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Purpose. To investigate the relationship between the modulation of
intestinal pH and the oral absorption properties of a model peptide
drug, salmon calcitonin (sCT), in conscious beagle dogs.

Methods. Studies were performed to characterize the disintegration of
the formulation, intestinal pH changes, and the appearance of the
peptide in the blood. Enteric-coated formulations containing sCT and
various amounts of citric acid (CA) were tethered to a Heidelberg
capsule (HC) and given orally to normal beagle dogs. Blood samples
were collected and analyzed by radioimmunoassay (RIA). Intestinal
pH was continuously monitored using the Heidelberg pH capsule (HC)
system. The integrity of the HC-delivery system tether was verified
by fluoroscopy.

Results. The intra-individual variation in gastric emptying (GE) of
the delivery system was large. There were also large inter-individual
differences in the disintegration and absorption properties of the various
formulations. However, the peak plasma concentrations of sCT were
always observed when the intestinal pH declined. The average baseline
intestinal pH was 6.1 * 0.2 (mean * SEM, n = 12). The intestinal
pH reduction was 2.6 * 0.4 (mean * SEM, n = 12, ranged from 0.5
to 4.0 units from baseline). There was a good correlation between the
time to reach the trough intestinal pH (tyyma) and time to reach the
peak plasma concentration (t.unc.max) Of SCT (Lonemax = 095 X toy min
+ 14.1, n = 11, r? = 0.91). Plasma C,,,, and area under the curve
(AUC) increased with increasing amounts of CA in the formulations.
Conclusions. The results of these studies demonstrate that the oral
absorption properties of a model peptide drug, sCT, can be modulated
by changing intestinal pH. sCT is a substrate for the pancreatic serine
protease trypsin which has maximal activity at pH 5 to 6. Reducing
intestinal pH presumably stabilizes sCT in the GI tract enabling greater
absorption of the intact peptide.

KEY WORDS: intestinal pH recovery; oral absorption; peptide drugs;
salmon calcitonin; dogs.

INTRODUCTION

Establishing an oral delivery system for peptides and pro-
tein drugs is of great importance because parenteral administra-
tion results in poor patient compliance during chronic treatment
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resulting in limited clinical utility. The clinical development of
peptide drugs, however, has been impeded by poor peptide
absorption across intestinal membranes and rapid proteolytic
degradation which typically result in oral bioavailabilities less
than 1-2% (1-3). Although gastric acid and enzymes efficiently
degrade peptides, this can be avoided by using an enteric coating
to bypass the stomach. Unfortunately, the proteolytic enzymes
in the small intestine are equally proficient at degrading peptide
drugs (4—6). Potential approaches to limit the activity of intesti-
nal enzymes include delivery of protease inhibitors, adjusting
the pH of the intestinal contents, and maintaining high local drug
concentrations (7-9). Therefore, it is essential to understand if
the intestinal microenvironment can be temporarily modified
to enhance drug delivery and, if so, to understand how the
intestine responds to changes induced by excipients. Calcitonin
is an excellent candidate for the development of alternate deliv-
ery routes due to its size and wide therapeutic index (10) with
a preference towards the oral delivery route. One requirement
for its oral delivery is intestinal stabilization since sCT is a
substrate for the pancreatic serine protease trypsin. In our previ-
ous report (11), the inclusion of CA significantly improved the
oral absorption of sCT in various intestinal regions in Intestinal
and Vascular Access Ports (IVAP) dogs. In this report, tradi-
tional pharmacokinetic techniques are combined with radiotele-
metric measurement of intestinal pH to elucidate the effect of
pH modulation on the oral absorption properties of sCT. The
results clearly demonstrate that the modulation of intestinal pH
can be successfully used as a strategy to enhance the oral
absorption properties of peptide drugs.

MATERIALS AND METHODS

Materials

Recombinant salmon calcitonin (sCT) was obtained from
Unigene Laboratories, Fairfield, NJ. sCT antibody (cross reacts
less than 1% with mammalian calcitonins) and '**lodotyrosyl-
salmon calcitonin were obtained from Advanced Chem Tech
(Louisville, KY). Eudragit L30-D55 was obtained from Huls
America Inc. (Sommerset, NJ). Surgical thread, 3-0 vicryl was
obtained from Ethicon (Somerville, NJ). Surgical adhesive,
Krazy glue was obtained from Berden Inc. (Columbus, OH).
IV catheter, 20G Abbocath was obtained from Abbott Labs
(North Chicago, IL). Heparinized syringe, Monovette® was
obtained from Sarstedt (Newton, NC). The Heidelberg radiote-
lemetry instrument and the Heidelberg capsules were purchased
from the Heidelberg Intemational Corporation (Atlanta, GA).
Dog slings were obtained from Alice King Chatham Medical
Arts (Hawthorne, CA). All other materials were obtained from
Fisher Scientific (Fair Lawn, NJ) or Sigma Chemical Co. (St.
Louis, MO) and were used as received.

