasma concentration profile of azithromycin in pre- and post-RYGB. Table 27
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compares the observed and predicted pharmacokinetic parameters (Cmax, AUC) and

calculated fold error pre-and post-surgery.

Collectively, the results show that the PBPK model successfully captured the
pharmacokinetic profile of azithromycin in pre- and post-RYGB populations. Fold errors
for AUC and Cmax ranging from 0.88 to 1.22 and are close to one, which indicates that
the model successfully predicted the pharmacokinetic parameters compared to observed
data. The predicted AUCo-24 for the post-surgical group was 33% lower (1.69 £ 0.51
mg.h/L vs. 2.52 + 0.63 mg.h/L) than the pre-surgical (morbidly obese) group, and this was
in close agreement with the published clinical study that reported 32% lower AUC in
RYGB subjects compared to morbidly obese. Azithromycin Cmax for the post-surgical
group (0.23 £ 0.05 mg/L) was 30% lower than that for the morbidly obese group (0.33 £
0.06 mg/L). A significant decrease in extent of absorption was observed for a single dose

of azithromycin post-surgery.

Table 27: Pharmacokinetic parameters of azithromycin following 500mg tablet in pre and

postsurgical population: PBPK model predictions vs. published clinical data

Pre-Surgery Post-surgery
(Morbidly Obese)
Obs Pred FE Obs Pred FE
Cmax (mg/L) 0.36 0.2 | 0.33+0.06 0.91 0.26 £0.1 0.23+0.05 0.88
AUC(0- 1.69+£05
last)(mg.h/L) 2.07+0.8 2.52+0.6 1.22 1.41+£05 1.20
Tmax (h) 24+1.2 23+04 0.96 21101 22+05 1.01

Obs- Parameter estimate reported in literature [37];

Pred- Parameter estimate predicted by PBPK model using Simcyp
Simulation;FE- Fold-error- ratio of [predicted]/[observed] values
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Figure 28: Observed (open circles) and Predicted (solid line) concentration time profiles of 500mg
oral azithromycin Pre RYGB surgery (Morbidly obese) subjects with 5% and 95% confidence
predicted interval (grey dashed lines).
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Figure 29: Observed (open circles) and Predicted (solid line) concentration time profiles of 500mg
oral azithromycin Post RYGB surgery subjects with 5% and 95% confidence predicted interval
(grey dashed lines).
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Figure 30: Predicted pre RYGB (solid triangles) and post RYGB (solid circles) concentration
time profiles of 500mg oral azithromycin tablet.

The PBPK model was then used to predict the steady state plasma concentration
profile of azithromycin resulting from two dosing regimens (500mg once daily for 3 days;
500mg on day 1, 250mg on days 2- 5) in pre-and post-surgery populations, The results are
depicted in Figure 31 and 32. Table 28 provides the model-predicted pharmacokinetic
parameters of azithromycin following these two dosing regimens in both populations. The
predicted steady state AUC after surgery was 30% lower (22.54 + 4.20 mg-h/L vs 15.71 £
5.36 mg-h/L) compared to clinically observed data in the pre-surgical (morbidly obese)
group for the three-day regimen. Likewise, azithromycin Cmax for the post-surgical
population (0.28 + 0.07 mg/L) was 28% lower than that for the morbidly obese group (0.39
+ 0.12 mg/L). Similar results were seen for the 5-day regimen, where the model predicted

AUC for post-surgery was 28% lower (19.98 + 3.79 mg-h/L vs 14.47 + 3.42 mg-h/L lower
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than the pre-surgical group. Furthermore, the Cmax for the postsurgical group (0.28 + 0.06
mg/L) was 26% lower than that for the morbidly obese group (0.38 £ 0.11 mg/L). A
statistically significant (p < 0.05) decrease in PBPK model-predicted overall exposure was

observed at a steady state of azithromycin post-surgery.

In order to follow PK/PD-based estimates on the clinical efficacy of azithromycin,
AUC (24n, ss)/MIC ratios were calculated for relevant pathogens of respiratory, skin, and
soft tissue infections. Tables 29 and 30 present the MIC values obtained from SENTRY
Antimicrobial surveillance data [https://sentry-mvp.jmilabs.com/app/sentry-public] and
other studies from literature [185]. AUC(2sn, ss)/MIC ratios calculated for different
pathogens in pre- (morbidly obese) and post-surgical populations for 3-day and 5-day oral
regimens. AUC24, ss/MIC ratio calculations suggest that the azithromycin concentrations
are subinhibitory (below the threshold ratio of 5) for H. influenzae — intermediate
(moderately susceptible) in both pre- and post-surgical populations , and for the susceptible
(isolates with no bacterial resistance or at clinically significant level) group AUC24, ss/MIC
ratio was above the threshold for pre-surgical group and sub-inhibitory for post-surgical
group. For M. catarrhalis, although the AUCa4, ss/MIC was 2-fold lower in post-surgical
group, it was above the threshold concentration of 25 indicating the efficacy in both pre-

and post-surgical groups.
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Table 28: Pharmacokinetic parameters of azithromycin at steady state in pre and postsurgical

population
500mg QD for 3days 500mg day 1, 250mg day 2 - 5
Pre-surgery Post- Ratio Pre-surgery Post- Ratio
(Morbidly surgery (Morbidly surgery
Obese) Obese)
Cmax (mg/L) 0.39£0.12 0.28 £0.07 0.72 0.38+0.11 0.3£0.06 0.74
AUC (0-ast) 22.54+42 15.71 £5.36 0.70 19.98 £3.79 14.47 £ 3.42 0.72
(mg.h/L)
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Figure 31: Predicted pre RYGB (solid triangles) and Post RYGB (solid circles) concentration
time profiles of oral 500mg azithromycin tablet for 3 days.
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Figure 32: Predicted pre RYGB (solid triangles) and Post RYGB (solid circles) concentration
time profiles of oral 500mg azithromycin tablet (5-day regimen).
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Table 29: Azithromycin AUCan, ssy/MIC ratios for
regimen (500mg daily for 3 days)

relevant pathogens in pre (morbidly obese) and post-surgical population 3-day

MIC AUC 24 (mg.h/L), Day 3 AUC24h, ss/IMIC ratio calculated
for the indicated MIC
Pre-surgery Post-surgery Pre-surgery Post-surgery
1 mg/L
(H. influenzae) 4.25 2.38 4.25 2.38
0.5 mg/L
(H. influenzae) 4.25 2.38 8.50 4.76
0.06 mg/L
(M. catarrhalis) 4.25 2.38 70.8 39.7

