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Abstract: In this investigation, PBPK modeling using the Simcyp® Simulator was performed to evalu-
ate whether Roux-en-Y gastric bypass (RYGB) surgery impacts the oral absorption and bioavailability
of azithromycin. An RYGB surgery patient population was adapted from the published literature
and verified using the same probe medications, atorvastatin and midazolam. Next, a PBPK model of
azithromycin was constructed to simulate changes in systemic drug exposure after the administration
of different oral formulations (tablet, suspension) to patients pre- and post-RYGB surgery using the
developed and verified population model. Clinically observed changes in azithromycin systemic
exposure post-surgery following oral administration (single-dose tablet formulation) were captured
using PBPK modeling based on the comparison of model-predicted exposure metrics (Cmax, AUC)
to published clinical data. Model simulations predicted a 30% reduction in steady-state AUC after
surgery for three- and five-day multiple dose regimens of an azithromycin tablet formulation. The
relative bioavailability of a suspension formulation was 1.5-fold higher than the tablet formulation
after multiple dosing. The changes in systemic exposure observed after surgery were used to evaluate
the clinical efficacy of azithromycin against two of the most common pathogens causing community
acquired pneumonia based on the corresponding AUC,4/MIC pharmacodynamic endpoint. The re-
sults suggest lower bioavailability of the tablet formulation post-surgery may impact clinical efficacy.
Overall, the research demonstrates the potential of a PBPK modeling approach as a framework to
optimize oral drug therapy in patients post-RYGB surgery.
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1. Introduction

Obesity is a public health crisis, and it is estimated that 42.5% of U.S. adults aged 20
and older are obese and 9% are morbidly obese (BMI of >40 kg/m? or >35 kg/m? in the
presence of comorbidities) [1]. The treatment of obesity is challenging, and bariatric surgery
is the main treatment option to achieve a high rate of sustainable weight loss for morbid
obesity [2]. Among the surgical options available, Roux-en-Y gastric bypass surgery (RYGB)
has been considered the “gold-standard” method of bariatric surgery for decades [3].

RYGB alters the anatomy and physiology of the gastrointestinal tract, wherein a small
gastric pouch of 15-30 mL capacity is created. The distal part of the stomach and the
proximal small intestine is bypassed by attaching the distal jejunum to the small gastric
pouch, creating a Roux limb (Figure 1). These surgical adaptations alter various physiologic
parameters that can impact the rate and extent of drug absorption of orally administered
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medications in patients post-gastric bypass surgery [4]. These changes include reduced
gastric volume and gastric emptying time, increased stomach pH, reduced surface area of
absorption, delayed small intestinal transit time and delayed bile flow, and altered exposure
to drug-metabolizing enzymes and transporters along the GI tract [5,6].

Esophagus —+

Small intestine —=

Stomach

Figure 1. Effect of RYBG surgery on GI anatomy. The upper part of the stomach is separated to form
a pouch with a capacity of ~ 30 mL. The small intestine is separated at the jejunum into a proximal
biliopancreatic limb (=40 cm, composed of the duodenum and proximal jejunum that remains in
continuity with stomach) and a Roux limb (75-150 cm, beginning where jejunum is divided). The
top of the Roux limb is surgically attached to the stomach pouch, and the bottom is attached to the
biliopancreatic limb [7]. The illustration was obtained from [8].

Currently, dosing decisions in patients following gastric bypass surgery generally do
not consider the potential impact of surgery on systemic drug exposure of orally admin-
istered medications, which could impact safety and efficacy. This includes antimicrobial
medications, which are commonly prescribed to RYGB patients who are at risk for de-
veloping a variety of infections (e.g., intra-abdominal, urinary tract, respiratory, and skin
and soft tissue infections) after surgery [6]. To date, published studies investigating the
impact of RYGB on oral antibiotic bioavailability are limited. A recent systematic review
of the literature found only 10 published clinical studies reporting the impact of bariatric
surgery on oral antibiotic absorption. The results indicated that certain classes of antibiotics
have unpredictable absorption post-bariatric surgery, and this could predispose patients to
antibiotic failure or toxicity [9].

