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ABSTRACT

Ketosteril is an originator drug prescribed for nutrition therapy for patients with chronic kidney disease (CKD).
Ketoanalogues (KAs) of amino acids are part of the active pharmaceutical ingredients in the Ketosteril film-coated
tablets. The in vitro dissolution and gastrointestinal (Gl) release of KAs available in Ketosteril were determined in this
study using a dynamic multi-compartmental system, TIM-1. A water-fed mode of operation for TIM-1 was used to study
the dissolution and bioaccessibility of KA during an experimental 5-hour test. Overall recovery (i.e., mass balance) and
bioaccessibility as a function of time were the major outcome parameters. Based on eight experimental runs, the mean
+ SD percent recovery was 95.2 + 4.0 (RSD: 4.2), showing high reproducibility for the dissolution of a solid dosage form
in a highly complex in vitro model. The bioaccessible fraction (BioAcc) of KA was found to be highest at 2 and 3 hours.
Furthermore, the total BioAcc was found to be higher for the jejunum (68.2%—68.7% of dosage) than the ileum (15.9%—
17.9% of dosage). The in vitro results of this study show that the release of Ketosteril KAs occurs at physiological relevant
sites, mainly the jejunum, with its amino acid receptor for absorption, as it has been reported in clinical observations
with humans. These bioaccessibility results may explain the clinical performance of Ketosteril reported in several clinical
trials of patients with CKD with regards to postponing dialysis. Ketosteril in combination with a low protein diet has been
proved to be a nutritionally safe therapy.

KEYWORDS: Ketosteril, dissolution profile, in vitro digestion, bioaccessibility, TIM-1 (TNO Intestinal Model)

INTRODUCTION
D issolution profiling of pharmaceutical oral dosage

simplified models also represent useful alternatives for
dissolution of oral drug products, as recently reviewed by
Pentafragka et al. (3).

forms s often considered one of the foundations of

research and development of new products. One
of the challenges in this area is correlating in vitro drug
release to their in vivo drug profiles, concept known as
in vitro in vivo correlation (IVIVC). Drug performance can
be significantly affected by dietary intake. Furthermore,
changes in gastrointestinal physiology (e.g., stomach
emptying time, luminal changes, intestine motility, and
transit time variations, etc.) are variables involved in the
final drug absorption rate and thus drug performance.
Despite the understanding of these variables, many
in vitro dissolution profiles of oral dosage forms used

simplified systems that do not account for all aspects
of human physiological conditions (I, 2). However,

Conventional and compendial dissolution tests for
pharmaceutical oral solid dosage forms using, for example,
the United States Pharmacopoeia (USP) apparatus 1 and
2, have been widely utilized for the purpose of quality
control and batch-to-batch comparison. Dissolution test
results from USP apparatus 1 and 2 may be appropriate
to evaluate the dissolution of Biopharmaceutics
Classification System (BCS) class | drugs (i.e., high soluble,
high permeable), as originally proposed by Amidon et
al. (4). However, USP apparatus 1 and 2 methods are
unsuitable for assessment of bioaccessibility of low or
poorly soluble drugs because dissolution of these drugs
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is highly dependent on physiological gastrointestinal (Gl)
variables some of which are listed above (4). Neither the
USP, nor any other current compendial dissolution tests,
take into consideration these Gl variables. Consequently,
these tests may not be considered as in vivo predictive
methodologies of drug bioaccessibility and thus
performance in the human body (5). However, biorelevant
media, introduced to simulate the composition of luminal
fluids, could be applied to those tests for the improved
evaluation of formulation disintegration and drug release.
To better understand in vitro drug dissolution profiles,
absorption and bioaccessibility, the use of an apparatus
that incorporates Gl physiology-related variables is of
higher value.

A review on the non-conventional and non-compendial
dissolution methods for pharmaceutical oral dosage forms
was published by McAllister (6). In this review, the author
highlighted the limitations of compendial methods and
apparatus for drug dissolution profiling. Several systems
that evolved from research in the nutritional field have
been fully described by different authors as being closer
to the human Gl physiological conditions and, thus, more
complete drug dissolution profiling and bioaccessibility
data can be generated from these devices. A good
overview on those systems addressing hydrodynamic
conditions of the Gl has been provided by Pentafragka et
al. (3). Some outstanding models that allow dissolution
profiling of oral solid dosage forms under dynamic
conditions are the fed stomach model (FSM) by Koziolek
et al, the dynamic gastric model (DGM) from the Institute
for Food Research (Norwich, UK), and the TIM-1 model
from TNO Triskelion (7—11).