Animals

Male beagle dogs weighing 10 to 15 kg were used and
fasted overnight prior to the study. Water was allowed ad libi-
tum. All animal studies were performed under approved proto-
cols (IRB-UCA, Rutgers University) in AAALAC accredited
facilities.
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Oral Formulations

Four oral formulations were manufactured by Unigene
Laboratories, Fairfield, NJ (Table 1) and evaluated in these
studies. Hard gelatin capsules (#0, 97B-E) containing sCT and
various amounts of CA were coated with approximately 12%
(by weight) Eudragit L30-D55 to prevent gastric disintegrada-
tion. All other additives were identical among the formula-
tions studied.

pH Measuring System

Continuous determination of pH was accomplished using
a radiotelemetric device, the Heidelberg capsule (HC) (12-14).
The device consists of a battery-operated high frequency radio
transmitter and a pH electrode housed in a nondigestible acrylic
capsule 7 mm in diameter and 20 mm in length. The dogs wore
an antenna strapped around the body to receive the radio signal,
which was then recorded on a chart recorder. The capsule battery
was activated with normal saline and calibrated in pH 1 and
pH 7 buffer solutions maintained at 37°C. The HC was then
tethered to the drug capsule using surgical thread (3-0 vicryl)
and administered orally to dogs. Because pH values change
with location within the gut and the drug capsule dissolution,
alterations in pH were interpreted to be indicative of the move-
ment of the HC-drug capsule through the different segments
until the drug capsule dissolves. Generally, Heidelberg capsules
provide readings with 0.5 pH unit accuracy and excellent in
vivo reproducibility in the pH range of 1 to 8 for 22 hr after
activation (15).

Oral Absorption Study with Heidelberg Capsule

Four male beagle dogs were used to monitor the disintegra-
tion and oral absorption of 4 formulations. A HC tethered to
an enteric capsule was given orally with 10 ml water to each
dog. Blood samples were drawn through a 20G IV catheter
(Abbocath) with a heparin lock which was inserted in the bra-
chial vein. The catheter was flushed with heparinized saline
(50 units per mL) after each blood draw. Two baseline samples
were drawn prior to dosing and another immediately following
GE. From the time the capsules enter the small intestine, blood
samples were taken every 10 minutes until the HC showed a
drop in pH which signified the disintegration of the test capsule.
More frequent blood sampling was performed from the time
that disintegration was first detected, blood samples taken at
3,6,9,12, 15, 20, 30, 45, 60, 75, 90, 120, 150, and 180 minutes.
No more than 25 X 3 ml samples were taken during a particular
study. The dogs were used once every one or two weeks based

Table 1. The Composition of sCT Enteric Capsules Tested in Beagle

Dogs
sCT CA LCC Talc Dextrose
Formulations* (mg) (mg) (mg) (mg) (mg)
97B 1.11 0 552 55.2 5524
97C 1.20 145.7 54.7 54.7 400.7
97D 1.15 260.2 519 52.2 260.5
97E 1.19 565.1 56.3 56.3 0

* CA, citric acid; LCC, lauroyl carnitine chloride.

Lee et

on the maintenante of adequate hematocrit levels, an indicati
of anemia.

Fluoroscopy Study with Heidelberg Capsule

An enteric capsule containing 500 mg of barium sulf:
powder (BS) was prepared as a test formulation with Eudra
L30-D55 to prevent gastric disintegration. Its upper cap w
first attached to a 3-0 silk suture with Krazy glue and dri
overnight. In the next morning, it was tethered to HC witt
suture, and then given orally. To verify the integrity of the H
sCT delivery system tether, contrast radiography was perform
to trace intestinal spreading of HC and BS radiopaque partic
for the first 5 min. Momentary recordings were made perio
cally through the next two to three hours. Image intensificati
fluoroscopy with television monitoring was used to view |
intestinal spreading of capsules and recorded on videota
for counting.

sCT Analysis

The concentration of sCT in dog plasma was determir.
by competitive RIA using the sCT antibody and **lodotyros
salmon calcitonin as previously described (11,16). The ass
was accurate and reproducible over the concentration range
100-1500 pg/mL of sCT. The lower limit of detection of 1
assay was 50 pg/ml. Interday coefficients of variation w«
7-19% and intraday coefficients of variation were 7-24%. T
assay was highly specific with less than 1% cross-reactiv
with calcitonin tryptic fragments (17).