Given the scarcity of data regarding potential alterations in systemic exposure post-
bariatric surgery, there is a need to investigate whether altered pharmacokinetics following
RYGB surgery could impact treatment outcomes in patients prescribed oral antibiotics
therapy. Physiologically based pharmacokinetic (PBPK) modeling is well suited to fill the
current knowledge gap.
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PBPK modeling relies on an array of biologic (e.g., anatomy, physiology, genetics) and
drug-specific (e.g., physicochemical, metabolic) information to simulate the disposition
(ADME) characteristics of a medication after it is administered to patients and the corre-
sponding plasma concentration—time profile. [10]. Over the past decade, PBPK modeling
has become critical to drug discovery and development programs, and it is useful for
assessing changes in systemic drug exposures in special patient populations, including
bariatric surgery patients [10,11]. This approach, in conjunction with pharmacodynamic
(PD) modeling, can be used to identify optimal dosing regimens based on target plasma
concentrations and PD endpoints [12].

One of the most common infections seen in patients after bariatric surgery is community-
acquired pneumonia (CAP) [13]. Azithromycin, a broad-spectrum macrolide antibiotic,
is a key component of the first-line CAP treatment regimen [14]. The drug undergoes
extensive distribution in the body, including white blood cells and fibroblasts. As a result,
sufficiently high azithromycin concentrations are sustained at the site of infection for
an extended duration. [15,16]. A total of 1500 mg of immediate-release azithromycin
administered in divided doses over 3 or 5 days (e.g., 500 mg once daily for 3 days or
500 mg on day 1 followed by 250 mg on days 2-5) is the recommended regimen to treat
most infections [17]. After oral administration of a suspension formulation, the absolute
bioavailability is 37% [18]. Since the primary site of absorption of azithromycin is the upper
small intestine [19], which is surgically bypassed in RYGB patients, there is a risk of altered
drug bioavailability in patients post-bariatric surgery, depending on the type of formulation
that is prescribed.

In this research, PBPK modeling was used to evaluate changes in azithromycin ab-
sorption and systemic exposure in RYGB patients following oral administration of solid
and liquid formulations. Model predictions were used to assess the potential impact on
azithromycin antimicrobial efficacy.

2. Materials and Methods

PBPK modeling was performed using the Simcyp Simulator (Version 20, Certara
(Simcyp Division), Sheffield, UK).

2.1. Verification of RYGB Surgery Population in Simcyp

The RYGB surgery population was adopted from the literature [11,20] by modifying
the morbidly obese population (BMI > 40 Kg/m?) available in the Simcyp library. Specific
anatomic and physiologic parameters that are altered post-surgery were incorporated into
the population (Table S1). These include reduced gastric capacity, altered gastric emptying,
bypass of the duodenum, and changes in the intestinal expression of CYP3A4.

The developed RYGB surgical population was verified using two probe substrates,
atorvastatin and midazolam, by comparing the PBPK model predicted systemic exposure
to reported clinical data. These were the same probe medications used to verify the RYGB
population previously [11,20].

2.1.1. Population Verification: Atorvastatin

Atorvastatin was selected because it was previously used to verify the RYGB surgical
population [21]. A substrate profile (Table 1) of atorvastatin was created based on physio-
chemical properties and pharmacokinetic parameters [22-29]. Absorption was modeled
using Simcyp’s ADAM module. CYP3A4 is the main metabolizing enzyme for atorvas-
tatin, with additional metabolism mediated by CYP2C8. UGT1Al- and 1A3-mediated
glucuronidation of atorvastatin acid were also considered as part of model development.
Atorvastatin also undergoes non-enzymatic conversion to lactone conversion in the stom-
ach, and the stomach degradation function in Simcyp was used to mimic acid-to-lactone
conversion. Atorvastatin is a substrate for membrane transporters P-gp and OATP (1B1,
1B3, 2B).
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Table 1. Input parameters to create atorvastatin compound profile in Simcyp®.

Parameter Value Reference
Physicochemical Properties
Molecular weight 546 g/mol [22]
Log P 4.2 [22]
pKa 4.46 [22]
Blood/plasma ratio 0.61 [25]
Fraction unbound in plasma 0.027 [25]
Absorption
Absorption model ADAM [24]
Caco-2 (pH 6.4:7.5) (107¢ cm/s) 49
Dissolution:
Aqueous solubility @ pH 6.0 (mg/mL) 1.23 [23]
Distribution
Distribution model Full PBPK model
Prediction method Method 2 (Rodgers and Rowland)
Kp scalar 2 (optimized)
Metabolism/Elimination
Clearance Type Enzyme kinetics [26-28]
CYP3A4: para-OH
CIINT (1L min~! mg~! protein) 355 +48.1
CYP3A4: ortho-OH
CIINT (uL min~! mg~! protein) 45.8 +59.1
CYP2C8
CIINT (1L min~! mg~! protein) 10.5
Additional HLM
CIINT (uL min~! mg~! protein) 65
UGT1A1
CIINT (uL min~! mg~! protein) 5.23
UGT1A3
CIINT (uL min~! mg~! protein) 6.2
Transport
P-gp (apical efflux, small intestine) [24]
Jmax (pmol/min) 141 £11
Km (uM) 115+ 19
OATP1BI1 (sinusoidal uptake, liver) [29]
Jmax (pmol/min/10® hepatocytes) 25
Km (uM) 0.77
OATP1B3 (sinusoidal uptake, liver)
Jmax (pmol/min/10® hepatocytes) 25
Km (uM) 0.73
OATP2BI (sinusoidal uptake, liver)
Jmax (pmol/min/106 hepatocytes) 24.27
Km (uM) 2.84

