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Abstract

Purpose: Gastric bypass surgery in obesity shortens the length of the small intestine, which can have a
significant impact on drug absorption. Literature reports that the observed drug absorption patterns after gastric
bypass surgery are sometimes unexpected. One report states that the absorption of Metformin was higher after
gastric bypass surgery. The purpose of this study was to investigate the mechanistic background of the reported
data using Advanced Compartmental Absorption and Transit (ACAT™) model and apply it to patient data with post
gastric bypass surgery.

Methods: GastroPlus™ 8 (Simulations Plus, Inc.) was used to develop a model that describes the observed
absorption of an immediate release (IR) metformin tablet in healthy subjects. The data was taken from a published
article that compared the absorption of metformin between a control group and post gastric bypass surgery patients.
The model was fitted against the data for the control group and then used to predict the drug absorption in post
gastric bypass surgery patients by changing the related Gl parameters. All assumptions to explain the observed
data, suggested in the literature, were tested by changing the appropriate parameters in the software.

Results: As theoretically expected, GastroPlus™ underestimated the absorption of metformin in patients with
post gastric bypass surgery due to the lesser absorption area. The increase in the pore size and porosity of the last
part of the small intestine successfully predict the observed PK parameters. Changing other speculated parameters
failed to predict the observed absorption pattern.

Conclusion: The simulation of the observed absorption of metformin in post gastric bypass surgery patient
was found where there was a change in the metformin gut paracellular permeability. This indicates that the gut must
have undergone an adoption process to compensate for the loss of parts of the small intestine. The insights gained
by this study can be used to predict the absorption of other drugs that have similar physiochemical properties like
metformin. Computer simulations can be used to simulate the impact and mechanistic background of disease or
other physiological changes like surgery on drug absorption.

Introduction properties is weight loss surgery. Gastric bypass surgery in an obesity
treatment shortens the length of the small intestine, which can have a

Phase one clinical drug development and bioequivalence studies major impact on drug absorption.

are performed using healthy volunteers. However, some conditions and

diseases can change the physiology in a patient. These changes can have
a significant impact on the ability of a dosage form to deliver the desired
drug dose. One of these conditions that cause changes in physiological
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Figure 1: Roux-en-Y gastric bypass (RYGB).

Obesity Surgery is a treatment procedure that aims to decrease the
body weight in obese patients by, for example, shortening the intestine
and/or shrinking the stomach. The operations are effective treatment
options for patients with body mass index BMI > 30 kg/m? [1]. In
2008, almost 350,000 bariatric procedures were performed around the
world and 220.500 procedures were performed in US/Canada alone
[2]. There are many types of obesity surgery: purely restrictive (gastric
banding, gastroplasty), primarily malabsorptive (jejunoileal bypass),
and combined restrictive and malabsorptive (gastric bypass Roux-
En-Y; and biliopancreatic diversion with Duodenal Switch. Roux-en-Y
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gastric bypass (RYGB) is a popular operation as it claimed to be the
most effective and safest procedure to decrease the body weight in obese
patients [3] (Figure 1). Currently there are no specific guidelines for
adjusting the dose of drugs administered to post gastric bypass surgery
patients, and the effect of the surgery on a drugs’ bioavailability is not
very clear [4]. Literature reports that the observed drug absorption
patterns after gastric bypass surgery are sometimes unexpected.

Metformin is one of the most prescribed drugs that used as insulin
sensitizer in diabetes type II patients [5]. One report states that the
absorption of metformin was higher after gastric bypass surgery [2].
The published study compared the absorption of metformin in a 16
non-diabetic post 23 months gastric bypass patients and 16 -sex and
BMI matched- control subjects, who were administered 1000 mg
metformin dose. The study hypothesized that gastric bypass would
significantly reduce the amount of absorbed drug in RYGB subjects
compared to control subjects [2]. Contrary to their hypothesis, the
metformin bioavailability in RYGB subjects was increased [2]. This
study has discussed several potential mechanisms that could explain the
observation, and concluded by suggesting performing further studies to
explain the presented assumption [2]. Understanding the mechanistic
reasons behind the observation in drug absorption is essential to avoid
unwanted outcomes and might help to address shortfalls in drug
delivery. In silico simulations can be used for this purpose as these tools
can save time, experiments and, therefore, money.