Data Analysis

Data were analyzed to provide information on the GE a
intestinal pH profiles induced by the presence of extrinsica

Fig. 1. Radiographic views of intestinal spreading of Heidelberg ¢
sule and radiopaque powder after oral administration of enteric caps
tethered to Heidelberg capsule into the normal beagle dogs. The Heic
berg capsule and enteric capsule traveled together before disintegrat
(A, at 60 min after dosing), during disintegration (B, at 73 min a:
dosing), and post disintegration (C, at 95 min after dosing). The Heic
berg capsule and most of barium sulfate dye were contained in a sin
loop of intestine after disintegration (C).
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Fig. 2. The pH and plasma sCT concentration-time profiles after oral administration of formulation 97C tethered to Heidelberg capsule
in normal beagle dogs.

introduced CA. GE was indicated by a sharp pH increase from
acidic to neutral pH. GE was considered immediate if there
was no initial record of acidic pH. The observed time to reach
the lowest intestinal pH was defined as tyymin (Min). Plasma
concentration versus time data were analyzed by non-compart-
mental pharmacokinetic methods (18). The highest observed
concentration and the corresponding sampling time were
defined as C,x (ng/ml) and t. pemax (mMin), respectively. The
area under the concentration time curve (AUC, ng.min/ml) was
calculated by the trapezoidal method.

Statistical Analysis

All statistical tests were performed using Jandel Sigma
Stat (Version 2.0, San Raphael, CA). A minimum P-value of
0.05 was used as the significance level for all tests. One way
ANOVA test was performed on the in vivo Cy,, and AUC data.
All data are reported as the mean * standard error (SEM)
unless otherwise noted.

RESULTS AND DISCUSSION

The availability of peptide drug formulations has been
limited by low oral bioavailabilitics (less than 1-2%}) usually

accompanied by variable bioavailability (1-3). The poor oral
bioavailability (F) of peptides is primarily due to poor absorp-
tion across intestinal membranes and rapid proteolytic degrada-
tion. sCT, a large peptide drug that has low intestinal
permeability and high proteolytic lability (19,20), was selected
as a model peptide drug for these studies. Efforts to maximize F
have focused on maximizing the extent of peptide that survives
degradation in the gut (Fg) and the fraction that enters the portal
vein intact after passing through the intestinal tissues (F,). Our
previous work demonstrated that sCT delivery to the portal
vein is the rate limiting step in achieving adequate oral bioavail-
ability of the peptide in dogs since first pass hepatic metabolism
is negligible (i.e., Fy, the fraction of peptide not extracted by
the liver, is approximately equal to 1) (11). Methods to enhance
Fg include the use of inhibitors and modulation of pH to alter
proteolytic activity (7-9). Methods to enhance F, include per-
meability enhancement, stabilization against proteolysis and
maximization of local drug concentrations. In the present study,
the feasibility of modulating the local intestinal environment
to enhance peptide absorption was investigated in conscious
beagle dogs. The use of delayed release but rapidly dissolving
dosage forms to enhance local intestinal peptide concentrations
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Fig. 3. The pH and plasma sCT concentration-time profiles after oral administration of formulation 97D tethered to Heidelberg capsule
in normal beagle dogs.

and local pH modulation were the two strategies specifically
examined in the present study.

An enteric-coated formulation containing sCT and CA (see
Table 1) was tethered to a HC, and given orally to normal
conscious dogs. Blood samples were taken with simultaneous
pH measurements. Two goals were achieved by measuring Gl
pH. First, the sCT plasma level versus time curve was better
characterized since the time for gastric emptying (GE) and
dosage form disintegration could be determined. Second, a
correlation between pH modulation and appearance of peptide
in the blood was obtained. Through the belt antenna, the Heidel-
berg machine records the pH to which the capsule is exposed.
Since the dosage form was enteric coated, disintegration was
not supposed to occur in the stomach. In vitro disintegration
studies demonstrated that the enteric coat remained intact for
at least 2 hr in 0.1 N hydrochloric acid, and the coat began to
dissolve within 30 min after the pH was increased to 6 (data
not shown). As a result, it was difficult to establish a blood
sampling regimen and the absorption phase of the plasma level
versus time curve and the peak (tnax, Cimax) were often missed.
However, with the use of the HC pH measurement system, the
time for GE and disintegration of formulation became very

