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Purpose. To determine the effect of Sodium N-[8-(2-hydroxy-
benzoyl)amino]caprylate (SNAC) on the permeation of cromolyn
across Caco-2 cell monolayers and explore the molecular basis for the
enhanced absorption.

Methods. Transport studies of cromolyn across Caco-2 cell monolay-
ers were conducted in the presence of various SNAC concentrations.
Permeation of cellular transport markers and lactate dehydrogenase
(LDH) release were measured to evaluate cell integrity. Molecular
interactions betweent the two compounds were investigated using
isothermal titration calorimetry (ITC), nuclear magnetic resonance
(NMR), and Fourier-transfrom infrared (FTIR) spectroscopies and
molecular dynamics simulations.

Results. The absorption of cromolyn across Caco-2 monolayers was
enhanced markedly by SNAC. SNAC did not cause significant LDH
leakage and changes in the permeation of transport markers. ITC,
spectroscopies, and molecular dynamic simulations indicated the ex-
istence of intermolecular interactions between cromolyn and SNAC
that involve the 2-hydroxybenzamide moiety on SNAC and weaken
the hydrogen bonding between cromolyn and surrounding water mol-
ecules.

Conclusions. SNAC increases the permeability of Caco-2 monolayers
to cromolyn without measurable cell damage. SNAC interacts with
cromolyn mainly via ring stacking. One major mode of interaction
appears to involve the insertion of the aromatic ring of SNAC be-
tween cromolyn’s rings. Such interaction appears to reduce the hy-
dration of cromolyn and thus optimize its hydrophobicity for oral
absorption.

KEY WORDS: Caco-2 monolayers; cromolyn sodium; isothermal
titration calorimetry; NMR.

INTRODUCTION

Cromolyn sodium (Scheme 1), also known as disodium
cromoglycate, has been used for the treatment of allergic dis-
eases, such as bronchial asthma and allergic rhinitis, since the
mid-1970s (1). For these indications, the drug is administered
locally by inhalation or as an intranasal solution. The phar-
macology of cromolyn is based on its ability to inhibit the
degranulation of sensitized pulmonary mast cells that occurs
upon exposure to certain antigens (2). Adverse effects docu-
mented in humans are minimal, reversible, and limited to
transient irritation at local dosing sites. Although, at present,
sufficient efficacy for these indications is achieved by local
administration, an oral formulation of cromolyn would be
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Scheme 1. Chemical structures of cromolyn sodium, SNAC, and so-
dium caprylate.

desirable as it would improve patient compliance and elimi-
nate dose delivery variability associated with local dosing. In
addition, oral formulations of cromolyn would open the door
for the development of systemic treatments for a broad range
of inflammatory diseases. At present, the oral bioavailability
of cromolyn is less than 1% (3). Several cromolyn prodrugs
have been designed in an attempt to improve the oral absorp-
tion of cromolyn (4,5). These studies have shown promising
results in animal models, but further development is still
needed.

Over the past few years, a series of novel drug delivery
agents have been developed that enable oral absorption of
macromolecular drugs, such as human growth hormone (6,7),
insulin (8), parathyroid hormone (9), and heparin (10,11).
Results from various studies indicated that these delivery
agents enhance drug absorption by interacting noncovalently
with the drugs to increase their hydrophobicity (8,9,12).
These delivery agents neither chemically alter the compounds
to be transported nor interfere with any identified active cel-
lular transporters (7,13). Mechanistic studies have shown that
these delivery agents do not inflict detectable macroscopic or
microscopic damage on the intestinal epithelium (6,7,10,
14,15). Moreover, pretreatment of cells with delivery agents
followed by a thorough washout does not provide effective
drug absorption (7).

In the mid-1990s, it was found that the oral bioavailabil-
ity of cromolyn could be increased 8-fold when the drug was
coadministered with these delivery agents in a rat model (12).
The same study suggested that the hydrophobic nature of
non-covalent complexes between the delivery agents and cro-
molyn was responsible for the increase in cromolyn absorp-
tion across the gastrointestinal wall. No pathology was ob-
served in the gastrointestinal tract of dosed animals. Recent
clinical studies confirmed the ability of these delivery agents
to enhance the oral absorption of cromolyn in humans (16).

In this study, we investigated the mechanism of oral ab-
sorption of cromolyn in the presence of an oral delivery agent,
sodium N-[8-(2-hydroxybenzoyl)amino]caprylate (SNAC).
Caco-2 cell monolayers were used to study the transport path-
ways and the effect of SNAC on the epithelium. The inter-
action between cromolyn and SNAC and its impact on the
oral absorption of cromolyn were studied using isothermal
titration calorimetry (ITC), nuclear magnetic resonance
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(NMR), Fourier-transform infrared (FTIR) spectroscopies
and molecular modeling.