The most advanced, commercially available model is TIM-
1, a dynamic, computer-controlled, multicompartmental,
in vitro Gl system (10, 11). In the TIM-1 model|, it is possible
to determine drug bioaccessibility, i.e., availability of
active compounds for intestinal absorption (12, 13).
Moreover, TIM-1 is already used by several companies
and universities to determine drug and oral dosage
form testing. The system simulates the conditions in the
stomach and the small intestine, and it is validated for
evaluating the digestion of foods, release of compounds,
and availability for absorption of nutrients and drugs from
various meals and dosage forms under fed and fasting
states in adults (11, 14-21).

Furthermore, the numbers of TIM-1 studies on the
evaluation of pharmaceutical dosage forms are
increasing. For example, Abrahamsson et al. showed
a food-induced delay in disintegration of immediate
release tablets in vitro and in the stomach of dogs (22).

Cardot et al. describe that the TIM-1 mimics Gl motility
and the mechanical destructive force on drug release
(23). The drug concentration can be measured in jejunal
and ileal dialysis fluids, following its passive diffusion
through the hollow-fiber membranes connected to the
two compartments representing the jejunum and the
ileum, respectively. Barker et al. pointed out that the TIM-
1 correctly predicts in vivo data for evaluation of drug
product performance (20).

Ketosteril is an originator drug product prescribed
for nutrition therapy in chronic kidney disease (CKD).
Ketosteril tablets allow the intake of essential amino
acids while minimising amino-nitrogen intake. Following
absorption, the keto- and hydroxy-analogues (KA and HA,
respectively), part of Ketosteril’s active pharmaceutical
ingredients (APIs), are transaminated to the corresponding
essential amino acids by taking nitrogen from nonessential
amino acids, thereby decreasing the formation of urea
by reusing the amino group. Hence, the accumulation of
uraemic toxins is reduced.

The use of Ketosteril in combination with a very low
protein diet reduces nitrogen intake while preventing the
deleterious consequences of inadequate dietary protein
intake and malnutrition (24). The clinical benefits of a
KA-supplemented, vegetarian, very low protein diet in
patients with CKD have been recently proven by Garneata
et al (25, 26). In this clinical trial, the authors observed a
correction of metabolic abnormalities in those patients
following the Ketosteril and the very low protein diet.
Moreover, the authors were able to show a significant
delay in entering dialysis for patients with CKD who were
following the KA-supplemented (with Ketosteril) very low
protein diet. This was a prospective, open, randomized
controlled, single-center clinical study that involved more
than 400 patients for 15 months.

As there is clinical evidence that CKD patients experience
a significant delay in gastric emptying and that this might
be related to a possible pathophysiological mechanism,
it is then of high value to generate dissolution profiling
and bioaccessibility data for Ketosteril, using in vitro
techniques that are able to mimic, as close as possible,
the GI conditions of CKD patients (27).

The small intestine is the principal site of protein and
amino acids absorption in humans. Moreover, within
the small intestine, there are regional variations in the
absorptive capacities for protein digestion products
(i.e., peptides and amino acids). The two groups of end
products, namely amino acids and small peptides (i.e.,
dipeptides andtripeptides), are absorbed at different rates
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in different sections of the small intestine. The absorptive
capacity for dipeptides and tripeptides is greater in the
proximal small intestine (i.e., the duodenum) than in the
distal smallintestine (i.e., jejunumandileum). On the other
hand, in the case of amino acids, the absorptive capacity
is greater in the distal small intestine than in the proximal
small intestine (28, 29). It is the action of the membrane-
bound peptidases in the brush-border membrane of
the enterocyte that generates a major portion of the
absorbable products, namely amino acids, dipeptides
and tripeptides. Though these peptidases are present
throughout the small intestine, their activities are much
higher in the jejunum and ileum versus the duodenum.
It is therefore conceivable that, as the luminal contents
move along the intestine from the duodenum to the
jejunum and then to the ileum, the rate of appearance of
free amino acids in the lumen gradually increases whereas
the luminal concentration of dipeptides and tripeptides
gradually decreases (30).