AUC,4ss — area under the concentration curve over 24hr in steady state
MIC — minimum inhibitory concentration, at which 90% of the isolates are inhibited

Table 30: Azithromycin AUC«24n, ss)/MIC ratios for relevant pathogens in pre (morbidly obese) and post-surgical population 5-day

regimen (500mg day 1 and 250mg day 2 to day 5)

MIC AUC2 (mg.h/L) AUC (mg.h/L) AUC/MIC AUC/MIC
Pre-surgery Post-surgery Pre-surgery Post-surgery
Day 1 Day 5 Day 1 Day 5 Dayl | Day5 Day 1 Day 5
1 mg/L
(H. influenzae) 4.25 3.2 245 2.2 4.25 3.2 2.45 2.2
0.5 mg/L
(H. influenzae) 4.25 3.2 2.45 2.2 8.5 6.4 4.9 4.4
0.06 mg/L
(M. catarrhalis) 4.25 3.2 245 2.2 70.83 | 53.33 40.83 36.67

AUC,4ss — area under the concentration curve over 24hr in steady state
MIC — minimum inhibitory concentration, at which 90% of the isolates are inhibited
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Cefuroxime axetil

The developed and verified PBPK model of the prodrug cefuroxime axetil was used
to predict the exposure changes of cefuroxime (active moiety) after single oral dose
administration (500mg) and at a steady state (500mg and 250mg dosed twice daily). The
model predicted mean plasma concentration profiles these dosing regimens are presented
in Figures 33 through 35. Table 31 provides the PBPK model-predicted pharmacokinetic
parameters of cefuroxime in the pre- and post-RYGB populations. Following
administration of a single 500 mg oral dose of cefuroxime axetil, the predicted AUCo-24n
for postsurgical patients was 40% higher (17.46 £ 4.29 vs. 12.53 + 2.95 pg-h/ml, p < 0.05)
than the pre-surgical (morbidly obese) group. No significant difference in cefuroxime
Cmax was observed for the postsurgical group (3.59 = 1.29 pg/ml) compared to morbidly

obese group (3.21 £ 0.99 pg/ml).

Moreover, following multiple dosing (500 mg twice daily) to steady state, the
model-simulated AUC for the postsurgical group was 42% higher (17.04 +5.45 pg.h/ml
vs. 12.04 £ 3.02 pg.h/ml) and the Cmax was 20% higher (3.86 £1.53 pg/ml vs. 3.21 + 0.99
pg/ml) for the post-surgery population compared to morbidly obese subjects. A similar
trend was observed for 250mg dosing simulations, where the post-surgical AUC was 42%
(9.53 £ 1.72 pg.h/ml vs 6.71 + 1.42 pg.h/ml) higher than the pre-surgical group and the
Cmax was 18% (2.63 £ 0.88 pg/ml vs 2.22 + 0.48 pg/ml) higher following RYGB. These

differences in Cmax and AUCO0-24h were statistically significant (p < 0.05).

The dose-effect relationship for oral cefuroxime was evaluated by calculating the
%T>MIC for relevant pathogens. Table 32 presents the MICg values and %T>MIC for

different pathogens in pre-surgical (morbidly obese) and post-surgical populations. For
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antimicrobials like cefuroxime, the %T-MIC of 50 -70% has been identified for near-
maximal bactericidal activity, whereas a target of 40% has been proposed as the threshold
for achieving bacteriostasis [189]. Table 32 illustrates that that the standard dosing
regimens (500mg or 250 mg q12h) achieved the recommended target of >50%T>MIC
for S. pneumonia, in both pre-and post-surgical populations. For H.influenza, the target

was achieved for 500mg PO q12h regimen but not for 250mg PO g12h.

For E.coli, the MICgo of >0.5mg/L reported by Gascon was used to assess the target
achievement as the target attainment was invariably zero for the MICg value from
SENTRY Antimicrobial surveillance data [https://sentry-mvp.jmilabs.com/app/sentry-
public] and CLSI [188] and the cumulative fraction response was higher than 90% for
target MICgo 0f >0.5 mg/L. With MICgo of >0.5mg/L, the target was reached for the 500
mg dose in pre- and post-surgical subjects, whereas 250mg PO g12h reached the target

only in pre-surgical subjects.

124



Table 31: Pharmacokinetic parameters of cefuroxime after oral cefuroxime axetil in pre and postsurgical population

500mg Single Dose 500mg BID for 4 days* 250mg BID for 4 days”
Pre-surgery Post- Ratio | Pre-surgery Post- Ratio Pre-surgery Post- Ratio
(Morbidly surgery (Morbidly surgery (Morbidly surgery
Obese) Obese) Obese)

Cmax 3.2+1.0 3.6+1.3 1.12 32+1.0 286+15 | 1.20 2.2+£0.48 26+0.9 1.18
(Hg/ml)
AUC 125+ 3.0 17.5+£51 | 1.40 120+£3.0 17.0+£54 1.42 6.7+14 95+17 1.42
(ng.h/ml)
Tmax (h) 3.0+£05 24+05 0.8 3.0+£05 24+05 0.8 20+04 23105 1.13

# Day 4 predicted Cmax and AUC

Table 32: Calculated %T> micoo for cefuroxime after oral cefuroxime axetil tablet in pre-surgery (morbidly obese) and post-surgery
(gastric bypass) for relevant pathogens

%T>MIC (Pre- T>MIC (Post-
pathogen MIC g surgery) surgery)
(mg/lL) | s00mg | 250mg | 500mg | 250mg
BID BID BID BID
Gram-negative bacteria
Escherichia coli 0.5 54.2 41.7 64.8 50.0
H. influenzae 1 50.0 29.2 50.0 45.8
Gram Positive bacteria
S. pneumoniae (Penicillin <0.012 100 100 100 100
Susceptible) -

125



plasma Concetration (ug/ml)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

—a— Pred Conc (Pre RYGB)

--@---Pred Conc (Post RYGB)

0.0

5.0

10.0

Time (h)

Figure 33: Predicted pre RYGB (solid triangles) and Post RYGB (solid circles) concentration

time profiles of cefuroxime after an oral 500mg cefuroxime axetil tablet.
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Figure 34: Predicted pre RYGB (solid triangles) and post RYGB (solid circles) concentration
time profiles of cefuroxime after an oral 500mg BID cefuroxime axetil tablet Day 1 (top) and Day
4 (bottom).
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Figure 35: Predicted pre RYGB (solid triangles) and Post RYGB (solid circles) concentration
time profiles of cefuroxime after an oral 250mg BID cefuroxime axetil tablet Day 1 (top) and Day
4 (bottom).