obvious. Since blood sampling was delayed until the formula-
tion disintegrated, frequent sampling during this time period
resulted in a better characterization of the sCT absorption phase.
The interpretation of the results could be potentially confounded
if the tether to the HC became dislodged. Therefore, several
fluoroscopic examinations were performed during the studies
that clearly demonstrated that the integrity of the tether was
maintained until after disintegration of the dosage form occurred
(Fig. 1). BS was used as a contrast agent in gastrointestinal
contrast radiography, since it gave a good view of the bowel
lumen unless it was significantly diluted. Simultaneous assess-
ment of intestinal pH changes and plasma sCT concentration
demonstrated that a clear correlation between pH reduction and
appearance of peptide in the plasma existed (Figs. 2-4).
Significant variations in the pH and plasma concentration
profiles were observed among dogs, even with the same formu-
lation. This was primarily due to the marked variation of GE
and intestinal disintegration of the enteric formulation, although
interindividual variations of plasma sCT concentration profiles
are possibly due to a variation in proteolytic activity/capacity
between dogs. Large interindividual variations in GE were
observed (0 to 150 min, Table 2) for the four formulations.
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Fig. 4. The pH and plasma sCT concentration-time profiles after oral administration of formulation 97E tethered to Heidelberg capsule
in normal beagle dogs.

These results are consistent with previously reported results
for enteric coated aspirin dosage forms (21,22). Under fasted
conditions, the GE of a nondisintegrating dosage form occurs
when a migrating myoelectric complex (MMC) occurs. A MMC
occurs approximately every 2 hr (23). It is the contractions in
the third phase of the cycle that are important for the GE of
nondisintegrating dosage forms. Recent combined scintigraphy
and telemetry studies (24) have confirmed that large single-
unit devices, such as a HC, are emptied from the stomach
only by the large phase 3 contractions of the MMC. The sCT
formulation tethered to a HC will empty from the stomach
based on the contractile activity of the MMC. However, GE is
not always efficient. It has been suggested that dosage forms
can remain in the less muscular body of the stomach and not
be propelled into the antrum of the stomach from which empty-
ing takes place (25). This may explain the prolonged GE
observed for Dog 2 (150 min) and Dog 4 (130 min) following
administration of formulation 97C in the fasted state (Table 2).

Since we observed that sCT bioavailability in the ileum
was better than the duodenum or colon (11), enteric capsules
were prepared to delay disintegration and allow absorption of
sCT to occur in the jejunum and/or ileum. However, there were

large interindividual differences in regional intestinal disinte-
gration, even for the same formulation. The range of intestinal
transit (t,y min-GE, 1.€., disintegration time after GE) for formu-
lations 97C, 97D, and 97E were 25—50 min, 20-30 min, and
20-90 min, respectively (Table 2). When disintegration occurs
within the first 5 min after GE it is considered to occur in the
duodenum; up to 60 min is in the jejunum; and over 75 min
is in the ileum, since the fasted dog has an average small
intestinal transit time of 111 *= 17 min (mean * SD) (26).
Therefore, disintegration of all sCT formulations is considered
to occur in the jejunum and/or ileum regions.

As expected, the intestinal pH was significantly affected
by the amount of CA in the formulations. The intestinal pH
decrease was not observed when CA was not included (97B,
Table 2, figure not shown), but an intestinal pH decrease was
obvious in all formulations that included CA. The average
baseline intestinal pH before capsule disintegration was 6.1 *
0.2 (mean = SEM, n = 12). In formulations 97C, 97D, and
97E, intestinal pH reduction was 2.6 * 0.4 (mean = SEM, n
= 12, ranged from 0.5 to 4.0 units from baseline). Plasma
concentrations of sCT were observed in all formulations that
included CA, but they were not detected before capsule disinte-
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Table 2. Physiological and Pharmacokinetic Parameters Following
Oral Administration of Heidelberg Capsule Tethered to Enteric sCT
Capsule into Beagle Dogs

Parameters  Formulations Dog 1 Dog2 Dog3 Dog4
GE (min) 97B 100 60 ND NT
97C 60 {50 30 130
97D 40 60 10 90
97E 0 60 0 0
toH,min (Min) 97B ND ND ND NT
97C 90 175 80 160
97D 60 80 35 120
97E 80 80 90 35
teonmax 97B ND ND 60 NT
(min)
97C 90 200 ND 140
97D 60 85 40 130
97E 100 90 110 60
Conax 97B 0 0 0.19 NT
(ng/ml)
97C 1.05 0.11 0 0.30
97D 0.46 0.7 1.63 042
97E 2.39 1.37 1.87 1.83
AUC 97B 0 0 4.7 NT
(ng.min/ml)
97C 358 1.92 0 16.4
97D 19.1 19.9 40.7 12.5
97E 111.9 453 86.7 73.6