In the present study, the dissolution of Ketosteril (the
pharmaceutical dosage form of KAs and amino acids for
CKD) has been studied in the TIM-1 model. The aim of this
study was to establish a bioaccessibility profile of the APIs
in KA. For this purpose, a complete validation of Ketosteril
dissolution profiles in terms of overall recovery of KA and
time-dependent bioaccessibility of KA was determined
using TIM-1.

MATERIALS AND METHODS

Test Product Composition and Excipients

The commerciallyavailable, film-coated tablet formulation
of Ketosteril (Fresenius Kabi, China) was used for this
study. Each tablet contained the following KA calcium
salts: 101 mg of leucine (4-methyl-2-oxopentanoic acid);
86 mg of valine (3-methyl-2-oxobutanoic acid); 68 mg
of phenylalanine (2-oxo-3-phenylpropanoic acid); and
67 mg of DL-isoleucine (3-methyl-2-oxopentanoic acid).
Additionally, each tablet contains 59 mg of the HA calcium
salt, DL-methionine (2-hydroxy-4-methylsulfanylbutanoic
acid); 105 mg of L-lysine acetate (75 mg of L-lysine); 53
mg of L-threonine; 23 mg of L-tryptophan; 38 mg of
L-histidine; and 30 mg of L-tyrosine. Total nitrogen and
calcium content pertablet was 36 and 50 mg, respectively.
Excipients include corn starch, crospovidone type A,
talc, silica (colloidal anhydrous), vegetable magnesium
stearate, macrogol 6000, quinoline yellow (E104), alkaline
polymethacrylate, triacetin, titanium dioxide (E171), and
povidone K 29-32 (24).
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Test Product Dosage

To closely mimic the prescription recommendations (i.e.,
four to eight tablets during a meal), the dosage was set
as five Ketosteril tablets per experiment. The product
was stored at room temperature prior to the test. As this
study aims to investigate the maximum release of APIs
that can be reached from the studied test item without
additional food matrix, no additional food was added to
the five tablets used in each experimental run.

In Vitro Testing

TIM-1 design and mode of operation

The multicompartmental, dynamic, computer-controlled
model of the human upper Gl tract, TIM-1 (TNO Triskelion,
Netherlands), has been previously described by Minekus
et al. and Verwei et al. (10, 11). The TIM-1 model consists
of four serial compartments representing the stomach,
duodenum, jejunum, and ileum, interconnected via
peristaltic valves (10, 11). Each compartment is composed
of two glass units with a flexible silicone inner wall,
enclosing the lumen while the glass units are filled with
water. The model simulates the physiological conditions
of the stomach and small intestine including the dynamics
of mixing (by periodically applying water pressure), gastric
emptying and intestinal transit times (by water and gas
pressure, monitored by pressure and level sensors, and
according to a power exponential function), the gastric
and intestinal pH values (monitored by pH sensors), body
temperature (viajacket-vessel water), and the composition
and activity of the secretion fluids (computer-controlled
pumps). The curves describing the gastric emptying and
ileal delivery were primarily described by Elashoff et al.
(31).

Low molecular weight compounds are removed
continuously via dialysis membrane systems connected
to the jejunal and ileal compartments of the system.
This allows quantification of the bioaccessibility, i.e., the
amount of digested product or drug substance in solution
and available for absorption (12, 17, 32). The use of these
membrane systems means that in vivo processes such as
active transport, efflux, and intestinal wall metabolism
are not modelled mechanistically by the system.

In this study, the TIM-1 system was operated in water
mode, using dialysis units (SUREFLUX-7L Dialyzer, Nipro
Corporation, Japan) to mimic absorption of dissolved KAs
(alternative available hardware mode is “lipid” using lipid
filters). The TIM-1 incorporates two of these dialysis units;
one in the jejunum and one in the ileum compartments.



The dialyzed fluid was flushed at a preset rate of 10 mL/
min.