MATERIALS AND METHODS

Materials

Caco-2 cells originating from a human colorectal carci-
noma were obtained from American Type Culture Collection
(Manassas, VA, USA). Cromolyn sodium was purchased
from Interchem Co. (Paramus, NJ, USA). Dulbecco’s Modi-
fied Eagle Medium (DMEM), Hank’s balanced salt solution
(HBSS), fetal bovine serum, nonessential amino acids, peni-
cillin, and streptomycin were purchased from Invitrogen
(Carlsbad, CA, USA). SNAC was synthesized at Emisphere
Technologies, Inc. (Tarrytown, NY, USA). Two different
types of deuterium oxide (D,O; 99.9 atom % D) were ob-
tained from Aldrich Chemical Co. (Milwaukee, WI, USA):
D, 0 with 0.05 weight % sodium salt of TSP (3-(trimethylsilyl)
propionic-2,2,3,3-d, acid) as an internal NMR chemical shift
reference, and D,O without TSP used in FTIR measure-
ments. All other chemicals were from Sigma (St. Louis, MO,
USA). The CytoTox 96 kit was obtained from Promega
(Madison, WI, USA).

Cell Culture

Caco-2 cells of passage number 20 to 40 were seeded on
polycarbonate filters, TRANSWELL cell culture inserts
(Costar, Cambridge, MA, USA) of 0.45-um pore size and
24.5-mm diameter. Cells were cultured at 37°C and 5% CO,
atmosphere in DMEM growth medium supplemented with
10% (v/v) fetal bovine serum, 1% (v/v) nonessential amino
acids, penicillin (100 unit/mL), and streptomycin (100 pg/mL)
until fully differentiated on 21 to 25 days. The integrity of the
Caco-2 monolayers was determined by measuring the trans-
epithelial electrical resistance (TEER) with an Epithelial Vol-
tohmmeter EVOM-G (World Precision Instruments, Sara-
sota, FL, USA) and a pair of silver/silver-chloride pellet elec-
trodes. Only cell monolayers with an initial TEER value
above 200 /cm? were used.

Solution Preparation

For the NMR measurements, cromolyn and/or SNAC
were dissolved in D,O or in D,O/H,O (10/90 v/v). The pDs of
all the solutions in pure D,O were measured between 7.2 and
7.6 at 25°C; within this range, any influence of pD variation
on the spectral properties was found to be insignificant. So-
dium or potassium chloride was dissolved directly in the
sample solution to investigate the ionic effect on molecular
interaction; solution pDs were adjusted with 0.1 M HCl or 1
M NaOH at 25°C to examine this effect. As 83 mM SNAC
greatly improves the buffering capacity of the 10 mM cro-
molyn solution, a much larger amount of NaOH was required
to significantly increase the pD of the mixture. Under such
circumstances, the Na* effect on the spectral properties of
cromolyn was not negligible. Therefore, certain volumes of 1
M NaOH (i.e., 40 and 60 pL) were added to 1 mL of the
mixture to achieve pD 8.8 and 9.9, respectively. The excess
Na™ concentrations in the mixtures were calculated at 40 and
60 mM, respectively. Thus, the effect of Na* from NaOH can
be predicted from spectra of mixtures containing NaCl at
comparable concentrations.
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For the FTIR experiments, cromolyn and/or SNAC so-
lutions were prepared in D,O in a dry cabinet under a nitro-
gen atmosphere.

Transport Experiments

For transport experiments, six well plates containing
Caco-2 monolayers on TRANSWELL filters were mounted
on an orbital shaker at 30-40 rpm and 37°C in an atmosphere
of 5% CO,. The seeding density was 80,000 cells/cm?. The
growth medium was removed and the cells were washed three
times with HBSS and incubated for 20 min in HBSS buffer,
pH 7.4. Afterwards, the apical solution was replaced with
HBSS containing cromolyn and SNAC or the compounds
used in control experiments (theophylline, fluorescein, so-
dium caprylate). Cromolyn, theophylline and fluorescein con-
centrations were kept at 10 mM in all transport experiments.
SNAC concentration was varied from 17 to 83 mM. Aliquots
of 200 pL were taken from the basolateral solution every 15
min and replaced with an equal volume of HBSS. The dura-
tion of each experiment was 120 min. The concentration of
cromolyn or theophylline in the basolateral solutions was
measured by HPLC. Sodium fluorescein was quantified by
measuring absorbance at 490 nm on a MRX TC Revelation
absorbance microplate reader (DYNEX Technologies, Chan-
tilly, VA, USA). The apparent permeability coefficient
(Papp) was calculated using the following equation:

Papp=V/(A - Cy) - dC/dt

where dC/dt is the flux across the monolayer, V is the volume
of the basolateral solution (2.5 mL), A is the monolayer sur-
face area (4.71 cm?), and C, the initial concentration in the
apical solution. Statistical differences between the means
based on 3-6 monolayers for each mean calculation were
evaluated using Student’s ¢ test.