The importance of modeling disease states is to mimic the true
situation and to identify variables that explain the observed data,
and this will help in understanding the relationship between these
variables and the observations. Physiologically based pharmacokinetic
(PBPK) computer models are commercially available which can
be used to investigate these variables. GastroPlus™ is one of these
computer programs that used PBPK. GastroPlus™ includes Advanced
Compartmental Absorption and Transit model (ACAT). This model is
an extension [6] of the original Compartmental Absorption and Transit
(CAT) model which was developed by Yu and Amidon [7], to predict
the drug absorption from the Gastrointestinal tract (GIT). ACAT can

Parameter Input Reference
Dose 1000 [2]
Dosage form immediate release [2]
Molecular weight 129.17 ADMET Predictor 6
LogD (7.4) -3.37 [28]
Solubility 134.87 mg/mL @ pH=12.9 ADMET Predictor 6
P, total= 0.05x 10°cm/s ’
Permeability Paragéllular =.4467 x 10“cm/s Agphfil—olrrggl%?r
Transcellular = 0.0001 x 10“*cm/s ’
pKa 10.17,7.14 ADMET Predictor 6

Table 1: Inputs parameters used in control and post gastric bypass in the compound
window of GastroPlus™.

Transporter Location Transporter kinetics Reference
PMAT Intestine Km= 1.32 mM [13]
. Km=1.47mM
oCT1 Liver Vmax =396 pmol/min/mg protein (171
. Km=0.99 mM,
0CT2 Kidney Vmax =1444 pmol/min/mg protein (171
Liver and Km=0.78 mM,
MATE Kidney Vmax = 4.46 nmol/min/mg protein [16]
MATE-K2 Kidney Km= 1.98 mM, [16]

Vmax = 1.69 nmol/min/mg protein

Table 2: Inputs parameters used in control and post gastric bypass in the
transporter window of GastroPlus™.

be used to predict absorption-based properties from preclinical and in
vitro data. Theses module accounts not only for physiological properties
in GIT, but also for physicochemical parameters of the compounds,
which impact the drug bioavailability and absorption [3].

The purpose of this study was to investigate the mechanistic
background of the reported metformin absorption in patients post
gastric bypass surgery using GastroPlus™.

Methods

Control group

In order to validate the simulation model, IV data was first used
for the simulation to obtain (fit) compartmental PK parameters. The
IV data was for healthy individuals receiving a 500 mg dose as IV bolus
[8,9]. The simulations were performed on a Dell Laptop with Intel core
i7 (2.4 GHz) using GastroPlus version 8.5 software (Simulation Plus,
Inc., Lancaster, CA). Input parameters required to run the prediction
were extracted from literature or predicted from the drug structure
using ADMET Predictor™ version 6 (Simulations Plus, Inc., Lancaster,
CA) and are presented in Table 1. The default setting of PBPKof 30
year’s human American male module was used. The body weight was
changed to 114 kg, which is the average body weight of the subjects
in the experimental study. All tissues in the PBPK modules were
setting to be limited by their permeability because Metformin has low
permeability. Metformin is reported to be a substrate for influx organic
cation transporters (OCTs). OCT1 is the first member of the OCTs
family, and it is mainly located in the human liver, whereas OCT?2 is
expressed highly in kidney [10-12] OCTS3, is reported to be localized
on the apical membrane of human small intestine [11,12]. However,
OCTS3 have low affinity to metformin [13,14]. Therefore, OCT3 was not
included in the simulation. Recently, studies suggest that metformin
is a substrate to a new transporter: Plasma Membrane Monoamine
Transporter (PMAT). PMAT is expressed in human small intestine, and
play a role in the intestinal uptake of metformin [13]. Studies have also
showed that Metformin is substrate for efflux transporters multidrug
and toxin extrusions (MATE1 and MATE2-K) [15,16]. MATE1 is
located in the apical membrane of the liver and kidney, and MATE?2 is
expressed mainly in the kidney [16,17].

GastroPlus™ has the option to use and specified the location of
such transporters by adding some extra inputs in to the software. The
values of the Km and Vmax of transporters extracted from in vitro
experimental data in the literatures and used as input in to the software
(Table 2). Metformin absorption in the control group was simulated
using default human fasted intestinal physiology in GastroPlus. The
physiological factors and parameters including the GI transit time,
physiological pH, and small intestine is presented in Table 3.