Metronidazole

The predicted mean plasma concentration profiles of metronidazole following 500
mg dosing (single dose and 3 times a day for 3 days) in pre-and-post-RYGB are depicted
in Figures 36 and 37. The PBPK model developed and verified under specific aim 2 was
used for the simulations. Table 33 shows the predicted pharmacokinetic parameters of
metronidazole following RYGB for single dose administration and at steady state. The
predicted AUC and Cmax estimates were comparable between the pre- (morbidly obese)
and post-surgical groups, although the rate of absorption was faster (shorter Tmax) in the

post-surgical population.
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Table 33: Pharmacokinetic parameters of metronidazole in pre and postsurgical population

500mg Single Dose

500mg Q8H

Pre-surgery Pre-surgery
(Morbidly Post-surgery Ratio (Morbidly Post-surgery Ratio
Obese) Obese)

Cmax (pg/ml) 5710 6.0+1.6 1.06 11.2+34 116 +4.0 1.04
AUC

665280 | 70.7+315 106 | 5435309 581.6+309 1.01
(ng.h/ml)

1.3+0.1

Tmax (h) 2.1+04 1.5+0.2 1.37 16+03 0.78
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Figure 36: Predicted pre RYGB (solid triangles) and Post RYGB (solid circles) concentration

time profiles of oral 500mg metronidazole tablet.
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Figure 37: Predicted pre RYGB (solid triangles) and Post RYGB (solid circles) concentration
time profiles of oral 500mg metronidazole tablet Q8H.

Discussion

Over the past decade, the use of in silico methods to model drug absorption and
disposition has improved the ability to predict the effects of patient demographics such as
age, sex, and race, disease, and drug-drug interactions on systemic drug exposure, resulting
in advances in personalized medicine and reducing some of the challenges of conducting
clinical studies [73]. However, PBPK modeling has also recently been used to evaluate the
effects of gastric bypass on absorption and the overall bioavailability of drugs [76,77,79].
The post-operative changes in morbidly obese patients are multifactorial. PBPK models
offer an advantage over standard compartment models in determining the necessary dosing
modifications to ensure safe and efficacious drug therapy after patients undergo gastric

bypass surgery by considering both the physiological parameters and the drug
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characteristics. By accounting for the combined effects of various physiological factors and
drug characteristics on pharmacokinetics, PBPK models have the advantage over traditional
compartmental models in predicting necessary dose adjustments in gastric bypass patients.
This aspect of research aimed to simulate the alterations in absorption and disposition of
oral antibiotics administered as solid dosage forms post-RYGB surgery compared to the

morbidly obese or pre-surgical population.

RYGB alters the physiology of GIT, resulting in significant weight loss over time.
Correspondingly, alterations in drug absorption, distribution, metabolism, and excretion
might be anticipated in these patients after undergoing RY GB surgery, particularly for oral
drug dosing, and dosing adjustments may be necessary. In general, the pharmacokinetics
and resulting systemic exposure of orally administered drugs are altered post gastric bypass
surgery; there can often be an increase in Cmax and shorter Tmax, With less consistent results

on total exposure (AUC), which can be similar, lower, or higher after surgery.

An important consideration for pharmacodynamic evaluation is that the efficacy of
an antimicrobial agent is dependent on the relationship between the MIC of the pathogen
and drug exposure. For antimicrobials with concentration dependent time kill activity,
efficacy is correlated with Cmax- or AUC to MIC ratio. Alternatively, for medications
with time dependent kill activity, %T > MIC correlates well with efficacy. Alterations is
systemic drug exposure post-bariatric surgery can impact therapeutic efficacy of an
antimicrobial agent, thereby requiring dose adjustments in these patient population. Most
published research on bariatric surgery patients compare the pharmacokinetics before and
after surgery, although some studies compare the pharmacokinetics post-surgery to non-
obese individuals. The proper comparison should be pre- and post-surgery, as comparison
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to non-obese or healthy subjects could result in large inter and intra- individual variability.
Overall, very few studies have been performed to study the impact of bariatric survey on

antimicrobial efficacy.

The anatomical changes along the gastrointestinal tract following RYGB surgery
can influence or alter the pharmacokinetic parameters of oral drugs. For example, the large
size of the absorption surface is related to faster absorption, but when the transit of the
drug through the intestine is too fast, the possibility of drug absorption is reduced. The
PBPK models developed and tested in this research, based on the Simcyp ADAM
absorption module and appropriate population parameters, successfully simulated
clinically observed plasma concentrations and pharmacokinetic parameters of
azithromycin following oral administration of a tablet formulation in pre-surgical and
RYGB subjects. Model predictions suggested reduced bioavailability of azithromycin after
surgery with a mean post/pre-AUC ratio of 0.67 (p <0.05), which was associated with a
mean decrease in the projected fraction of dose absorbed (fa) from 0.71+0.03 to 0.56+0.04
and a corresponding increase in oral clearance (CI/F) from 174.43+63.60 L/h to
262.63+£99.46 L/h. The predictions pre-and post-surgery were in close agreement with the
clinically observed data. Similar findings were obtained for multiple dose simulations,
where the AUC ratio (post/pre surgery) was ~ 0.7 with associated decreases in fa
(0.71£0.03 to 0.59£0.04). This decrease in fraction of dose absorbed is likely due to
bypassing the upper gut post-RYGB surgery, which is the maximal site of absorption for
azithromycin. A reduced fa would lead to reduced bioavailability and increased oral

clearance (CI/F). As a result, total systemic exposure of azithromycin decreased
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significantly post RYGB compared to morbidly obese subjects after a single oral dose and

at steady state.

In line with these observations, PK/PD calculations support the hypothesis that
azithromycin concentrations in gastric bypass patients after surgery might be suboptimal
for treating bacterial infections. AUC24,5s/MIC ratio is generally considered the major
determinant of in vivo efficacy for antibiotics like azithromycin. A reported plasma AUC2,
ss/MIC threshold of >5 is necessary for maximal clinical efficacy and bacterial killing of
azithromycin [184]. PBPK model simulation predict that AUC>4, ss/MIC values above 5
were achieved for M.catarrhalis in both morbidly obese (Pre-surgery) subjects and gastric
bypass subjects for both 3-day and 5-day regimens. However, the AUCa24, ss/MIC ratio was
below the threshold value of 5 for both 3-day and 5-day regimens in both morbidly obese
and gastric bypass subjects for H. influenzae (intermediate pathogen), although the

threshold was reached for susceptible H.influenze in the pre-surgical population.