The developed atorvastatin PBPK model was verified in healthy volunteer, pre-RYGB
(morbidly obese), and post-RYGB populations. Verification of the developed atorvas-
tatin PBPK model was performed by visual predictive check, where model simulated
plasma-concentration—time profiles for each population were compared with observed
data from clinical data reported in the literature [30-32]. The data from those publications
were obtained by digitizing the plasma profiles using WebPlotDigitizer [33]. Additionally,
fold-error was calculated as the ratio of model predicted and observed values for pharma-
cokinetic parameters, Cpax and AUC, as a part of the model verification process. Table S2
presents the trial designs used in the simulations, which were matched to referenced clinical

studies.
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2.1.2. Population Verification: Midazolam

A midazolam compound file is included in the Simcyp® library and was adopted for
this investigation without any further modification. Midazolam was selected as a second
probe to verify the RYGB surgery population by comparing PBPK model predictions
against published clinical data in morbidly obese patients (BMI 51.9 + 12.1 Kg/m?) pre-
and post-bariatric surgery [34]. Simulations (based on the clinical study protocol) were
performed on 120 subjects (10 trials of 12 subjects each), age range 37-55 years, 75% females,
with sample collection for 12 h after dosing midazolam (2 mg oral solution, fasted). Model
verification was assessed as described previously.

2.2. Azithromycin Model Development and Verification in Healthy Volunteer Population
in Simcyp®

A compound profile (Table 2) for azithromycin was created based on physiochemical
properties and pharmacokinetic parameters [35—-41]. Oral absorption was characterized
using the ADAM module, and intrinsic solubility was predicted using the Simcyp® predic-
tion toolbox. Likewise, azithromycin biliary clearance was estimated using the Simcyp®
retrograde model. The developed PBPK model was then verified against clinical data after
an IV and oral administration (tablet and suspension) in healthy subjects.

Table 2. Input parameters to create azithromycin compound profile in Simcyp®.

Parameter Value Reference

Physicochemical Properties

Molecular weight 749.12 g /mol [35]
Log P 4.02 [35]
pKa 8.5 [35]
Blood /plasma ratio 1 Assumed
Fraction unbound in plasma 0.69 (bound to AlPha-l acid [35]
glycoprotein)
Absorption
Absorption model ADAM
PeffCaco-2 (pH 6.4:7.5) (107% cm/s) 3.59 [36]
Dissolution
Intrinsic solubility ((mg/mL) 0.029 Predicted
Melting point (°C) 114.8 [37]
Distribution
Distribution model Full PBPK model
Prediction method Method 2 (Rodgers and Rowland)
Metabolism/Elimination
Clearance type Enzyme kinetics
Biliary intrinsic clearance 9.25 (Calculated using retrograde
(uL/min/10°) model)
Cliy (L/h) 46.5 [38]
Clg (L/h) 8.67 [39]
Transport
P-gp (apical efflux, small intestine)
Jmax (nmol/min) 90.7 [40]
Km (uM) 11.3

The model was next used to simulate azithromycin plasma levels over time after
both intravenous IV and oral dosing (tablet and suspension formulations) according to the
trial designs in Table S3. The results were compared to published clinical data [38,41-43]
according to the verification criteria described previously.
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2.3. Azithromycin PBPK Modeling in Pre- and Post-Gastric Bypass Populations

The azithromycin PBPK model was used to identify differences in systemic drug
exposure between pre- and post-RYGB surgery. Simulations were first carried out for single-
dose azithromycin (500 mg tablet), and the results were compared to a published clinical
study evaluating azithromycin pharmacokinetics in patients before and after surgery [44].
Model predictions were also performed for multiple dose regimens for both tablet and
suspension formulations to assess differences in relative bioavailability in RYGB patients.