In the intestine, 90% of Metformin is absorbed paracellularly [2]
Zhimin model [18] in GastroPlus™ was used to estimate and account
for the paracellular permeability mechanism of Metformin. To validate
the model, the pharmacokinetics parameters were compared with the
experimental data

Post RYGB group

Once a suitable absorption and pharmacokinetic model was
established and evaluated for the control group, the physiology input
parameters were changed to mimic the RYGB. These conditions
included: gastric volume, pH, small intestine length and small intestine
transit time. These inputs were taken from literatures that identified
the changes in physiology after RYGB. Surgery of RYGB reduces the
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Compartment pH Transit time (h) V‘;::I';‘e Length (cm)

Stomach 1.3 0.25 50 30
Duodenum 6 0.26 48.25 15
Jejunum 1 6.20 0.95 175.3 62
Jejunum 2 6.40 0.76 139.9 62
lleum 1 6.60 0.59 108.5 62
lleum 2 6.90 0.43 79.48 62
lleum 3 7.40 0.31 56 62

Caecum 6.40 4.50 52.92 13.75

Ascending colon 6.80 13.50 56.98 29.02

Page 3 of 7
Radius SEF* Pore Radius Porosity/Pore Length

(cm) (A) (cm*-1)

10 1.000 2.200 2.580

1.60 4.235 10.41 48.64

1.50 3.949 9.6400 38.90

1.34 3.489 8.400 26.09

1.18 3.029 7.160 16.46

1.01 2.569 5.920 9.540
0.85 2.109 4.680 4.896
3.50 1.790 3.920 2.915
2.50 2.480 3.500 3.220

@ — SEF represent Surface area Enhancement Factors which are a measure of absorptive surface area in individual compartments

Table 3: ACAT Model Parameters for the Human fasted physiology.

Compartment SEF?
Stomach 1.000
Duodenum 4.235
Jejunum 1 3.949
Jejunum 2 3.489
lleum 1 6
lleum 2 5
lleum 3 4
Caecum 1.790
Ascending colon 2.480

Pore Radius (A) Porosity/Pore Length (cm*-1)

2.200 2.580
10.41 48.64
9.6400 38.90
8.400 26.09
8.1 32
6.90 18
5.680 9
3.920 2.915
3.500 3.220

Table 4: The pore size, pore density and the absorptive surface area in post gastric model.

stomach volume by creating a 15 to 20 mL gastric pouch. The jejunum
is divided at 30 to 40 cm distal to the ligament of Treitz. Then the distal
jejunal limb is reconstructed to the new gastric pouch to form the Roux
limb. The length of the Roux limb is approximately 75 to 150 cm in long,
depending on the patient’s weight [3,19] (Figurel). The main changes
that were made in the GIT physiology to build the RYGB physiology in
GastroPlus™ were as the following:

o GI pH: Normal gastric pH in fasted state in human is in
the range 1 to 3 [3].The small gastric pouch surface area is
decreased in patients after RYGB. As a result, the stomach pH is
expected to increase in these patients [2,20,21]. To mimic this
change, the pH was changed from the default 1.3 to 2 in the
RYGB physiology model.

o GI Volume: To simulate the smaller gastric pouch, the stomach
volume in ACAT model was changed to 30 ml.

« Gl transit time: Literatures reported an acceleration in gastric
emptying after gastric bypass [11,22,23] ;others found that the
gastric emptying time after RYGB is reduced [24] and some
concluded that these changes are variable [25]. Therefore, no
changes were made for the gastric emptying. As discussed
above, in the RYGB the intestinal duodenum and jejunum is
bypassed [3]. To mimic this condition, the transit times and
the length of duodenum and jejunum compartments in ACAT
model were set to zero. Data suggest that the transit time of
small intestine is increased [4,24,26], Quigley et al. found that
the small intestinal transit time is increased by 35% following
50% resections of dogs small instinet and by 29% following 75%
of the resections [27]. Therefore, the transit time of the ileum
was increased by 32% especially that the RYGB resections, to
some extent, is variable.