Note: GE, gastric emptying; toy min. the Observed time to reach trough
intestinal pH; t.onc max» the observed time to reach plasma peak concen-
tration; ND, not detected; NT, not tested.

gration. However, plasma concentrations of sCT were not
observed in formulation 97B where CA was not included (Table
2). Only dog 3 showed a slight absorption peak with C_,,: 0.19
ng/ml and AUC: 4.7 ng.min/ml. As aconsequence, the intestinal
pH decrease caused by CA appears to be critical for the oral
absorption of sCT. When 146 mg of CA was included in the
formulation (97C), 3 of 4 dogs showed oral absorption (Fig.
2). By increasing the amount of CA in the formulation, the
oral absorption of sCT increased gradually. The results of the
ANOVA demonstrated that the plasma C,,, and AUC from
formulations 97B, 97C, 97D, and 97E were increased signifi-
cantly by increasing CA (Fig. 5). There were significant differ-
ences of plasma C,,, and AUC between formulations (P <
0.05 by ANOVA), although formulations 97C and 97D failed
to show a significant difference from 97B since two values of
97B were 0 (Table 2). When compared to the 1V data (unpub-
lished data), the bioavailability (mean = SEM) of sCT was
increased by increasing CA from 0.02 * 0.08% for 97B to
0.15 £ 0.09% for 97C, 0.25 = 0.07% for 97D, and 0.86 *
0.15% for 97E.

The sCT plasma level results correlated well with the GI
transit data. Oral absorption of sCT occurs when disintegration
of the dosage forms begins in the small intestine (Figs. 2—4).
The peak plasma concentrations of SCT were always observed
to occur when intestinal pH declined. As a result, there was a
good correlation between toy min and teonemax (Fig. 6). These
results indicate that the oral absorption/or enhancement of sCT
absorption is directly related to the stabilization of sCT by a
reduction in intestinal pH. In our previous report (11), the
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inclusion of CA improved the oral absorption of sCT in IVAP
dogs. There were also reports that proteolytic activity against
insulin, calcitonin, and insulin-like growth factor-I was com-
pletely inhibited by pH lowering mechanisms using polyacrylic
acid polymer (8,9). The pH stability of pancreatic trypsin
(human) is optimal at pH 5-6. At pH 4.0 approximately 45%
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Fig. 6. The correlation between the time to reach the trough intestinal
PH (tpiy,min) and the time to reach the peak plasma sCT concentration
(toone,max) after oral administration of various formulations in normal
beagle dogs (n = 11). Dog 3 in 97C was excluded from the plot since
plasma sCT concentration was undetectable.
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of the activity remained while 15% of activity was retained at
pH 3.5 (27). It is interesting to note that Dog 3 (formulation
97C) did not show any sCT absorption, although a reduction
in intestinal pH was observed (Fig. 2). Although this is an
unexpected result, it is possibly due to a suboptimal amount
of CA in the formulation since proteolytic activity/capacity
may vary between dogs. It was also observed that sCT plasma
levels could not be detected for formulation 97B where CA
was not included (Table 2).

There are numerous strategies for enhancing the oral deliv-
ery of protein and peptide drugs such as sCT. However, the
successful absorption of oral medications depends primarily on
how the GI tract processes drugs and drug delivery systems.
Factors such as regional pH differences, motility (or residence
time), brush border membrane permeability, digestive proteo-
lytic enzymatic activity, and colonic microflora enzymatic activ-
ity significantly influence the absorbed fraction of many drugs
(28). As evidenced in this study, reducing intestinal pH resulted
in a significant improvement in sCT absorption. In this report,
the pharmacokinetic studies combining the Heidelburg radio-
telemetric device technique was conducted to elucidate the CA
effect on sCT absorption. It was observed that the HC always
followed the enteric dosage form prior to disintegration and
followed the dissolved contents after disintegration (Fig. 1).

In conclusion, this study shows a good correlation between
intestinal pH modulation and the oral absorption of sCT in
conscious beagle dogs. Plasma C,,,, and AUC increased with
the amount of CA in the formulations. Since sCT is a substrate
for the pancreatic serine protease trypsin, the rate of degradation
of sCT in the GI lumen is considered to be dependent upon
the pH and concentration of sCT in the intestinal lumen. These
results were successfully used for devising delivery strategies
and fabricating oral sCT delivery systems. This study demon-
strates how the oral absorption properties of a peptide drug are
modulated by the intestinal pH changes induced by formulation.
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