Simulations (based on the clinical study protocol) were performed on 140 subjects
(10 trials of 14 subjects each), age range 18-60 years, 100% females, with sample collection
for 24 h after dosing azithromycin. Besides single dose (500 mg), two multiple dosing
regimens were simulated: 3-day (500 mg/day) and 5-day (500 mg day 1, then 250 mg/day
on days 2-5). These are the recommended dosing regimens for azithromycin [17].

2.4. Integration of PBPK Modeling Results with Azithromycin Antimicrobial Pharmacodynamics

Azithromycin is active against Haemophilus influenzae and Moraxella catarrhalis, two
common pathogens causing CAP. Azithromycin exhibits concentration-dependent with
time-dependency activity against these pathogens, which can be described as the ratio of
unbound 24 h AUC (AUCy4) to the minimum inhibitory concentration (MIC). To simulate
the PD (AUCy4/MIC) of azithromycin, we utilized the MICs as this was the median MIC
across a large population of H. influenzae and M. catarrhalis isolates [45]. The MICs, for
M. catarrhalis was 0.06 mg/L, and it was 1 mg/L for H. influenzae [46,47]. We additionally
tested H. influenzae at a MIC of 0.5 mg/L because this MIC is reported in nearly 40% of the
population. The MICs was then utilized to target an AUC,4/MIC ratio required for clinical
success of >5 for H. influenzae, and >25 against M. catarrhalis, as previously described [48,49].

3. Results
3.1. Verification of RYGB Surgery Population in Simcyp
3.1.1. Population Verification: Atorvastatin

Published clinical studies demonstrated altered bioavailability of atorvastatin and
midazolam after bariatric (RYGB) surgery [32,34], and these medications were used to
verify the RYGB surgery population used in this investigation.

The first step of the modeling strategy was to develop a PBPK model of atorvastatin
and verify it in the Simcyp® Healthy Volunteer population. The model-predicted plasma
concentration vs. time profiles with overlayed clinical data are presented in Figure S1. The
figure demonstrates good agreement between the simulated mean profile and published
clinical data. The calculated fold errors for Cpnax and AUC were between 0.80 and 1.13,
indicating good agreement between PBPK-model-predicted and clinically observed data.
These results demonstrate that the model successfully captured the drug behavior in healthy
volunteers.

Next, the atorvastatin model was used to verify the RYGB surgery population that was
adapted from Darwich et al. [11]. In a clinical study, gastric bypass surgery was found to
significantly impact atorvastatin oral bioavailability, although there was large intersubject
variability in the direction (1 or |) and magnitude of the effect [32]. Atorvastatin is a
CYP3A4/5 and P-gp substrate, and the results were attributed to intersubject differences
in presystemic metabolism pre-surgery. PBPK model predictions (Table 3) were in good
agreement with the results observed clinically based on fold errors of model predictions
(the published study did not report plasma concentration—time profiles, so visual predictive
checks could not be performed). Additionally, the simulated dose-dependent changes
in bioavailability after surgery were consistent with clinical observations. Whereas AUC
increased post-surgery for the lowest dose tested (20 mg), exposure was lower post-surgery
for the 40 and 80 mg doses. The performance of the PBPK modeling in this study was
consistent with RYGB population verification results reported previously [21].
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Table 3. Verification of atorvastatin compound file in pre- (morbidly obese) and post-RYGB surgery

populations in the Simcyp® Simulator.

Atorvastatin AUC (ng-h/mL)

Dose Pre-Surgery Post-Surgery
(mg) (Morbidly Obese) (RYGB Surgery Population)
Obs ? Pred P FE ¢ Obs ? Pred P FE ¢
20 18.5 20.7 1.12 28 25.3 0.9
40 100.5 98.3 0.98 64 53.1 0.83
80 175.0 171.96 0.98 84 83.6 0.99
Dose Atorvastatin Cpax (ng /mL)
(mg) Pre-Surgery Post-Surgery
Obs @ Pred P FE ¢ Obs P Pred P FE ©
20 5.0 3.4 0.67 5.0 42 0.84
40 22.0 16.6 0.75 17.5 8.3 0.47
80 70.0 26.9 0.38 23.0 13.2 0.58
Atorvastatin Tyax (h)
I()n(:;' Pre-Surgery Post-Surgery
Obs @ Pred P FE ¢ Obs ® Pred P FE ¢
20 0.9 15 1.56 1.1 14 1.27
40 1.1 2.0 1.81 2.3 1.4 0.61
80 3.8 2.0 0.53 2.4 1.4 0.58

2 Observed parameter estimate reported in the literature [32]. ® Predicted parameter estimate predicted by PBPK
modeling using Simcyp®. © Fold error- ratio of [predicted]/[observed] values.