Overall, the AUC24, ss/MIC results suggests that the azithromycin exposure is
subinhibitory against H.influenze in gastric bypass subjects for the standard dosing
regimens. Hence, higher azithromycin doses might be warranted over the currently
employed regimens when treating infections caused by H. influenzae in gastric bypass
subjects, although no dose modifications seem necessary for infections caused by M.
catarrhalis. Furthermore, given the long elimination half-life (48 — 96 hrs) of azithromycin
several reports have indicated that prolonged exposure of bacterial organisms to sub
inhibitory antibiotic drug levels below MIC might trigger the development of macrolide

resistance [190].

133



Cefuroxime axetil is a Biopharmaceutical Classification System (BCS) class Il drug
with low solubility and high permeability. It is a substrate of the PEPT-1 peptide
transporter and that pathway is the primary route of absorption. The PEPT-1 peptide
transporter is highly expressed in the upper gut, with expression decreasing towards the
lower gut. Cefuroxime elimination is primarily through the renal route. PBPK model
simulations predicted a 40 to 42% increase (p <0.05) in mean cefuroxime exposure (AUC)

post-RYGB surgery compared to pre-RYGB.

This increased drug exposure can be attributed to improved bioavailability via
PEPT-1 active transport resulting from changes in Gl anatomy and physiology after
surgery. Cefuroxime axetil undergoes hydrolysis by non-specific esterases to cefuroxime
in the intestinal lumen. The prodrug that avoids intestinal degradation undergoes PEPT-1
mediated uptake into the intestinal mucosa, where is then then hydrolyzed to cefuroxime
[54]. The cefuroxime formed in the intestine mucosa has low permeability at the
basolateral membrane. Thus, cefuroxime moves out of the intestinal mucosa into the
systemic circulation at a slower rate [191]. Gastric bypass circumvents the upper gut
(duodenum and proximal jejunum) region with reduced stomach capacity. When
cefuroxime axetil enters the distal jejunum in gastric bypass patients, the degradation rate
would be reduced since this segment this region has a higher pH. As a result, a higher
fraction of cefuroxime axetil will be available for intestinal uptake in the jejunum where
PEPT-1 transporter expression is higher. Thus, enhanced PEPT-1 uptake and subsequent
hydrolysis leads to a higher fraction of cefuroxime reaching the systemic circulation. This

could explain the higher exposure of cefuroxime in gastric bypass subjects.
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The PD results, notably %T>MIC for S. pneumoniae, reflect that the plasma
concentration of cefuroxime after oral administration is sufficient to treat infections caused
by these pathogens and no dose modifications were necessary in pre-surgical and gastric
bypass subjects in the treatment of infections caused by these organisms. No activity was
found for E. coli, when MICg value from SENTRY Antimicrobial surveillance data was
used. A study by Gascon et., al reported that the probability of target attainment was
invariably zero for the MICgo from CLSI [188] and SENTRY Antimicrobial surveillance
data. The study also stated that, as most microbiological laboratories analyze the in vitro
susceptibility with automated systems with straight range of concentrations, the technique
introduces variability in MIC measurement due to inter-strain differences, intra-laboratory
variability and inter-laboratory variability. Thus, the current or proposed clinical MICs can
be a limitation in clinical routine. The study also reported that with MICgo value of > 0.5
mg/L where 90% of the strains reached the target cefuroxime plasma concentrations seem
to be sufficient to treat infections caused by E.coli . With MICg of 0.5mg/L no dose
modifications seem necessary post gastric bypass surgery for treating infections caused by
E.coli. For H. influenzae, cefuroxime concentrations reached the target % T>MIC for both
the dosing regimens in post-surgical group whereas the target was reached for only 500mg
BID regimen in pre-surgical group which suggests that 500mg BID regimen is preferred

to 250mg BID regimen in pre-surgical populations.

Metronidazole is a Biopharmaceutical Classification System (BCS) class | drug with
high solubility and high permeability. Metronidazole displays a bioavailability of over 95%
in healthy volunteers. Metronidazole undergoes hepatic metabolism, and both the

metronidazole and its metabolites are excreted renally (~60-80%). Gastric bypass
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circumvents the upper gut, the main site of metronidazole absorption and a region with high
intestinal CYP content. Thus, it is hypothesized that metronidazole exposure would be
altered post gastric bypass surgery. However, PBPK model predictions found no significant
difference in Cmax and AUC post gastric bypass surgery compared to the pre-surgical
population, with post-surgery mean peak plasma concentrations occurring earlier (shorter
Tmax) in RYGB subjects. The drug was nearly completely absorbed both pre- and post-
surgery, with predicted fa values of fa from 0.97 + 0.05 an 0.95 + 0.07. Likewise, no
difference in systemic exposure levels was predicted for multiple dose simulations.
Metronidazole is only 27% metabolized by CYP3A4 (both liver and gut), and a lower
fraction of the drug would undergo gut metabolism through CYP3A4 or other CYP
enzymes. The post-surgical upregulation of hepatic CYP3A4 and other CYP enzymes could
compensate for reduction is presystemic gut metabolism in the upper gut region following
surgery. This would result in no differences in metronidazole systemic exposure in gastric

bypass surgical subjects.

In this aspect of research, PBPK modeling successfully predicted the exposure
changes of azithromycin, cefuroxime axetil, and metronidazole post-RYGB compared to
pre-surgical or morbidly obese population following single oral dose and at steady state.
No dose modifications are suggested for metronidazole post-RYGB surgery. Azithromycin
AUC was reduced by one-third post gastric bypass surgery compared to morbidly obese.
This reduced systemic exposure of azithromycin means that the potential for treatment
failure exists for patients treated with the standard drug regimen after undergoing bypass
surgery. Based on the AUC24n, ss/MIC values, a dose modification of azithromycin in

gastric bypass patients seems necessary for infections caused by H.influenze.
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For cefuroxime axetil, where model-predicted increased exposure in gastric bypass
subjects, PK/PD analysis suggests that no dose modifications seem necessary for infections
caused by S. pneumoniae and E.coli. For infections caused by H. influenzae, 500mg BID
regimen is preferred to 250mg BID regimen in both pre- and post-surgical subjects. For
M. catarrhalis target % T>MIC was not attained for both 500mg and 250mg BID regimens
which poses the need for dose modifications in treating infections caused by this pathogen.
No change in the exposure was observed with metronidazole, so no PK/PD analysis was
performed. With these predictions, this research demonstrated that the mechanistic PBPK
modeling approach could serve as a tool in examining the effect of physiological alteration
following RYGB on the bioavailability of oral antibiotics in the absence of clinical data

and to optimization of oral drug therapy post-RYGB.
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SPECIFIC AIM 4