To mechanistically understand the reasons behind the observed
data, every assumption that was presented the article [2] was examined
by changing the related parameters.

o+ The first mechanism that was discussed in the article was that
RYGB expected to delay the gastric emptying and the increased
gastrointestinal transit time may increase the overall absorption
of metformin. The article mentioned that this process is
working in a manner similar to slow-release formulations of
metformin, which remained in the stomach and released drug
gradually into the small intestine. To examine this assumption,
a modified gastric release formulation model was used to
simulate this effect. The modified Gastric Release option allows
retaining drug in the stomach and releases it over time.

o The second assumption was that there is an alteration in the
transporters. To test this assumption, using GastroplusTM, the
expression of the transporters was doubled in the remaining
part of small intestine.

o The last assumption was that the small-intestinal undergoes
adaptation from villous hyperplasia. To test this assumption,
the pore size, pore density and the absorptive surface area were
changed to the values given in Table 4 for the remaining part of
the small intestine.

Result

Control group

Using default Human Physiological Fasted intestinal physiology,
GastroPlus estimated the plasma concentration curve very close to
observed data with R?=0.9, (Figure 2). The values of C,.o Tmax and AUC
of the predicted data were closely matched to the observed one for the
control group (Table 5).

Post gastric bypass

As expected, the adjustment of intestinal physiology based on
simple removal of the bypassed portions of small intestine from the
model, underestimate the exposure of metformin in subjects after
RYGB. Figure 3 presents the observed and predicted absorption of
metformin after RYGB.
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Figure 2: The observed (doted line) and the predicted (solid line) plasma concentration profile after oral administration of 1000mg of metformin in the control group.

Condition Parmeters
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T ax (1)
AUCO—-inf h(ug/h/mL):
AUC0-24 h(ug/h/mL)

C e (ug/h)

T.. (hr)
AUCO-inf h(ug/h/mL):
AUCO0-24 h(ug/h/mL)

Control
group

Post RYGB

*Data are means (SD) based on the experimental sample size 15.
Table 5: The observed and predicted C

Predicted mean Observed mean

1.59 1.8 (0.61)
2.49 3.0 (1.5-3.0)
13.70 11.4 (3.6)
13.59 11.1(3.6)

2.3617 2.0 (0.86)

1.4067 3.0 (1.5-3.0)
15.82 13.7 (6.0)
15.75 13.4 (5.7)

e Tmax @Nd AUC0-24 h after oral administration of 1000mg of metformin in the control and post RYGB (simulation resulted from

model with increased the pore size, porosity and the absorptive surface area)
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Figure 3: The observed (doted lines) and the predicted (solid line) plasma concentration profile after oral administration of 1000mg metformin in patients post RYGB.
Simulation is based on intestinal model with simple removal of bypassed portions of small intestine.

Using the modified Gastric Release option did not predict observed
data (data not shown). Increasing the distribution of the transporters
in Gastroplus™ in the remaining part of small intestine also did
not improve the prediction to the observed data (data not shown).
However, increasing the pore size, porosity and the absorptive surface
area in the remaining part of small intestine resulted in a close match
of plasma drug concentration vs. time of simulation to the observed

data (Figure 4). The result also showed a comparable result between the

pharmacokinetics parameters of the experimental and predicted values
(Table 5).

Discussion and Conclusion

Over the past years, studies have shown many applications
of simulations in drug discovery, particularly, in predicting drug
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Figure 4: The observed (doted line) and the predicted (solid line) plasma concentration profile after oral administration of 1000mg metformin in patients post RYGB.
Simulation resulted from model with increased the pore size, porosity and the absorptive surface area.

absorption. The usage of in silico model helped in understanding,
identifying, and addressing many factors that affect the drug absorption
and causes of observed absorption pattern. These factors range from
the in vitro drug properties such as physiochemical characters of drugs
to in vivo characteristics such as physiological properties of the GIT.
Obesity surgery treatment changes the human GIT physiology, which is
expected to have an influence on drug absorption. In this study, we have
examined the application of simulations to understand the mechanistic
changes in drug absorption in post RYGB subjects using metformin as
amodel drug. Metformin is an interesting model drug because the drug
is highly soluble, but it is limited by its permeability. Studies reported
that, in normal physiology, metformin is absorbed mainly in duodenum
[12]. RYGB surgery is required bypassing the entire duodenum and a
small portion of the proximal jejunum, therefore, reduced metformin
absorption is anticipated. However, the observed published study
showed the opposite: An increase in drug absorption [2]. In this study,
computer simulations were used to test the ability of computer program
to simulate the absorption after gastric bypass surgery and to test the
theoretical assumptions that were reported to explain the observed
drug absorption in such patients. This was done by altering the related
values in the program inputs and comparing the predicted data with
the observed ones. Then, to find out the most probable cause of the
observed data, the assumption that could not predict the observed data
was ruled out.