All experiments in the present study were performed
under fed conditions (alternative condition is e.g., fasted
with a quicker gastric emptying rate and lower initial pH
value or any user defined condition), where media and
device parameters mimic a fed state (i.e., digestion of
a meal) with a stomach half emptying time of 80 min,
following the Elashoff equation, and a gradually lowered
pH, as described in Table 1 (31). This setting was chosen to
closely mimic the conditions of in vivo administration and
to account for delayed gastric emptying, as in patients
suffering from CKD, the intended patient group for

Ketosteril (27).

Table 1. Parameters of In Vitro Gl Conditions in Fed State

Stomach Compartment Oh,pH5.5;0.5h,pH4.5;1h,pH3;2h, pH
2;2.5h,pH1.7;5h,pH 1.7

Start residues Meal: 5 untreated tablets (4.0 £ 0.1 g),
completed to 70.0 g with deionized water
Stomach secretion: 153.3 g of GES, 7.7 g of
enzyme solution, 69.0 g of deionized water,

and 11.0 mg of alpha amylase (A6380).

Secretion rate 0.25 mL/min of enzyme solution

0.25 mL/min of deionized water?

Time of half emptying | 80 min

(t1/2)

Duodenal Compartment

Maintained at pH 5.9

Start residues

Filled to the level sensor with duodenal
fluid solution (~ 60 g)

Secretion rates

0.50 mL/min of bile solution
0.25 mL/min of pancreatic solution
0.25 mL/min of SIES?

Jejunal Compartment

Maintained at pH 6.53

Start residues

Filled to the level sensor with SIES (~ 90 g)

Dialysis rate

10 mL/min of SIES

lleal Compartment

Maintained at pH 7.43

Start residues

Filled to the level sensor with SIES (~ 90 g)

Dialysis rate

10 mL/min of SIES

1Substituted with 1 M HCI for pH adjustment, 2Substituted with 1 M NaHCO3
for pH adjustment, *Secretion of 1 M NaHCOj3 for pH adjustment.

GI: Gastrointestinal; GES: Gastric electrolyte solution; SIES: Small intestine
electrolyte solution; HCl, hydrochloric acid; NaHCO3, sodium bicarbonate.

TIM-1 media

The TIM-1 system was loaded with various reagents,
mixed in specified ratios as described below. Some were
derived from concentrated stock solutions, whereas
all working solutions were prepared on the day of use.

All solutions were made with deionized water unless
specified.

The solutions were:

e 1 M sodium bicarbonate, used in the small
intestine compartments

1 M hydrochloric acid, used in the stomach
compartment

¢ 1 M sodium acetate buffer, pH 5

e Gastric electrolyte solution (GES): 6.3 g/L sodium
chloride, 2.2 g/L potassium chloride, 0.3 g/L
calcium chloride dihydrate

e Small intestine electrolyte solution (SIES): 5.4 g/L
sodium chloride, 0.65 g/L potassium chloride,
and 0.33 g/L calcium chloride dihydrate

e Pancreatin solution: 65.4 g/L pancreatin powder
(Pancrex-Vet, Pfizer, Inc., USA) in deionized water

e Enzyme solution: 150 g of GES solution pH
adjusted to pH 5 using 1M sodium acetate buffer,
containing 5,625 Units lipase (Lipase F-AP15
[Rhizopus oryzael, Amano Enzyme, Inc., Nagoya,
Japan), 90,000 Units pepsin (P7012, Sigma-
Aldrich Corp., Steinheim, Germany)

o Bile solution: 38.5 g/L bile extract powder
(porcine) in deionized water

e Duodenal fluid solution: 15 g of SIES solution, 15
g of pancreatin solution, 30 g of bile solution, and
1 mL of trypsin solution containing 2 mg trypsin
(T9201).

All parameters of the system were adjusted to simulate
the fed state conditions (Table 1). Unless otherwise
stated, reagents were supplied by Sigma-Aldrich Chemie
GmbH (Schnelldorf, Germany). For each experiment,
the secretion products (e.g., gastric juice with enzymes,
electrolytes, dialysis liquids, bile, and pancreatic juice)
were freshly prepared, the pH electrodes calibrated, and
the dialysis units replaced.