Specific Aim 4

Specific aim 4: To predict the relative bioavailability of azithromycin and cefuroxime

axetil suspensions in post-gastric bypass population

Introduction

Obesity is a significant risk factor for multiple chronic health conditions and is often
managed with behavioral modifications and drugs. However, these treatments often prove
to have only limited and short-term effects [192]. As a result, bariatric procedures are
becoming more popular as a long-term weight-loss strategy [193]. Following bariatric
surgery, structural and physiological alterations in the GIT may affect the
pharmacokinetics, specifically the absorption, of drugs taken by the patient. Nutritional
deficiencies in post-bariatric surgery patients have been examined and reported in a
reasonable manner [194]. However, there is surprisingly scarce information available on
changes in oral drug absorption following bariatric surgery. Furthermore, rather than large,
randomized studies, current information is typically obtained from case reports and studies
with a small number of participants. This scarcity of information limits the ability of
medical professionals to produce clear recommendations on what changes, if any should
be made to the dosing regimen of drugs following bariatric surgery, so this critical subject

is often overlooked.

Drug absorption from the Gl tract is divided into various phases, each of which may
be altered following bariatric surgery. For solid, immediate-release (IR) oral drug
products, the initial step disintegration and subsequent release of the drug into the stomach
[195]. Gastric motility, which is often important to the disintegration of the drug, maybe

139



impaired following bariatric surgeries. The drug must dissolve in the GI fluids after it is
released from the drug product. Dissolution, like disintegration, is influenced by several
physiological factors in the stomach, all of which are subject to changes as a result of
bariatric surgery: dissolution may be slowed by impaired gastric motility, as the drug is
poorly mixed with stomach contents and its transfer to the duodenum is delayed.
Furthermore, the reduced gastric volume following bariatric surgery reduces the amount
of fluid remaining in the stomach to dissolve the drug. Moreover, the solubility of many
drugs is influenced by gastric pH [196], which is significantly increased following bariatric
surgery. As a result, the solubility of basic drugs may be reduced after bariatric surgery,

while acidic drug solubility may improve.

The GI alterations post-RYGB pose potential concerns for solid oral IR drug
formulations that must disintegrate and dissolve in the stomach effectively. On the other
hand, gastric processes have a lesser role in drug release from controlled-release oral dose
forms and even less so in liquid formulations (syrup, solution, etc.). As a result, individuals
who have had bariatric surgery may find it helpful to transition from oral solid IR drug
formulations to other dosage forms more resistant to gastrointestinal alterations that could
impact the rate and extent of absorption. Indeed, a recent review of the literature found a
strong trend of moving post-surgery patients from solid to liquid formulations across

numerous therapeutic classes [197].

Azithromycin has shown good stability at low pH, and azithromycin is absorbed
mainly in the duodenum, jejunum, or both. Cefuroxime axetil disintegrates and is released
in the stomach after being taken orally, and it is rapidly hydrolyzed to cefuroxime and
delivered into the systemic circulation following intestinal uptake of prodrug. On the other
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hand, cefuroxime axetil suspension gets released in the upper small intestine. Because the
processes of disintegration and dissolution of tablets are directly dependent on the fluid
content, pH, and motility of GIT, it is hypothesized that any physiological changes in the
Gl tract following gastric bypass surgery may interfere with the rate and extent of

absorption of azithromycin and cefuroxime axetil, especially when given in tablet form.

The majority of previous studies recommend prescribing an oral solution for all drug
classes, presuming that tablet absorption issues may arise after gastric bypass surgery.
Azithromycin AUC reduced by one-third in gastric bypass patients for tablet formulations.
whereas cefuroxime axetil exposure (AUC) increased after gastric bypass. The
bioavailability of cefuroxime axetil oral suspension is only 40-45% when compared to the
60% bioavailability of tablets, therefore the oral suspension and tablets cannot have
substituted each other on a mg-to-mg basis [198]. With suspension formulations having
lower bioavailability compared to tablet formulation of cefuroxime axetil, it is important
to identify any changes in the bioavailability of the suspension formulation post gastric
bypass. Therefore, this aspect of the research aimed to evaluate the effect of RYGB on the
bioavailability of azithromycin and cefuroxime axetil suspension in comparison to tablet
formulation and to perform the PK/PD analysis by calculating AUC24nss/MIC for

azithromycin and %T>mic for cefuroxime axetil.

Modeling strategy

The azithromycin PBPK model developed and verified following 500mg suspension
under specific aim 2 was extended to predict the bioavailability of azithromycin suspension

following doses of 500mg single dose: 3-day and 5-day regimens in post-surgical
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population. An ADAM model was used to predict the absorption, and the full PBPK model
was used to predict the distribution of azithromycin. A virtual clinical trial with a
population size of 240 (10 trials with 24 male subjects), aged between 21 and 31 years,
under fasting condition was carried out with 500mg single dose, 3-day (500mg QD for 3
days) and 5-day (500mg day 1 and 250mg day 2-5) regimens of azithromycin suspension.
Demographic data for all the simulations in post-surgical populations were shown in Table

34.

Likewise, PBPK modeling was used to predict exposure changes of cefuroxime
after administration of a cefuroxime axetil suspension in the post-surgical population. An
ADAM model and a full PBPK model were used to predict the absorption and distribution
of cefuroxime. A virtual clinical trial of 350 (10 trials with 35 subjects), 50% females, aged
18 to 55 years, under fasting conditions were carried for a suspension dose of 500mg BID
and 250mg BID for 5 days. Demographic data for all the simulations in post-surgical

populations were shown in Table 34.
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Table 34: Study design for Simcyp® simulations of azithromycin and cefuroxime axetil suspension

formulations in postsurgical population

Azithromycin Suspension Cefuroxime axetil Suspension
500mg 3-Day 5-Day regimen 500mg BID 250mg BID
Single Dose Regimen (Suspn) Suspn Suspn
Suspn (Suspn)
No. of Trials 5 5 5 10 10
No of subjects in each Trial 24 24 24 35 35
Age (years) 21-31 21-31 21-31 18-55 18-55
% of females 0 0 0 50 50
Duration of study 24 288 288 96 96
(h)
Dosage regimen 500mg 500mg daily 500mg Day 1 500mg BID for 250mg BID for
Single Dose for 3 days 250mg day 2-5 5 Days 5 Days