Appling only the controlled gastric release formulation in
GastroPlus™, could not predict the observed data, though this was
actually not surprising. The Biopharmaceutical Classification System
(BCS) classify drugs according to their solubility and permeability
characteristics classified as Metformin as BCS class 3 drug [28].
Metformin is a highly soluble drug; therefore, retaining the drug in
the stomach and releasing it slowly would not expected to significantly
affect the drug absorption. However, such effects seem to have a
significant effect for poorly soluble drugs as shown by Aghazadeh-
Habashi et al. for meloxicam [29]. This finding supported by a study
conducted by Marathe et al., who studied the effect of the prolong
gastric emptying and the gastrointestinal transient time induced
by metcloprmide and propantheline on the metformin absorption
on healthy volunteers [30]. The study was conducted in 11 healthy
volunteers, who received 550 mg metformin hydrochloride in solution

alone; 5 min after a 10 mg i.v. dose of metoclopramide; and 30 min
after a 30 mg oral dose of propantheline. Metformin solution was
radiolabeled and then the gastrointestinal transit was T-monitored by
gamma scintigraphy [30]. The study showed that the increase in the
small intestinal transit times induced by propantheline cause a decline
in metformin plasma concentrations associated with the colon arrival
[30]. The study concluded that first part of small intestine is the main
site of absorption of metformin Therefore, the prolonged in the GI
transient time by RYGB could not explain the observation as the first
part of small intestine is removed by surgery.

The result also showed that increasing in the transporters expression
in the last part of the small intestine did not predict the observed data.
As mentioned above, metformin is limited by its permeability. Studies
showed that 90% of metformin is absorbed by paracellularly, which
occurs via facilitated diffusion, and only 10 % of the drug is absorbed
transcellularly, which is mediated by transporters [12]. Therefore, the
increase in the transporters expression is not expected to significantly
increase the drug absorption. Moreover, studies showed that PMAT
transporter, which a substrate for metformin absorption is sensitive
to pH change. Studies showed a significant influence of acidic pH on
PMAT in mediating metformin [13]. The study found that PMAT-
mediated metformin uptake at pH 6.6 is 4 fold higher than at pH 7.4
[14]. However, the pH of the last part of the small intestine, which
is the part lifted after the surgery, is higher than 6.6. In other words,
PMAT activity expected to be decrease after RYGB surgery. These
finding support the inability of the simulation of the up regulation the
transporter in prediction of the observed metformin bioavailability
after RYGB.