3.1.2. Population Verification: Midazolam

The RYGB surgery population was next verified with midazolam, another CYP 3A4
substrate, using the compound file available in the Simcyp® Simulator. When an oral
solution (2 mg) of midazolam was administered to female RYGB patients post-surgery, the
rate of absorption was significantly increased with higher Cinax and shorter Trax compared
to pharmacokinetic testing in subjects before surgery [34]. However, RYGB did not impact
the extent (AUC) of midazolam absorption. PBPK model simulations successfully captured
these results, as illustrated in Figure S2. Visual inspection of the plasma concentration-time
profiles showed good agreement between simulated and observed midazolam concentra-
tions pre- and post-surgery, and the calculated fold errors of systemic exposure parameters
(range 0.73 to 1.25) supported model verification pre-and post-surgery. The PBPK model
successfully predicted the changes in Cax and Tmax observed in the clinical study.

3.2. Azithromycin Model Development and Verification in Healthy Volunteer Population in
Simeyp®

Model simulations with the azithromycin PBPK model were initially performed for an
intravenous infusion (1 or 2 g infused over two hours). The predicted systemic exposure
metrics (AUC and Cpax) were in close agreement with the clinically data, with fold errors
near 1.0 (Table 4).

Once the PBPK model was verified for intravenous dosing, the model underwent
additional evaluation for oral administration, testing different single- and multiple-dose
regimens for tablet formulation. As illustrated in Figure 2, simulated plasma concentration
vs. time profiles aligned closely with clinical observations. Likewise, the PBPK model
predicted that Cpax and AUC values were in close agreement with reported values for
all regimens tested (fold error range 0.86-1.01, Table 4). The model also predicted the
pharmacokinetics of a suspension formulation of azithromycin (500 mg, single dose).

Thus, the oral pharmacokinetics of azithromycin for different regimens of tablet
and suspension formulations were successfully predicted using the developed PBPK
model (Figure 2), supporting its potential application to assess the pharmacokinetics of
azithromycin in an RYGB surgery population.
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Table 4. Verification of azithromycin compound file in healthy volunteer populations in the Simcyp®

Simulator.
Dosing Regimen Parameter Observed Predicted Fold Error  Reference
IV infusion Cmax (mg/L) 31+04 32+04 1.03
(1 g infused over 2 h) AUC (mg-h/L) 23.0+4 233 +49 1.01 [38]
IV infusion
(2 g infused over 2 h) Crnax (mg/L) 6.9 +£2.0 6.4+08 0.94
AUC (mg-h/L) 46.0 £9.0 46.5+9.8 1.01
Single oral dose Crax (mg/L) 0.30 + 0.34 0.26 + 0.07 0.86 [41]
(500 mg tablet) AUC (mg-h/L) 44+19 44+18 1.01
500 mg (tablet) )
Once/day for 3 days AUC (mg-h/L) 194+79 172+ 35 0.89 [42]
500 mg (tablet) day 1, then )
250 mg days 2-5 AUC (mg-h/L) 159+ 4.8 145+ 3.1 0.91 [42]
Single oral dose Crnax (mg/L) 0.49 +0.13 0.49 £ 0.11 1.01 [43]
(500 mg suspension) AUC (mg-h/L) 757 £2.63 6.45 +2.11 0.85 )

Observed parameter estimate reported in the literature. References are listed in the Table. Predicted parameter
estimate predicted by PBPK model using Simcyp® Simulator. Fold-error = [predicted]/[observed] values.
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Figure 2. Verification of the azithromycin PBPK model in a healthy volunteer population. Plasma
concentration vs. time profiles were simulated for both single and multiple oral doses and overlayed
with observed clinical data [41-43]. Included in each plot are the model-predicted mean curve and
the 5th percentile and 95th percentiles. The open circles represent clinically observed data.

3.3. PBPK Modeling of Azithromycin in Pre- (Morbidly Obese) and Post-Gastric Bypass
Populations

The azithromycin PBPK model was then used to simulate plasma concentration-
time profile pre- (morbidly obese) and post-RYGB surgery after oral administration. A
published clinical study reported reduced azithromycin Cpax and AUC after bariatric
surgery compared to baseline (pre-surgery) following the administration of a single 500 mg
dose [44]. PBPK modeling was able to capture these observations, as demonstrated in
Figure 3 and Table 5.
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Figure 3. PBPK model-simulated concentration—-time profiles for azithromycin in RYGB patients
before (left panel) and after surgery (middle panel). Included in each plot are the model-predicted
mean curve and the 5th percentile and 95th percentiles. The open circles represent clinically observed
data [44]. The right panel compares the simulated mean profile pre- and post-surgery.