PK/PD Integration

The MICqo values for the relevant organisms for azithromycin and cefuroxime axetil
were obtained from SENTRY Antimicrobial surveillance data [https://sentry-
mvp.jmilabs.com/app/sentry-public] and other studies available in the literature [184 -
187]. AUC/MIC for relevant pathogens were calculated as the area under the
concentration-time curve over 24 h at steady state divided by the MIC for standard 3-day
and 5-day regimen of azithromycin in pre- (morbidly obese) and post-surgical (gastric
bypass) subjects for suspension formulations and compared to AUC/MIC of tablet
formulation. The %T>mic for cefuroxime axetil was calculated using equation 5 for
standard regimens of 500mg g12h and 250mg qg12h in pre-surgical and post-surgical
subjects. The %T>MIC of suspension formulation was compared to tablet formulation to
interpret the superiority of suspensions to tablets.
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Results

The model predicted mean plasma concentration profile of azithromycin suspension
following 500mg single dose, 3-day, and 5-day regimens in post-gastric bypass subjects
was depicted in Figures 38-40. Figures 41-43 compares the plasma concentration profile
of azithromycin suspension to a tablet formulation administered at different dosing
frequencies. Table 35 presents the PBPK model simulated pharmacokinetic parameters of
azithromycin suspension in post-surgical patients. The predicted AUC post-surgery
following a single dose of 500mg azithromycin suspension is 3 times higher than the AUC
following a single oral dose of 500mg tablet (p <0.05). The predicted AUC in post-surgical
patients following 3-day and 5-day regimens of azithromycin suspension is 1.4 and 1.5
times (p <0.05) higher (22.00 £ 5.16 mg.h/L vs. 15.71 + 5.36 mg.h/L, 22.15 + 4.47mg.h/L
vs. 14.47+3.42mg.h/L) than the AUC following 3-day and 5-day regimen of azithromycin
tablets. Fraction absorbed (fa) increased from 0.56 to 0.7 (1.25 times higher) following a

suspension compared to tablet in gastric bypass subjects.

To evaluate the clinical efficacy of azithromycin suspension compared to the
tablet formulation, AUC(24h, SS)/MIC ratios were calculated for different pathogens in
post-surgical populations for 3-day and 5-day regimens. Tables 36 and 37 presents the
MIC values and the calculated AUC(24n, ss)/MIC for suspension and tablet formulations.
The calculation of AUC24, ss/MIC ratios suggests that azithromycin concentrations reached
the target concentration of 5 for susceptible H. influenzae for suspension formulation for
both 3-day and 5-day regimens in gastric bypass subjects compared to tablet formulation.
However, for intermediate H.influenze, the threshold concentration was not reached for

either dosing regimen in gastric bypass subjects for tablet or suspension formulation.
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Table 35: Pharmacokinetic parameters of azithromycin suspension and tablet following single
dose administration and at steady state in postsurgical population

Cmax (mg/L) AUCo. (mg.h/L) Tmax (h)
Tablet Suspension Tablet Suspension | Tablet Suspension
500mg Single | 0.23+0.05| 0.41+0.09 1.69+0.51 516+ 1.77 2.1 1.2
Dose
500mg QD for | 0.28+0.07 | 0.47 £0.13 1571+536 | 22.0+5.16 2.4 0.96
3days
500mg day 1, 0.28+0.06 | 0.49x0.10 1447 £3.42 | 22.15+4.47 2.88 14
250mg day 2-5
0.70
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Figure 38: Predicted (solid line) concentration time profiles of 500mg oral azithromycin
suspension in post RYGB surgery subjects with 5% and 95% confidence predicted interval (grey

dashed lines).
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Figure 39: Predicted (solid line) concentration time profiles of 500mg oral azithromycin
suspension for 3 days in post RYGB surgery subjects with 5% and 95% confidence predicted

interval (grey dashed lines).
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Figure 40: Predicted (solid line) concentration time profiles of 5-day regimen of oral azithromycin
suspension in post RYGB surgery subjects with 5% and 95% confidence predicted interval (grey
dashed lines).
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Figure 41: Predicted plasma concentration time profiles in post RYGB subjects following
500mg oral azithromycin tablet (solid triangles) and suspension (solid circles).
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Figure 42: Predicted plasma concentration time profiles in post RYGB subjects following
500mg oral azithromycin tablet (solid triangles) and suspension (solid circles) for 3 days.
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Table 36: Azithromycin suspension and tablet AUC24n, ss)/MIC ratios for relevant pathogens in post-surgical subjects for 3-day regimen
(500mg QD for 3 days)

MIC AUCy4 (mg.h/L) AUC2 (mg.h/L) AUC/MIC AUC/MIC
Pre-surgery Post-surgery Pre-surgery Post-surgery
Tablet Suspn Tablet Suspn Tablet | Suspn | Tablet | Suspn
1 mg/L 4.25 5.2 2.38 4.1 4.25 5.2 2.38 4.1
(H. influenzae)
0.5 mg/L 4.25 5.2 2.38 4.1 8.5 10.4 4.76 8.2
(H. influenzae)
0.06 mg/L 4.25 5.2 2.38 4.1 70.83 86.67 39.67 68.33
(M.catarrhalis)

Table 37: Azithromycin suspension and tablet AUC24n, ssy/MIC ratios for relevant pathogens in post-surgical subjects 5-day regimen
(500mg day 1 and 250mg day 2 to day 5)

MIC AUC2 (mg.h/L) AUC (mg.h/L) AUC/MIC AUC/MIC
Pre-surgery Post-surgery Pre-surgery Post-surgery
Tablet Suspn Tablet | Suspn | Tablet | Suspn | Tablet | Suspn
1 mg/L
(H. influenzae) 3.2 3.3 2.2 3.1 3.2 3.3 2.2 3.1
0.5 mg/L
(H. influenzae) 3.2 3.3 2.2 3.1 6.4 6.6 4.4 6.2
0.06 mg/L
(M.catarrhalis) 3.2 3.3 2.2 3.1 53.33 55.00 36.67 51.67
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The model predicted mean plasma concentration profile of cefuroxime axetil
suspension following 500mg BID and 250mg BID dosing in post-gastric bypass subjects
was depicted in Figures 44 and 45. Table 38 shows the predicted pharmacokinetic
parameters of cefuroxime axetil suspension in post-surgical patients following two dosing
frequencies. The predicted AUC post-surgery following a 500mg BID dosing of
cefuroxime axetil suspension is similar to AUC following 500mg BID tablet (16.1 + 4.4
pg.h/ml for suspension vs. 17.0 £ 5.6 pg.h/ml for tablet). A similar trend was observed for
250mg BID dosing of cefuroxime axetil suspension (9.5 + 1.8 pg.h/ml for suspension vs.