High-Performance Liquid Chromatography (HPLC)

Cromolyn and theophylline concentrations in the baso-
lateral solutions were determined by HPLC. The system was
composed of a Hitachi L-6200 Intelligent Pump, a Perkin-
Elmer ISS100 Autosampler, a MetaTherm column heater
(MetaChem Technologies, Lake Forest, CA, USA), and a
Perkin-Elmer LC-96 UV-Vis Detector. A 5 pL sample of
each aliquot was injected onto a Zorbax SB-C18 Rapid Reso-
lution cartridge (2.1 x 30 mm, 3.5 wm, Agilent Technologies,
Palo Alto, CA, USA). The column was maintained at 40°C
throughout the run. The mobile phase consisted of a mixture
of deionized water and acetonitrile with 0.1% acetic acid. An
initial gradient of 5-95% acetonitrile (I mL/min) was ad-
justed to optimize the elution of each individual compound of
interest. Detection was at 244 nm. Running time was 6 min.
This method ensured reproducible and rapid separation of
cromolyn, theophylline, SNAC, and caprylate. The retention
times of these compounds were 1.5, 0.8, 2.3, and 2.2 min,
respectively.

Lactate Dehydrogenase (LDH) Release

LDH is a stable cytosolic enzyme that is released upon
cell membrane damage. The CytoTox 96 Assay was used to
quantitatively measure LDH released from Caco-2 cells dur-
ing cromolyn permeation. Absorbance was read at 490 nm on
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the MRX TC Revelation absorbance microplate reader. The
positive control was monolayers treated with 1% Triton
X-100 for up to 120 min. Fifty pL of solutions were collected
from the basolateral solutions every 15 min. Complete cell
lysis (100% LDH released) was assumed at 120 min. The
percentage of LDH released during the transport process was
calculated as the ratio of absorbance of the specific basolat-
eral aliquot to absorbance upon complete lysis with Triton
X-100.

Isothermal Titration Calorimetry

Calorimetric experiments were carried out on a VP-ITC
microcalorimeter (MicroCal, Northampton, MA, USA) at
25.0 £ 0.5°C. The sample cell was filled with approximately 2
mL of 15 mM cromolyn and titrated with 150 mM SNAC or
caprylate using the automated rotating stirrer-syringe at con-
stant time intervals of 6 min. All solutions were prepared in 10
mM sodium phosphate buffer at pH 7.5. The titrants were
added stepwise to the cromolyn solution in aliquots of 4 L.
The heat of reaction obtained after each injection was cor-
rected for the heat of dilution of titrants and cromolyn, which
were determined in separate experiments by titrating cro-
molyn with buffer or the titrants nto buffer. The data were
processed using the software Origin (MicroCal, Origin Lab
Co.).

Nuclear Magnetic Resonance Spectroscopy

NMR measurements were performed on Varian
UNITY INOVA model spectrometers (Varian Inc., Palo
Alto, CA, USA) operating at 400 and 500 MHz nominal pro-
ton frequencies, at 25°C. Sample temperature was regulated
for all measurements. Each spectrometer was equipped with
an FTS Systems preconditioning device (comprised of a re-
frigeration unit, internal temperature controller and insulated
transfer line) to control pre-cooling or preheating of the com-
pressed and dried air used as a temperature control medium;
final temperature regulation of the sample is achieved within
the NMR probe. Acquisition parameters were adjusted on a
case-by-case basis to provide adequate signal-to-noise and
spectral resolution, the latter typically at 0.5 and 4.2 ppb/point
for 1D high-resolution 'H and '*C spectra, respectively. Car-
bon-13 spectra were acquired with proton decoupling. All 'H
and '°C spectra were referenced with respect to TSP at 0.0
ppm. For samples dissolved in D,O/H,O (10/90 v/v), the
WET (Water Elimination by Transverse Gradients) sequence
(17,18) was used to suppress the intense water resonance.
One-dimensional 'H homonuclear Overhauser effect spectra
were based upon the “double pulsed field gradient spin-echo”
sequence as a means of selecting a target resonance from
which the nuclear Overhauser effects (NOEs) ultimately de-
velop (19-21). The mixing time T, was fixed at 1 s, compa-
rable to the longitudinal relaxation times (7’,s) of the 'H reso-
nances.