TIM-1 sampling and ketoanalogues assay

Samples were collected every hour for 5 hours from
jejunum and ileal dialysates (analogous to dissolved KA)
combined with absorbance fractions. Samples were
also collected every 2.5 hours from the outlet of the
ileal compartment (analogous to KA entering the colon
and assumed not to be available for absorption). At the
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end of the experiment, the device was stopped and all
residues from stomach to ileum were collected to extract
any remaining KA. Samples of stomach and duodenum
residues, as well as jejunum and ileum residues, were
combined prior to analysis, respectively. All samples were
stored at -20 °C until KA determination.

Ketoanalogue determination

All samples were analyzed for KA content by high-
performance liquid chromatography (HPLC) (Alliance
2695 HPLC Separations Module [Waters Corp., USA]
and Aminex HPX-87H, 300 x 7.8 mm columns [Bio-Rad
Laboratories, Inc., USA]) at room temperature (20-22 °C),
using 0.025 M 95% sulphuric acid (Merck KGaA, Germany)
as the mobile phase, at a flow rate of 0.45 mL/min for 40
min. Quantification was determined against standard
reference solutions at 205 nm (Photodiode Array Detector
UV/Vis 2489 [Waters Corp., USA]).

Data Presentation and Statistical Analysis

One major output parameter from the TIM-1 experiments
was the bioaccessible fraction (BioAcc) of KA, which is
equal to the percentage of KA absorbed by dialysis in the
jejunum and ileum divided by the intake (tested dosage).

The BioAcc was compared at 1, 2, 3, 4, and 5 hours after
the start of the experiment. The cumulative value was
also compared.

The recovery of KA in the TIM-1 experiments, another
major outcome parameter, was determined as the sum of
KAsobtained fromthe jejunal andileal dialysates (including
absorbance), the output of the ileal compartment (ileum
efflux), and residue samples at the end of the experiment
for all compartments.

The relative percent recovery was obtained by dividing
the recovery by the tested dosage.

Repeatability was evaluated by obtaining replicate
measurements of the experimental runs. It was then
estimated by calculating the relative standard deviation
(RSD) of the multiple consecutive experiments. To study
the TIM-1 model repeatability, 11 repetitive experiments
were performed for two batches (batch A, n = 8; batch B,
n = 3) of Ketosteril. This approach allows the validation of
the proposed protocol to determine the BioAcc.

RESULTS AND DISCUSSION

Relative Recovery
The relative recovery in the TIM-1 system for two
Ketosteril batches is presented in Table 2. The range of
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relative recovery for experiments included in this study
was 85%—100%. From all experimental runs performed
in this study using the TIM-1, 85% passed this criterion.
The relative mean + SD percent recovery for batch A and
B was 95.2 + 4.0% (RSD: 4.2) and 94.2 + 6.3% (RSD: 6.7),
respectively. The unrecovered material (< 5%) is due to
residues remaining in the entire model (e.g., prefilters,
level sensors, pH electrodes) that cannot be made
available for analysis. The relative recovery values show a
very high overall recovery, as well as a high reproducibility
for the determination of KA dissolution in the complex
TIM-1 in vitro model. The high relative recovery shown
in Table 2, which is a mass balance of the KA in the
experimental runs, clearly suggests that this complex in
vitro technique is reliable.

Table 2. Relative Recovery of Alpha Ketoanalogues

A-1 99.1
A-2 97.0
A-3 93.4
A-4 95.5
A-5 97.3
A-6 99.6
A-7 91.6
A-8 88.0
B-1 97.2
B-2 87.0
B-3 98.5

Mean * SD (RSD) was 95.2 + 4.0 (4.2) for batch A (A-1-A-7) and 94.2 + 6.3
(6.7) for batch B (B-1-B-3)., RSD, relative standard deviation.

Ketosteril Dissolution - Visual Observations

The gastric pH values were set to mimic data observed
in vivo after ingestion of a meal (fed conditions). These
values are continuously adjusted automatically by adding
water or hydrochloric acid to the gastric compartment.
As shown in Figure 1, upon introduction of five tablets
in the gastric compartment of the TIM-1 apparatus,
the solid dosage form remained visually intact during
the first 10 minutes of an experiment. Subsequently,
tablets disintegrated and dissolved progressively. After
approximately 2 hours, no remaining tablet residues were
observed.