9.5 + 1.7 pug.h/ml for tablet).

The exposure-effect relationship for oral cefuroxime was estimated by calculating
the %T>MIC value for relevant pathogens. Table 39 presents the MICg values and
%T>MIC for different pathogens in (morbidly obese) and post-surgical populations for
suspension and tablet formulation. %T>MIC values show that the standard dosages of
500mg g12h reached the recommended target of >50% for all the listed pathogens, and the

%T>MIC of suspension formulation was similar to that of tablet formulation.

Table 38: Pharmacokinetic parameters of cefuroxime axetil suspension and tablet at steady state
in postsurgical population

Cmax (ug/ml) AUC (pg.h/ml) Tmax (h)
Tablet | Suspension | Tablet Suspension | Tablet Suspension
500mg BID 3815 3.7+14 17.0+5.6 16.1+4.4 2.4 1.92
250mg BID 26+0.8 26+0.8 95+17 95+138 2.03 1.44
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Table 39: Calculated %T> MICg for cefuroxime axetil tablet and suspension in pre-surgery
(morbidly obese) and post-surgery (gastric bypass) for relevant pathogens

%T>MIC (Post-surgery)
Pathogen MIC <o 250mg BID
(mg/L) 500mg BID

Tablet Suspn Tablet Suspn
Gram-negative bacteria

Escherichia coli 0.5 64.58 62.50 50.00 50.00

H. influenzae 1 50.00 58.33 45.83 45.83
Gram Positive bacteria
S. Pneumoniae (Penicillin

Susceptible) <0.012 100 100 100 100
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Figure 44: Predicted (solid line) concentration time profiles of 500mg BID dosing of cefuroxime
axetil suspension in Post RYGB surgery subjects with 5% and 95% confidence predicted interval
(grey dashed lines).
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Figure 45: Predicted (solid line) concentration time profiles of 250mg BID dosing of cefuroxime
axetil suspension in Post RYGB surgery subjects with 5% and 95% confidence predicted interval
(grey dashed lines).

Discussion

There is an increased prevalence in obesity, resulting in an increased in the number
of bariatric procedures being performed. The physiology of GIT is highly altered post
gastric bypass surgery. Patients may present with absorption-related issues after surgery
because of the reduced intestinal length, increased gastric pH, altered gastric motility.
These physiological alterations post-surgery could alter the disintegration and dissolution
of immediate-release solid dosage forms that are orally administered to patients, which
could thereby affect bioavailability. In contrast, disintegration and dissolution in the
stomach has a minimal role in the release of drugs from both the controlled-release oral
dosage forms and even less role in the in vivo performance of liquid formulations like
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suspensions, and oral solutions. As a result, switching from oral solid immediate-release
drug formulations to liquid dosage forms may be beneficial for individuals who have had
bariatric surgery. A recent literature analysis suggests a clear trend of switching from solid

to liquid formulations across several therapeutic classes post gastric bypass surgery [199].

Minimal information is available regarding potential changes in the
absorption/bioavailability of oral antibiotics post-gastric bypass surgery, which leads to
ambiguity about how to prescribe oral antibiotics in this population to avoid the risk of
therapeutic failure. This aspect of research aimed to characterize the relative oral
bioavailability of oral formulations for antibiotics azithromycin and cefuroxime axetil in
RYGB patients. The results found that azithromycin tablet formulation presented a slower
rate of absorption and lower bioavailability in comparison to suspension formulation in
RYGB bariatric subjects. On the other hand, no significant difference was observed for

cefuroxime axetil formulations.

Azithromycin is a BCS class Il drug (high permeability/low solubility). Solubility is
the rate-limiting step for the bioavailability of azithromycin. At the doses used in this
study, a lower Cmax and a delayed Tmax were observed for the solid oral dosage form
compared to suspension formulation. The tablet formulation requires prior disintegration
and dissolution of the drug to be released and thereby to be absorbed. The reduced capacity
of the stomach results in a significant reduction in gastric retention time. It is expected that
azithromycin tablets move at the same speed as, or slightly slower than, water directly into
the distal jejunum due to the bypass of the proximal intestine, where the water is rapidly
absorbed. This results in tablets losing contact with water faster, thereby affecting the
process of disintegration and dissolution. Reduced bioavailability of azithromycin may
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therefore be a consequence of the reduced length of the intestine and shorter gastric
retention time as the azithromycin tablets may not dissolve completely and therefore
affecting the absorption [200-202]. The suspension formulation, by contrast, has fewer
limitations since there is no need for disintegration and dissolution of the formulation, and
therefore the drug is readily available for absorption. As per the study results, PBPK model
simulations demonstrated that azithromycin tablets had a lower bioavailability than the
suspension formulation in RYGB patients and systemic exposure was comparable to the
pre-surgical exposure of tablet formulation. PK/PD analysis of azithromycin tablets and
suspension for 3-day and 5-day regimens revealed that suspension formulation reached the
threshold concentration for both the dosing regimens in gastric bypass subjects for H.
Influenzae for susceptible group whereas for intermediate susceptible group the threshold
was not achieved by either tablet or suspension formulation. However, for pathogens like
M.catarhallis. threshold concentration was reached by both tablet and suspension
formulation and for both the dosing regimens. Reduced bioavailability is likely to cause a
therapeutic failure in infections caused by these pathogens since the dosage regimens used
in the study are the recommended doses for treating infections. Therefore, these findings
suggest that suspension formulation for azithromycin could be a better alternative for

respiratory infections in the gastric bypass population.

Cefuroxime axetil is also a BCS class Il drug, where dissolution is the rate-limiting
step for cefuroxime axetil absorption. Accordingly, a similar trend to what was seen for
azithromycin was anticipated for cefuroxime axetil. However, the oral suspension of
cefuroxime axetil did not meet standards of bioequivalence to tablets when tested in

healthy adults. As per the study results, the bioavailability of tablet and suspension
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formulations of cefuroxime axetil was similar in gastric bypass subjects. The suspension
formulation of cefuroxime tends to be released in the upper intestinal region and the bypass
of the upper intestine would result in release of drug in distal part of the intestine. With
higher pH in Jejunum 11 results in lesser degradation of cefuroxime axetil to cefuroxime
there by increasing the concentration of cefuroxime axetil in comparison to tablet
formulation. The pharmacodynamic analysis of these different regimens of antibiotics
tested in this research suggest that dose modification is necessary for azithromycin tablet
formulation, however, suspension formulation seem to attain the recommended
AUC24h/MIC for respiratory infections. For cefuroxime axetil dose modifications do not
seem necessary for infections caused by E.coli in the gastric bypass population either for
tablet or suspension. For infections caused by H.influenzae and M.catarrhalis 500mg BID
regimen of either tablet or suspension can be preferred over 250mg BID as target % T>MIC
was reached. On the other hand, the %T>MIC was above the maximum effective activity

for cefuroxime axetil in pneumococcal infections.
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SUMMARY &
CONCLUSIONS