Fourier-Transform Infrared Spectroscopy

Infrared measurements were carried out on a nitrogen
gas purged BioRad FTS 175C FTIR spectrometer (BioRad
Laboratories, Hercules, CA, USA) equipped with a mid-IR
DTGS detector. Spectra were recorded by averaging 256
scans collected at a resolution of 2 cm™! in the range of 1000—
4000 cm ™!, using a horizontal ATR detection equipped with a
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ZnSe trough. The spectra were processed with WIN-IR soft-
ware (BioRad) to minimize moisture bands, subtract solvent
(baseline) spectra and isolate single-component spectra in a
mixture.

Molecular Modeling

Molecular dynamics simulations were performed in the
NVE ensemble (22,23) at 300 K using C*Dynamics (Accelrys,
Inc., San Diego, CA, USA). The force field was cff01.1. Dy-
namics simulations of 0.5-1 ns were recorded (1fs/step) after
equilibrating the system for ~0.1 ns. Preliminary short simu-
lations (0.5 ns) were done both with and without explicit sol-
vation water to test whether there were significant differences
between these two conditions. Initial simulations performed
with explicit solvation water rendered results comparable to
those performed without solvation water but with a dielectric
constant of 80. Thus, to reduce computational time, simula-
tions were carried out without explicit water. The starting
system contained one molecule of cromolyn and one mol-
ecule of SNAC separated by 8-15 A. Some simulations were
also done with two molecules of cromolyn and two molecules
of SNAC. Simulations were done starting with either an ex-
tended conformation of cromolyn or a conformation of cro-
molyn obtained after molecular dynamics simulations and en-
ergy minimization, in which cromolyn is slightly bent and the
two aromatic rings are facing each other, as in the conforma-
tion found in cromolyn’s crystal structure (24).

RESULTS

Cromolyn Transport Across Caco-2 Monolayers

Cromolyn was undetectable in the basolateral solutions
of Caco-2 monolayers incubated with cromolyn alone or with
cromolyn and 17-51 mM SNAC (detection limit by HPLC ~1
pg/mL). However, in the presence of 67 and 83 mM SNAC,
cromolyn permeation was measurable and increased with
SNAC concentration (Fig. 1).

In order to determine whether SNAC functions as a clas-
sic absorption enhancer (i.e., membrane damage) or by an
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Fig. 1. Cromolyn sodium (10 mM) permeation in the presence of
SNAC or sodium caprylate (n = 3 to 6, * denotes statistical signifi-
cance of p < 0.05 compared to “+ 67 mM SNAC”). No cromolyn was
detected in the basolateral solutions when monolayers were incu-
bated with cromolyn alone, yielding Papp = 0 cm/s.
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alternate mechanism, a direct comparison between SNAC
and a known absorption enhancer, sodium caprylate, was per-
formed. Sodium caprylate caused an increase in cromolyn
absorption comparable to that of SNAC but showed high
variability (Fig. 1). This high variability in Caco-2 permeabil-
ity to cromolyn sharply contrasts with that observed with
SNAC and may be an indication of differences in the under-
lying mechanism of action of these two compounds.

Effect of SNAC on the Permeation of Paracellular and
Transcellular Markers

Sodium fluorescein was chosen as a marker to assess the
effect of SNAC on paracellular transport. No increase in fluo-
rescein permeation was observed in the presence of SNAC,
although a slight decrease was observed in the presence of 67
mM SNAC (Fig. 2). In contrast, sodium caprylate gave a
sharp increase in fluorescein concentration in the basolateral
solutions at very early time points. This made any determi-
nation of fluorescein permeability coefficient impractical.
This high fluorescein absorption seemed more indicative of
monolayer leakage than of a controlled absorption process.