Table 5. Verification of azithromycin compound file in pre- (morbidly obese) and post-RYGB surgery
populations in the Simcyp® Simulator.

Pre-Surgery Post-Surgery
Parameter
Observed Predicted Fold Error Observed Predicted Fold Error
Crax (mg/L) 0.36 + 0.2 0.33 + 0.06 091 0.26 + 0.1 0.23 + 0.05 0.88
AUC (mg-h/L) 21408 2.5+ 0.63 1.22 14+05 1.7+ 0.51 1.20
Tmax (h) 24412 23+04 0.96 21+0.1 22+05 1.01

Observed parameter estimate reported in the literature [39]. Predicted parameter estimate predicted by PBPK
model using Simcyp® Simulator. Fold error = [predicted]/[observed] values.

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 Cpax
were close to 1.0 (range 0.88 to 1.22), which indicates that the model successfully predicted
the pharmacokinetic parameters compared to the observed data. A significant decrease
in the extent of absorption was observed for a single dose of azithromycin post-surgery.
The predicted AUC for the post-surgical group was 32% lower (1.7 &+ 0.51 mg-h/L vs.
2.5 £ 0.63 mg-h/L) than the pre-surgical (morbidly obese) group, and this was in close
agreement with the published clinical study that also reported 32% lower AUC in RYGB
subjects after surgery. Likewise, azithromycin peak plasma concentrations were reduced
after RYGB surgery (Table 6).

Table 6. PBPK model assessment of relative bioavailability of azithromycin tablet and suspension
formulations after RYGB surgery using the Simcyp® Simulator.

Relative
; + (mg/L AUC (mg-h/L
RDqsmg Cmax (mg/L) UCo. (mg-h/L) Bioavailability
egimen Tablet Suspension Tablet Suspension (Tablet: Suspension)
500 ‘g(g)simgle 0234005 0414009 1694051 516+ 177 0.33
500mg QD for 5 50 4 07 0.47 £ 0.13 15.7 £ 5.36 220 £5.16 0.71
3 days
500 mg day
1250 mg 0.28 & 0.06 0.49 £ 0.10 145 + 3.42 222 4447 0.65
day 2-5

The PBPK model was then used to predict the steady-state plasma concentration
profile of azithromycin (tablet formulation) for the two clinically indicated dosing regimens
(500 mg once daily for 3 days; 500 mg on day 1, 250 mg on days 2-5) in pre- and post-surgery
populations. The results are provided in Figure S3 and point to altered bioavailability in
RYGB patients. The predicted azithromycin steady-state AUC after surgery was 30%
lower (22.5 &+ 4.20 mg-h/L vs 15.7 &+ 5.36 mg-h /L) compared to simulations in a morbidly
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obese population (pre-surgery) group for the three-day regimen. Similar results were
seen for the five-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 than the pre-surgical group. A
statistically significant (p < 0.05) decrease in PBPK model-predicted overall exposure was
observed at a steady state of azithromycin post-surgery.

Lastly, the PBPK model simulations in the post-RYGB surgery population were re-
peated for an oral suspension formulation for single and multiple dosing. Table 6 compares
systemic exposure predictions relative to the tablet formulation. The predicted AUC fol-
lowing single-dose administration of the suspension was three times higher than the tablet.
The magnitude of the difference was reduced (1.4-1.5-fold higher AUC) for multiple-dose
regimens. The lower relative bioavailability of the tablet formulation in this population
may impact clinical efficacy.

3.4. Integration of PBPK Modeling Results with Azithromycin Antimicrobial Pharmacodynamics

To evaluate the potential impact of altered systemic exposure on azithromycin an-
timicrobial efficacy post-bariatric surgery, steady-state AUC,4/MIC ratios were calculated
for relevant pathogens of respiratory infections, H. influenzae and M. catarrhalis, in pre-
(morbidly obese) and post-surgical populations for three-day and five-day oral regimens
(Table 7). The data suggest that, for the tablet formulation, azithromycin systemic exposure
was subinhibitory (below the threshold ratio of 5) for H. influenzae with a MIC of 0.5 and
1 mg/L after RYGB surgery. The tablet formulation also failed to meet the threshold in the
pre-surgery population for the H. influenzae with the higher MIC of 1 mg/L. Conversely,
the suspension formulation, AUC,4/MIC results indicated that the target threshold was
reached for H. influenzae MIC of 0.5 mg/L for both three-day and five-day dosing regimens
in gastric bypass patients. However, for H. influenzae MIC of 1 mg/L, the threshold ratio
was not attained. For M. catarrhalis, pharmacodynamic endpoints were above the threshold
for the tablet and suspension formulation, although the AUC,4/MIC was twofold lower
post-bariatric surgery for the tablet formulation.