Summary and Conclusions

Obesity has reached epidemic proportions, and various treatment approaches,
including diet, exercise, behavioral, and pharmaceutical therapy, have been employed to
combat the disorder. However, if none of these treatments succeed, the morbidly obese
may be qualified for bariatric surgery as a last resort, depending on various variables. The
most frequent bariatric surgical procedure is the Roux-en-Y gastric bypass (RYGB). It is
considered a gold standard approach due to the reproducibility of results and is the most
widely performed surgical intervention globally. The Roux-en-Y gastric bypass limits the
obese person's intake and absorption capacity by a combination of the small gastric
reservoir with a nonabsorbent component, resulting in increased weight loss. However,
anatomical alterations caused by this form of bariatric surgery may interfere with the oral
absorption processes of various drugs, thereby altering their pharmacokinetic profiles.
Furthermore, there are no universally accepted recommendations for the proper dosing of
medications to obese people. As a result, there are some uncertainties about predicting how
bariatric surgery/gastric bypass surgery may affect the pharmacokinetics of individual

medications [203].

Given the rising number of bariatric surgeries and the paucity of clinical studies
evaluating the effect of this surgical procedure on drug pharmacokinetics, there is a
growing need to conduct this type of research to help healthcare professionals prescribe

medicines safely and effectively for patients who have undergone this procedure.

In this thesis, a systems pharmacology approach was used to systemic drug

exposure after oral administration with a focus on the gastrointestinal component
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following gastric bypass surgery, using physiologically based pharmacokinetic modeling
and simulation (PBPK M&S). The interaction between oral drug absorption and
metabolism in the gut wall was explored for three oral antibiotics in order to predict
changes in systemic exposure. The cases that were looked at were PBPK M&S of trends
in oral drug exposure in a morbidly obese patient population undergoing gastric bypass
surgery, as well as the development of the post gastric bypass model. A systematic
approach was used to develop PBPK M&S for oral drug bioavailability and systemic
exposure post gastric bypass PBPK models, which included identifying population-
dependent intrinsic factors, characterization of systems parameters, model development,
and implementation based on the Simcyp ADAM model, a mechanistic model for oral drug
bioavailability and verification against clinical data was used to evaluate the
developed model. The verification exercise of post-bariatric surgery PBPK models yielded
results that were reflective of well-characterized system intrinsic factor parameters. The
post-surgical model was highly predictive of clinical outcomes of atorvastatin acid oral
drug exposure, which was used for verification of the post-surgical model. Additional
verification was done prospectively through generation of clinical data of midazolam pre
to post gastric bypass surgery by Chan et al., [91]. The research found that the pre- to post-
surgical trend in oral exposure for atorvastatin acid was highly variable. The overall trend
in simulated atorvastatin oral drug exposure pre and post RYGB was similar with the
reported data. In comparison to controls, the study found a substantial increase in
absorption rate with no significant change in overall exposure for midazolam after RYGB

surgery.
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After verifying the post gastric bypass surgery model, the interplay between oral
drug absorption and metabolism occurring in the GI tract was explored for three chosen
oral antibiotics azithromycin, cefuroxime axetil, and metronidazole. PBPK models for the
three drugs were developed by including the physicochemical parameters and additional
parameters relating to absorption, distribution, metabolism, and transport of the substrate
drugs. The PBPK modeling was implemented based on the Simcyp ADAM model, a
mechanistic model for oral drug bioavailability and verification against clinical data in

healthy volunteers was used to evaluate the developed models.

The developed PBPK models were used to explore the impact of physiological
alterations after gastric bypass surgery on the oral drug bioavailability of azithromycin,
cefuroxime axetil, and metronidazole for solid and liquid administrations. The research
found a decrease in pre- to post-surgical systemic exposure following oral administration
of azithromycin tablets post gastric bypass surgery. Moreover, the liquid formulation
displayed enhanced absorption and bioavailability compared to the tablet formulation of
azithromycin. Cefuroxime axetil exposure increased post gastric bypass surgery for both
solid and liquid formulation. No significant change in the oral exposure of metronidazole

was observed in the post gastric bypass population.

PK/PD analysis was performed using PD indices AUC24h, ss/MIC for
concentration-killing antibiotic azithromycin, and %T>MIC for time-killing antibiotics to
assess the potential for either therapeutic failure cefuroxime. PK/PD evaluation revealed
that threshold concentration was not achieved for azithromycin tablet formulation in
gastric bypass population for respiratory infection caused by H.influenza compared to pre-
surgical subjects. Azithromycin suspension can be a better alternative to azithromycin
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tablets in gastric bypass subjects to treat respiratory infections. The recommended target
of T>50% was achieved for E.coli and 500mg BID regimen for H.influenze, thereby, no
dose modifications seem necessary. %T was >70% (maximum effective concentration)
for S. pneumonia after tablet and suspension. Overall, dose modifications or therapeutic
monitoring might be necessary for azithromycin for respiratory infections caused by
H. influenzae and for cefuroxime axetil and metronidazole no dose modifications are not

needed post gastric bypass surgery.

Developed post-bariatric surgery PBPK models provide a framework for theoretical
exploration of physiological mechanisms associated with altered oral drug exposure pre-
to post-surgery, which could be attributed to the interplay between dissolution, absorption,
and gut-wall metabolism, where dissolution and formulation properties emerged as the
perhaps most essential parameters in predicting the exposure following surgery. At its full
potential, post-bariatric surgery models can improve pharmacotherapy, clinical decision-
making, and drug regulation. User interface advances in population based PBPK software
such as the Simcyp® Simulator may make it viable to apply gastric bypass surgery PBPK
models in clinical pharmacology. However, utilization may be limited due to the required
functionality knowledge to perform M&S of new drugs. In conclusion, developed post
gastric bypass surgery models provide a framework for studying mechanisms involved in
altering oral drug exposure and potentially provide a framework for pharmacotherapeutic
drug optimization. Furthermore, through the successful prediction of oral drug exposure in
post-bariatric surgery patient populations, the utilized template model, ADAM,

incorporated into the Simcyp® Simulator, is further validated.
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