The last assumption that was used to explain the observation
was an adaptation mechanism in the intestinal drug absorption.
This assumption is supported by many studies in man and animals
[31-34]. Studies have reported that obese patients, who had bypass
surgery, were losing body weight after the surgery, but later the body
weight will stabilize. Therefore, studies were conducted to explain
this phenomenon. Interestingly, researchers found that patients who
had obesity bypass surgery showed a clear evidence of adaptation.
Studies have observed an increase in the intestinal epithelial surface
area with an increase of the functional capacity of the intestine [31,34].
Miskowiak et al. [32] has measured the length of the small intestine in
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thirty-two patients after 6 to77 months of jejunoileal bypass surgery.
The lengths were recorded 3 times by the same surgeon. Intestinal
wall thickness was also measured for some patients. Miskowiak et al.
found that the length of the small intestine was increased in patients
with an association of unsatisfactory weight lost [32]. Stock-Damge et
al. also supported this observation [33]. In his study, intestinal biopsy
samples were obtained surgically from 41 obese patients subjected
to a biliopancreatic bypass. The specimens were collected from the
proximal and distal ileum, and colon. An image analyser determined
the height of the mucosa, including villi and crypts. The study showed
that the mucosa of the proximal and distal ileum showed a marked
lengthening of the villi after biliopancreatic bypass. Inthe colon the
biliopancreatic bypass induced, 40% of the patients’ focal changes in
the mucosa, characterized by the presence of true villi with mucous
cells and epithelial cells [33]. In all other patients, the colonic mucosa
was slightly thicker, but its morphologic aspect remained normal.
The same observation was documented after RYGB in rat models
[35]. The intestine showed an increased in villus height and crypt cell
proliferation adaptation after 6-8 months of RYGBP surgery [35,36].
These results suggest that this observation was not limited to the type
of bypass of surgery. Studies showed that there is a correlation between
the length of intestine removed and the subsequent change in villus
height in humans. Studies have referred these adaptations to a systemic
hormonal stimulus [35]. Gastrin and enteroglucagon, particularly
glucagon-like peptide 2 (GLP-2) have been proposed as primary cause
of the adaptation [33,37]. Le Roux et al. determined the changes in GLP-
2 levels and crypt cell proliferation in rodents and in man after RYGB
and the association between increased GLP-2 concentrations and crypt
cell proliferation in rodents after RYGB [38]. The study showed that in
humans GLP-2 levels rise substantially after RYGB, peaking at 6 to 12
months, before returning to normal levels. This increase appears to be
sufficient to maintain an increased small bowel mass following RYBG
[38]. An interesting recent publish study has investigated the impact
of RYGB on the permeability of small intestine [35,39] The study
evaluated the intestine permeability by measuring the renal excretion
rate of orally administered lactulose and mannitol and assessed the
lactulose/mannitol ratio excretion rate in patients in three periods:
before RYGB, one month after RYGB and 6 months after RYGB [39].
The study found a significant increase in mannitol excretion after RYGB
surgery in addition to an increase in lactulose/mannitol ratio excretion
[39]. The study concludes that patients after RYGB have an increase in
the intestinal permeability by adaption mechanism [39]. As a matter
of fact, this study substantiates our result because manitol is absorbed
in vivo in a manner similar to metformin, through paracellular passive
diffusion.

All of these studies supported the assumption behind the observed
absorption of metformin. This mechanism is corresponds with the
stabilizing in the weight loss and the decrease in surgery side effects such
as diarrhea for a time- a period of the operation. However, one should
remember that this does not mean that all drug absorption would be
the same after bypass surgery. As mentioned above drug absorption is
influenced by both, the GIT physiology and the drug physiochemical
properties. Therefore, if a drug is limited by its permeability, class 3
drugs, and it is absorbed by passive diffusion with no active metabolise,
the overall drug absorption is expected to be improving or show no
change after RYGB due to adaption mechanism. Based on these data,
the increased bioavailability of the drug, can improve clinical outcome
and the pharmacodynamics action of Metformin in diabetic patients
especially who undergo RYGB for more than 6 months. However, if
the drug is limited by its solubility, i.e. class 2 drug, a change in the

fraction dose absorbed is expected as the GI, pH, and the transit time
after bypass surgery have changed.

Computer simulation can be used to confirm this finding. Rowland
et al. has reviewed the application of PBPK module to understand the
variations in the observation of the drug absorption [40]. He reviewed
many studies, which used PBPK module, to realize how physiological
factors such as age, gender, race, weight, height, disease, genetic
polymorphism, pregnancy, and organ impairments influence the PK
of drugs that administered to each populations in these conditions
[40]. One of recent study has also evaluated using PBPK modeling,
using the Simcyp Simulator™ software, as a tool in examining the
impact of physiological changes in obesity surgery [4]. The study used
cyclosporine and atorvastatin as models drugs to predict the drugs
absorption after RYBG and biliopancreatic diversion biliopancreatic
diversion with duodenal switch, respectively .The study concluded
that PBPK has a potential to predict the oral drug bioavailability
in the absence of clinical data [4]. The current study supports this
finding and showed the importance of using computer simulations as
a valuable tool to simulate the impact and mechanistic background of
the physiological changes on drugs absorption. The insights gained by
this study can be used to help to predict the absorption and the clinical
outcomes of other drugs that have similar physiochemical properties
like metformin after RYBG.
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