Theophylline was used as a marker molecule to assess
the effect of SNAC on the transcellular pathway. SNAC did
not alter theophylline’s permeation. In contrast, sodium
caprylate significantly increased theophylline permeation

(Fig. 3).
LDH Release

LDH release into the basolateral solutions during cro-
molyn absorption in the presence of 67 and 83 mM SNAC was
comparable to that observed in the absence of the delivery
agent (Fig. 4). A slight increase in LDH release was observed
in the last time point, near the viability limit of the monolay-
ers in HBSS (2 h). The absorption of cromolyn, however,
occurred through the earlier time points, which were the ones
that determined the permeability coefficients. These results
indicate that the absorption of cromolyn occurred without
causing measurable membrane damage. This is consistent
with the observed lack of permeation increase of paracellular
and transcellular markers in the presence of these SNAC con-
centrations. Any cell membrane damage would have resulted
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Fig. 2. Sodium fluorescein (10 mM) permeation in the absence and
presence of SNAC (n = 3 to 6, * denotes statistical significance of
p < 0.05 compared to “fluorescein alone”).
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Fig. 3. Theophylline (10 mM) permeation in the absence and pres-
ence of SNAC or sodium caprylate (n = 3 to 6, * denotes statistical
significance of p < 0.05 compared to “theophylline alone™).

in an increase in permeation of paracellular and transcellular
markers, which was not observed in our experiments. It was
surprising that under our experimental conditions, caprylate
did not cause significant LDH release from the monolayers.
However, caprylate showed great impact on the permeation
of paracellular and transcellular markers (i.e., fluorescein and
theophylline).

ITC

The molecular interaction between cromolyn and SNAC
was first characterized by isothermal titration calorimetry.
Figure 5A shows the calorimetric traces obtained after addi-
tion of successive amounts of a SNAC solution into a cro-
molyn solution, as well as, those corresponding to the con-
trols, that is, addition of SNAC into buffer and addition of
buffer into cromolyn, under the same conditions. The heat
effect obtained upon mixing SNAC and cromolyn could not
be accounted for by the sum of the heat of dilution of SNAC
and cromolyn (control experiments). This clearly indicates
the existence of interactions between cromolyn and SNAC.
When the same calorimetric experiments were performed
with sodium caprylate instead of SNAC (Fig. 5B), no differ-
ence was observed between the heat of mixing caprylate and
cromolyn and the sum of the control dilution experiments.
This indicates a lack of intermolecular interaction between
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Fig. 4. Lactate dehydrogenase (LDH) released from Caco-2 cells
treated with Triton X-100, cromolyn in the absence and presence of
SNAC or sodium caprylate during transport processes. Each percent-
age was the average value calculated from 3 to 6 monolayers.
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Fig. 5. Calorimetric traces obtained during titration of cromolyn with SNAC (A) or caprylate (B) and the corresponding blank experiments.
(C) Comparison of normalized titration curves obtained for SNAC and caprylate after subtraction of the blanks.

caprylate and cromolyn. Figure 5C shows the titration curves
obtained from the cromolyn/SNAC and cromolyn/caprylate
experiments. Each data point on the graph corresponds to the
heat obtained in each titration step, after correction for the
corresponding heats of dilution obtained in the control ex-

periments. No titration curve was obtained from the cro-
molyn/caprylate experiment because the heat in all titration
steps was zero, indicating no interaction between these two
compounds. The titration curve obtained from the cromolyn/
SNAC experiment, on the other hand, shows a gradual heat
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change as a function of the SNAC:cromolyn ratio, typical of
intermolecular interactions. The curve does not reach a pla-
teau at values near zero within the SNAC:cromolyn ratio of
the experiment. This is indicative of a weak interaction and
possibly of the presence of more than one type of interaction
between these two molecules. It was not possible to deter-
mine the binding constant/s and number of binding sites or
binding types with accuracy from this titration curve because
of the weakness of the interaction.

Scheme 1 shows the structures of SNAC and sodium
caprylate. The difference between these two compounds lies
in the 2-hydroxybenzamide group of SNAC. Because there is
no interaction between caprylate and cromolyn, it can there-
fore be concluded that the 2-hydroxybenzamide moiety is in-
volved in cromolyn/SNAC interaction.

Proton NMR

In the 1D "H NMR spectra of cromolyn (Fig. 6A), the
resonances in the 6.5-7.5 ppm region are due to the eight CH
protons symmetrically located on the rings; the resonances
between 4.2 and 4.6 ppm are due to the isopropyl linkage
between the two rings. The lone cromolyn hydroxyl reso-
nance was not observed in a D,O/H,O mixture (spectra not
shown), owing to rapid exchange with solvent and consequent
coalescence into the solvent peak at 4.8 ppm. In our earlier
NMR study (25) of cromolyn in aqueous solution, we ob-
served that all the cromolyn "H resonances displayed spectral
upfield shifts (more shielded) with increasing concentration,
which was explained by an intermolecular, ring-stacking
driven self-association. Such a universal upfield shift was not
observed when cromolyn was mixed with various amounts of
SNAC (Figs. 6B, 6C). In the presence of SNAC, H7 of cro-
molyn shifted upfield, whereas the H3 resonance shifted
downfield. Resonances of cromolyn’s H6 and two ring pro-
tons of SNAC largely overlapped, but this cluster of reso-
nances shifted upfield when SNAC concentration increased.