Table 7. Assessment of antimicrobial PK/PD target attainment pre- and post-RYGB surgery: compar-
ison of azithromycin tablet and suspension formulations.

500 mg Once Daily For 3 Days

AUC24 (mgh/L) Day 3 AUC24/MIC
MIC
(mg/L) Pre-Surgery Post-Surgery Pre-Surgery Post-Surgery
Tablet Susp Tablet Susp Tablet Susp Tablet Susp
H. influenzae 1 4.3 5.2 2.4 4.1 43 5.2 2.4 4.1
H. influenzae 0.5 4.3 52 2.4 4.1 8.6 10 4.8 8.2
M. catarrhalis 0.06 4.3 52 2.4 41 72 87 40 87
500 mg day 1; 250 mg Days 2 To 5
AUC24 (mg-h/L) Day 5 AUC24/MIC
(rgll(li) Pre-Surgery Post-Surgery Pre-Surgery Post-Surgery
Tablet Susp Tablet Susp Tablet Susp Tablet Susp
H. influenzae 1 3.2 3.3 2.2 3.1 3.2 3.3 2.2 3.1
H. influenzae 0.5 3.2 3.3 2.2 3.1 6.4 6.6 4.4 6.2
M. catarrhalis 0.06 3.2 3.3 2.2 3.1 53 55 37 52

Target AUC,4/MICy ratios were >5 against H. influenzae, and >25 against M. catarrhalis. Dosing regimens that did
not reach the PD target are shaded in red.

4. Discussion

RYGB surgery limits an individual’s intake and absorption capacity by combining a
small gastric reservoir and bypass of the upper small intestine, thereby promoting weight
loss. However, anatomical alterations caused by this procedure may interfere with oral
drug absorption, thereby altering pharmacokinetics in patients after RYGB. Specific changes
that may influence drug dissolution and absorption post-surgery include increased gastric
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pH, reduced gastric emptying and intestinal transit time, dissociation of bile salt delivery,
and reduced intestinal metabolism and efflux [50].

This investigation applied an in silico approach to evaluate changes in systemic
exposure of azithromycin after oral administration post-RYGB using PBPK modeling and
simulation with the Simcyp Simulator®. An RYGB surgery population, first reported
by Darwich et al. [11], was adapted and used to simulate the plasma concentration vs.
time profile for azithromycin and to compare the results to the Simcyp morbidly obese
population that represented patients pre-surgery. The RYGB surgery population was
first verified against published clinical data on atorvastatin and midazolam, medications
that were previously adopted for this purpose [19,20]. The verification process produced
results that were reflective of a well-characterized PBPK model for studying alterations
in drug disposition after bypass surgery by accounting for alterations in various intrinsic
parameters. For atorvastatin, the pre- to post-surgery trends in oral exposure were highly
variable, consistent with clinical data, and attributed to differences in CYP and P-gp activity
that were influenced by intersubject variability combined with the surgical alterations in
these processes. PBPK modeling predicted a considerable increase in the rate of midazolam
absorption (| Tmax), but that had no impact of overall exposure (AUC) after RYGB surgery.
These findings matched published clinical findings.

The azithromycin PBPK models were able to capture the plasma concentration—time
profiles following oral dosing to healthy volunteers as well as morbidly obese (pre-surgery)
and RYGB subjects. The PBPK model developed in this study was first extensively verified
using the healthy volunteer population in Simcyp® for intravenous and oral administration.
The model predicted the systemic profile of azithromycin for both single- and multiple-
dosing regimens for a tablet formulation.

Model predictions pointed to reduced bioavailability of azithromycin (tablet formu-
lation, single dose) after RYGB surgery, with a mean AUC ratio (post-/pre-surgery) of
0.67. This difference, which was consistent published clinical findings, was attributed
to a reduced fraction of azithromycin dose absorbed by the intestine (f,, 0.71 &= 0.03 to
0.56 & 0.04), leading to increased oral clearance (C1/F, 174.4 £ 63.7 L/h to 262.6 = 99.5 L /h)
after surgery. Similar findings were obtained for multiple dose simulations (tablet formula-
tion) with an AUC ratio (post/pre-surgery) of ~0.7.