Distribution of Ketoanalogues from Ketosteril in the
TIM-1 Compartments

The amount of KA as determined in the specific
compartments and residual samples is shown in Figure
2. No significant differences were observed for the two



batches studied. The KA BioAcc obtained for the jejunum
and ileum compartments was 68.2%—68.7% and 15.9%—
17.9%, respectively, for both batches. Therefore, the
highest amount of KA was found in the jejunum BioAcc. As
expected, most of the pharmaceutical dosage dissolved
in the upper Gl tract. This fraction can be considered
available for absorption (i.e., bioaccessible) in the human
gut. The total KA BioAcc is the sum of the jejunum and
ileum BioAcc.

In contrast, the amount of KA in the ileum efflux is
considered unavailable in the small intestine (Fig. 2).
However, as the content is theoretically delivered to
the colon, bioaccessibility of KA from the ileum efflux
into the colon compartment is most likely. The amount
of KA remaining in the compartments at the end of the
experimental runs (i.e., stomach and duodenum residue,
and the jejunum and ileum residue) was less than 5% for
both batches. The amount of KA obtained in the residue
fractions can be considered as potentially available for
bio-accessibility; however, KA remaining in stomach and
duodenum had no access to the site of dialyzation in the
TIM-1 apparatus.

0 min ~5 min

Time-Dependent Bioaccessibility of Ketoanalogues
from Ketosteril

In the present study, bioaccessibility is expressed as
relative BioAcc (related to the tested dosage). As described
previously, the kinetic profile of KA bioaccessibility was
measured in samples collected hourly from jejunal and
ileal dialysates.

Figure 3 shows the total cumulative relative KA BioAcc
as a function of time in the TIM-1 system. Figure 3A
shows the total BioAcc as a sum of the jejunum and ileum
BioAcc, and Figure 3B shows the BioAcc from the jejunum
and ileum separately. Figure 4 depicts the BioAcc for the
specific experimental hours.

100 T T T T 100
=0~ Batch B =& Batch B Jej
—&— Batch A —4&#— Batch A Jgj
—&— Batch A lle
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BioAcc of KAs
{cumulative as % of intake)
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Time (h)
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Figure 3. A. Cumulative, relative BioAcc of KAs as sum of jejunum (Jej) and
ileum (lle). B. Cumulative, relative BioAcc of KAs, individually for jejunal and
ileum. Results are expressed as mean + SD (n = 8 for batch A, n = 3 for batch
B). BioAcc: bioaccessible fraction; KA: ketoanalogue.

~120 min

~90 min

~60 min

Figure 1. Disintegration of Ketosteril tablets in the gastric compartment

over time. As shown in Figure 3A, no differences in the relative KA
BioAcc were found for batches A and B. Upon introduction

80 oftheoralsolid dosage formsinto the gastriccompartment

T JBachA (m8) of the TIM-1 system, disintegration and dissolution of
wol EWsach8 (=3)] | the solid dosage form occurred slowly (Fig. 1). This visual
273 observation is reflected in a low BioAcc of less than 5% for
x g jejunum and ileum in the first experimental hour (Fig. 3).
=0 40F B
;;5 - As expected, the BioAcc is very low in the first
ol | experimental hour, due to the dosage form as well as the
technical setup. While the dosage form requires a certain
— i time to disintegrate in the stomach, at least to particles
0 N \ \ \ \ sizes that can be transported into the small intestine, the
AW P _\OP‘GC' é@oe é\(\ue .
@ @ «® NG o &8 technical aspect of the TIM-1 furthermore only allows
\ e'\\’“\) ped . 39'\*\\ ’
. ¥ a controlled amount of lumen fluid to enter from the

Figure 2. Relative KA (mean #* SD) in different compartments and samples
for batch A and B. KA: ketoanalogue; Sto, stomach,; Duo, duodenum, Jej,
jejunum, lle, ileum, BioAcc, bioaccessibility fraction.

stomach into the duodenum and the jejunum (first place
of dialysation) for specific time intervals (following the
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Elashoff equation) (31). Therefore, only starting from the
time point when KA are released from its dosage form
and are then gradually transported with the lumen fluid
to the site of action (jejunum, ileum), they can be dialyzed
and thus found in the BioAcc.