In our earlier NMR study of cromolyn solution (25), we
noticed a marked line broadening in concentrated cromolyn
solutions due to a pronounced reduction in the molecular
mobility resulting from liquid crystal formation. The presence
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Fig. 7. "H NMR spectra of 120 mM cromolyn (A), mixed with 167
mM SNAC (B). Cromolyn peaks are marked by * in B.

of additional Na* intensified this effect, resulting in even
broader lines. However, in the present study we found that
when mixed with 167 mM SNAC, the broad resonances ob-
served at high cromolyn concentrations (120 mM) were nar-
rowed sufficiently to recover the "H multiplicity (Fig. 7).

In the 1D 'H NMR spectra of SNAC (Fig. 8A), the reso-
nances between 6 and 8 ppm are assigned to the four CH
aromatic protons. The triplet at 2.2 ppm is due to the CH,
next to the carboxyl group; the CH, proton next to the amide
gives the resonance around 3.4 ppm. The upfield multiplets
are due to the remaining CH, aliphatic protons H3-H7. The
small, broad resonance at 8.8 ppm is due to the -NH proton.
As shown in Fig. 8B, addition of cromolyn caused an upfield
shift (i.e., more shielded) of 2-hydroxylbenzamide proton as
well as H8 on SNAC. The rest of the aliphatic protons were
barely affected.

Table I shows the effects of electrolyte and pD on cro-
molyn’s spectral shifts obtained in the presence of SNAC.
Sodium and potassium chloride both caused upfield shifts of
H7, H8 and a relatively small change on H3. Investigation of
the pD effect on the interaction was restricted by the low
solubility of SNAC below pD 7.3. Within the pD range stud-
ied, no changes were observed on the H7 resonance. H3 and
HS shifted slightly to lower frequencies with increasing pH.
The H6 resonance resolved in basic pDs but did not shift. The
effects of NaCl, KCI and pD on cromolyn proton chemical
shifts are markedly different from those observed under the
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Fig. 8. '"H NMR spectra of 17 mM SNAC (A), mixed with 10 mM
cromolyn (B) in 10% D,0/90% H,O. SNAC peaks are marked
by * in B.
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Table I. Ion and pD Effects on "H Chemical Shifts (ppm) of Cromolyn (10 mM) in the Presence of SNAC (83 mM)

[Na*Cl'] (M) in the solution [K*CI"] (M) in the solution pD
'H?3 9] 0.05 0.1 0.2 0.4 0.05 0.1 0.2 0.4 8.8 9.9
H3 6.565 6.564 6.563 6.562 6.561 6.561 6.560 6.557 6.552 6.557 6.552
H6 NA NA NA NA NA NA NA NA NA 6.908 6.908
H7 7.586 7.579 7.575 7.568 7.555 7.581 7.577 7.568 7.556 7.586 7.585
HS 7.022 7.016 7.013 7.007 6.998 7.016 7.013 7.006 6.996 7.016 7.013

& 10 mM cromolyn and 83 mM SNAC in D,O without extra monovalent ions added, pD = 7.3.

same conditions in the absence of SNAC. In the absence of
SNAC, pD (range from 3.5 to 11.7) had no effect on cro-
molyn’s proton resonances and an increase in NaCl or KCl
concentration caused a substantial shielding of proton reso-
nances (25).

Carbon-13 NMR

Table II shows the influence of SNAC on cromolyn >C
NMR chemical shifts. Significant upfield shifts occurred to C6
and C7 as well as aliphatic carbons. CS5, the closest quarter-
nary *C neighbor of the isopropyl linkage was the most af-
fected, followed by the carbonyl C4. In contrast, the carbons
closer to the charged groups but relatively distant from the
isopropyl linkage, such as C2 and C3, were overall less af-
fected. Little perturbation occurred to the carboxyl *C.

Table III shows that the 2-hydroxybenzamide carbon
resonances of SNAC experienced significant upfield shifts in
the presence of cromolyn, similar to the protons on this moi-
ety. The carboxyl '*C was slightly more shielded, while the
majority of aliphatic '>C were seldom affected.