Azithromycin is classified a BCS class 2 (high permeability /low solubility) medication.
The rate-limiting step to oral absorption is dissolution in the GI fluids, although absorption
of azithromycin post-surgery may be compromised by the impact of bypassing the upper
small intestine, which is the primary site of absorption for azithromycin in the GI tract. An
immediate-release tablet formulation requires disintegration and subsequent dissolution as
prerequisites for absorption. RYBG surgery causes significant reduction in gastric retention
time, and a tablet dosage form of azithromycin would likely travel at a similar or slightly
slower speed than the GI fluids transiting the stomach pouch to the distal jejunum (due to
bypassing upper small intestine post-surgery), where water is rapidly absorbed. This would
likely have a negative effect on disintegration of the tablet and subsequent drug dissolution.
Consequently, the shortened length of the intestine and reduced gastric retention likely
results in altered dissolution and lower oral bioavailability when administered as a tablet
formulation to patients after bariatric surgery [51-53].

A suspension formulation, by contrast, does not have the same limitations as a solid
dosage form, and the impact of RYGB surgery would be expected to be minimized with
this type of formulation.

This was demonstrated by PBPK modeling where, compared to a suspension for-
mulation, the bioavailability of the tablet formulation was reduced in RYGB patients.
Additionally, plasma exposure (AUC) of the suspension formulation post-surgery was
comparable to levels observed in patients treated with a tablet formulation before bariatric
surgery. It has been proposed that healthcare providers treating patients who have under-
gone bariatric surgery prescribe liquid formulations, if available [54]. The results observed
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with azithromycin in the present study support this general recommendation of switching
from solid to liquid formulations in RYGB patients after surgery.

Ultimately, an important question to answer is whether altered pharmacokinetics
after RYGB surgery potentially impact the safety and efficacy of medications, including
antibiotics. For azithromycin, the relevant PK/PD marker is the AUC,4/MIC, and PBPK
model simulation results were used to evaluate whether threshold values of this endpoint
were achieved for the commonly prescribed three-day and five-day dosing regimens. De-
spite reduced systemic exposure post-surgery, target threshold values against M. catarhallis
(AUCy4/MIC > 25) were achieved for both tablet and suspension formulations. Conversely,
the tablet formulation failed to reach the PD endpoint (AUCy4/MIC > 5) for H. influenzae
post-surgery. However, the suspension formulation was able to reach the AUCy,4/MIC
target against H. influenzae with a MIC of 0.5 mg/L, but still not for isolates with a MIC of
1 mg/L. Interestingly, the tablet formulation also failed to reach the threshold in the pre-
surgery (morbidly obese) population against H. influenzae with a MIC of 1 mg/L and may
reflect differences in pharmacokinetics from healthy weight subjects. These findings sug-
gest that reduced bioavailability increases the risk of therapeutic failure for azithromycin
against infections caused by H. influenzae and support the general recommendation that
liquid formulations such as suspensions may be a better alternative for treating respiratory
infections in the gastric bypass population.

5. Conclusions

PBPK modeling and simulation provide a framework for theoretical exploration of
the impact of altered anatomic and physiologic mechanisms on systemic drug exposure of
orally administered medications following gastric bypass surgery. Platforms such as the
Simcyp® Simulator provide a framework for studying mechanisms involved in altering
oral drug exposure after RYGB surgery, such as the interplay among drug dissolution,
absorption, and presystemic metabolism along with physicochemical and formulation
properties, as well as the subsequent impact on the plasma profile of medications in RYGB
patients. PBPK modeling can be used to predict the effect of food- and acid-reducing agents
on systemic exposure in RYGB patients, as well as evaluate other potential drug-drug in-
teractions. This, in turn, provides a framework for pharmacotherapeutic drug optimization
by identifying safe and effective dosing regimens in the special patient population.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pharmaceutics15112520/s1. Table S1: Parameter modifications to
a Simcyp morbidly obese population in Simcyp to create an RYGB surgery population [11]. Table S2:
Study design for Simcyp® simulations of atorvastatin in pre- and post-surgical populations. Table S3:
Study design for Simcyp® simulations of azithromycin in healthy volunteers. Figure S1. Verification
of atorvastatin compound file in a healthy volunteer population in the Simcyp® Simulator. Figure S2.
Verification of an RYGB surgical population using midazolam in the Simcyp® Simulator. Figure S3.
PBPK model simulations of azithromycin multiple dosing regimens (tablet formulation) in pre- and
post-RYGB surgery populations using the Simcyp® Simulator.
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