A sharp increase in KA BioAcc occurs between 1 and 3
hours after the start of the experiment (Fig. 3), with the
release being maximal between the second and third
hours for both the jejunum and ileum dialysate fractions
(Fig. 4). The cumulative BioAcc that was determined in the
jejunum is higher than the cumulative BioAcc that was
determined in the ileum for all the experiments (Fig. 3B).
Solubility of the API is required to enable the transport
throughthe dialysis unitsinto the BioAcc. The solubilization
must be assumed due to the high presence of API in
the BioAcc of the jejunum. Therefore, KAs are already
available for absorption in the jejunum compartment,
and no further disintegration and solubilization of KA, as
present in Ketosteril, seems to be required in the small
intestine. Additionally, the release of KAs in the jejunum
BioAcc was similar between the first and second and
the second and third hours, while the release of KAs
was markedly increased in the ileum BioAcc from the
second to third hours (Fig. 3B). That difference could be
explained by the impact of transport time, which is longer
for reaching the ileum than for the jejunum. These results
are in good accordance with the visual observations in
the stomach, which showed that the disintegration of the
tablets was completed in the stomach after 2 hours. The
dissolved KA are transported within the lumen fluid from
the stomach via the duodenum into jejunum and ileum,
where they are gradually dialyzed.

As shown in Figure 3A, after 2 hours of digestion, the
KA BioAcc was 28.8%. This value is lower than the
value reported by Framroze et al., who found 67%
bioaccessibility for amino acids from salmon protein
hydrolysates after 2 hours (33). This difference could be
explained due to the disintegration time required for
Ketosteril, which is not necessarily the same for protein
hydrolysates.

As shown in Figure 3B, after approximately 3 hours, the
KA BioAcc decreased gradually, both in the jejunum
and ileum, until the end of the experiment, reaching
final cumulative values of 86.1% and 84.6% for batch A
and B, respectively (Fig 3A). Nevertheless, after 5 hours
of digestion, the cumulative KA BioAcc did not reach a
steady state, suggesting a remaining fraction of KA in the
TIM-1.
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The results shown in Figures 2—4 are in line with what is
known regarding amino acids absorption in the human
gut. Even though the process of protein digestion in the
Gl tract is initiated by pepsin in the stomach, absorption
of the digestion product is negligible at this site. The small
intestine is the principal site of protein and amino acids
absorption. Results shown in Figures 2—4 confirm that
Ketosteril APIs are bioaccesible at physiological relevant
sites for amino acids, mainly in the jejunum and ileum.
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Figure 4. KA BioAcc (mean + SD) over time. KA: ketoanalogue; BioAcc:
bioaccessible fraction.
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CONCLUSIONS

The in vitro dissolution Ketosteril data from this work,
using a complex dynamic digestion system like TIM-1,
with physiological conditions close to those found in
patients with CKD, clearly suggest that, in spite of the
operational complexity of digestion system, TIM-1 can
provide highly reproducible results and thus reliable in
vitro bioaccessibility data (24, 27).

In the present study, the bioaccessibility of Ketosteril was
expressed as the amount of KA that was dialyzed from the
jejunal and ileal compartments of the TIM-1 apparatus. It
could be shown that the dynamic multi-compartmental
TIM-1 model, which currently allows the closest simulation
of in vivo physiological processes occurring within the
human stomach and small intestine, could be successfully
applied for the dissolution of Ketosteril.

The results from this work agree with what is
physiologically known regarding the absorption of amino
acids in humans. Amino acids are preferentially absorbed
in the distal small intestine (i.e., the jejunum and ileum).
The in vitro results from this work showed that the
KAs of amino acids present in Ketosteril are mostly
bioaccessible in the jejunum, followed by the ileum. This
bioaccessibility profile may be used to explain the clinical
performance of Ketosteril proving to have a potential to
postponing dialysis needs in patients with CKD. Ketosteril



in combination with a low protein diet has been proved to
be a nutritionally safe therapy (25, 26).

The dissolution profile of KA, as determined with the
TIM-1 system, mimics and predicts the in vivo situation
to a far higher extent than commonly used classic
dissolution methods (USP apparatus 1 and 2). The TIM-
1 system can be considered as a very useful tool for in
vitro bioaccessibility studies and for the development of
an IVIVC for well-established drugs in the market, as well
as for new oral solid forms (16, 20).
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