Proton Homonuclear Overhauser Effect
Spectroscopy (NOESY)

Typically, in the 1D 'H homonuclear NOESY spectra
(Fig. 9), the truncated major peaks are the selectively irradi-
ated ones, and the small peaks are the NOEs developed on

Table II. '*C Chemical Shifts (ppm) of Cromolyn (10 mM) in D,O

o COO

419775
(8] OCH2CHCH20 8]
11 12

d at 0 mM d at 83 mM o at 167 mM

13C Nucleus SNAC SNAC SNAC
1 184.360 184.367 184.360
2 159.538 159.492 159.484
3 115.271 115.348 115.386
4 168.474 168.382 168.321
5 161.272 161.027 160.897
6 112.942 112.377 112.064
7 138.673 138.573 138.497
8 113.859 113.874 113.874
9 160.111 160.187 160.233
10 116.608 116.562 116.539
11 73.816 73.441 73.281
12 70.661 70.562 70.501

the adjacent protons. The irradiated peak is negatively
phased; therefore, a positive NOE has positive phase; a nega-
tive NOE has negative phase. Intermolecular NOEs were not
observed between cromolyn and SNAC protons at any con-
centration combination explored. No cross peaks appeared
between cromolyn and SNAC protons using ROESY (Rotat-
ing-frame Overhauser Effect Spectroscopy), which measures
NOE in the rotating frame. However, with the increase in
SNAC concentration, the intramolecular NOEs between cro-
molyn protons decreased gradually and even exhibited a
negative absorption mode when SNAC was present in excess.
The change of NOE magnitude and sign was not due to Na*
from SNAC because NaCl at same molar concentrations
failed to induce a comparable effect (data not shown).

FTIR Spectroscopy

The FTIR spectra of cromolyn in D,O at different con-
centrations are shown in Fig. 10. The main differences arise at
the ring C=0 stretch band at around 1625 cm™'. With the
increase in cromolyn concentration, the C=0O peak showed
blue shift.

IR bands from cromolyn and SNAC were largely over-
lapped due to the existence of several similar functionalities

Table III. '*C Chemical Shifts (ppm) of SNAC (17 mM) in D,O

(@)

L5 8 6 4 2 R
“‘@%kWYYYO
13 H

121170OH O

d at 0 mM d at 10 mM
13C nucleus cromolyn cromolyn
1 187.132 187.117
22 28.648 28.656
32 28.892 28.908
42 31.023 31.031
52 31.145 31.145
62 31.451 31.466
72 40.471 40.471
82 42.426 42.418
9 172.697 172.590
10 120.098 119.846
11 160.676 160.745
12 120.320 120.298
13 136.702 136.687
14 122.542 122.474
15 131.180 131.089

2 Individual aliphatic '>C cannot be assigned accurately. Their overall
shifts are compared here.
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Fig. 9. 1D Homonuclear NOESY of 10 mM cromolyn in the presence of 17 mM (A), 100 mM (B), and 333 mM (C) SNAC in D,0. The NOE
peak denoted with “x” arises from SNAC H14 due to simultaneous irradiation of SNAC H15 peak that is overlapped with cromolyn H7.

(Fig. 11A). Difference spectra were generated by subtracting
SNAC data from the cromolyn/SNAC mixture spectra in or-
der to extract spectral changes upon addition of excessive
SNAC. As shown in Fig. 11B, a number of spectral changes
were observed when the two compounds were mixed in so-
lution. In addition to the blue shift of the cromolyn C=0O

0.3 4

162653

0.25

0.2 4

Absorbance

1800 1700 1600 1500 1400 1300 1200 1100 1000

Wavenumber (cm'1)
Fig. 10. IR spectra of 10 mM (a), 50 mM (b), and 100 mM (c) cro-

molyn in D,O. The peaks of C= O stretching regions are marked by
their wavenumbers.

band, intense new bands around 1545 cm™' and a relatively

weaker band near 1400 cm ™' appeared in the difference spec-
tra. Bands in those regions were observed in the SNAC FTIR
spectrum and could be assigned to amide-II” and asymmetric
COO- stretching (near 1550 cm™') and symmetric COO™
stretching bands (near 1410 cm™"). We speculate that the new
bands in the difference spectrum were from the asymmetric
and symmetric COO" stretching vibrations of SNAC as a con-
sequence of perturbed hydrogen bonding via its interaction
with cromolyn.

Molecular Dynamics Simulations

Molecular dynamics simulations were carried out in or-
der to visualize and explore potential interactions between
cromolyn and SNAC. The predominant type of interaction
observed in the simulations was ring stacking. In all simula-
tions carried out, SNAC inserted its aromatic ring in sandwich
fashion, i.e., between the two rings of cromolyn (Fig. 12). This
was observed both in simulations carried out with one mol-
ecule of cromolyn and one molecule of SNAC and in those
carried out with two molecules of cromolyn and two mol-
ecules of SNAC. Other modes of interaction observed during
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a: 10 mM cromolyn
b: 83 mM SNAC

¢ 167 mM SNAC

1400

1700 1600 1500 1300 1200 1100 1000
Wavenumber (cm™)

B 162770 a: cromolyn alone
7.1 ‘ b: + 83 mM SNAC
Ci+ 167 mM SNAC

1624.59,

1400

1700 1600 1500 1300 1200 1100 1000

Wavenumber (cm™)
Fig. 11. IR spectra of cromolyn and SNAC in D,O. Difference spec-
tra of cromolyn and SNAC mixture are compared with spectrum of
10 mM cromolyn in B. The peaks of cromolyn C=O stretching re-
gions are marked by their wavenumbers on the side. New bands are
marked by “ |I” on difference spectra.

the simulations included SNAC’s aromatic ring stacked to the
external face of one of cromolyn’s rings. One of the frames, in
which SNAC’s 2-hydroxybenzamide ring is inserted between
the two aromatic rings of cromolyn as shown in Fig. 12, was
used as the starting system to perform a 0.5 ns simulation.
During this simulation, the two molecules remained this po-
sition most of the time. Occasionally SNAC came out of the
space between the two chrome rings and stacked its aromatic

Fig. 12. Noncovalent complex obtained during molecular dynamics
simulations of cromolyn (yellow) and SNAC (blue). The 2-hydroxy-
benzamide ring of SNAC is in between the two aromatic rings of
cromolyn. The interaction between the two molecules is predomi-
natly van der waals driven by ring stacking.

Ding et al.

ring to the external face of one of cromolyn’s rings, but later
returned to the starting position.

DISCUSSION

For a drug to be absorbed orally, it must possess certain
physicochemical properties, that is, appropriate hydrophilic-
ity to dissolve in the gastrointestinal fluids, and sufficient hy-
drophobicity to diffuse effectively across the gastrointestinal
epithelium. Cromolyn is rather hydrophilic, containing strong
acidic twin carboxyl groups (pKa = 2.0) (26) and high hy-
drogen bonding capability. These structural features contrib-
ute to its extreme hydrophilicity [r-octanol/neutral aqueous
buffer distribution coefficient less than 0.001 (4)] and corre-
sponding low membrane permeability, which render its oral
absorption almost negligible.

The moderate but significant increase of cromolyn’s per-
meation observed in our Caco-2 monolayer experiments
when added in combination with SNAC is in agreement with
the extent of the oral bioavailability increase observed in vivo
when coadministered with this delivery agent, both in animal
models and in humans (12,16). The oral bioavalability of
highly hydrophilic drugs like cromolyn may never reach high
levels. Nevertheless, moderate increases, such as those ob-
served in our Caco-2 experiments as well as in preclinical and
clinical studies may be sufficient to develop oral forms.

SNAC significantly increased cromolyn’s permeation
across Caco-2 cell monolayers without affecting the perme-
ation of paracellular and transcellular markers such as fluo-
rescein and theophylline. These results are in agreement with
previous studies conducted in our laboratories, which showed
that SNAC at 83 mM, and even higher concentrations, did not
significantly increase the absorption of paracellular and tran-
scellular markers such as ['*C]-mannitol and [*H]-hydrocor-
tisone (13). The absence of tight junction or membrane dis-
ruption was also confirmed in recent microscopy studies (15).
These results indicate that SNAC enhances the absorption of
cromolyn through a specific mechanism that does not involve
the opening of tight junctions or damage to the cell mem-
brane. In addition, SNAC shows some selectivity with respect
to the molecule it transports, facilitating the absorption of
cromolyn but not that of fluorescein or theophylline. These
features clearly differentiate SNAC from compounds that
function as classic absorption enhancers. Absorption enhanc-
ers, such as medium chain fatty acids, EDTA, bile salts, or
surfactants (27-29), increase the absorption of molecules with
low permeation by opening tight junctions between cells and/
or by disrupting cell membranes. This may pose a number of
concerns with respect to safety (30). In addition, absorption
enhancers often show high variability due to the lack of a
specific mechanism and absorption pathway. Sodium capry-
late, which is known to open tight junctions and disrupt the
cell membrane (31), increased Caco-2 permeability to para-
cellular and transcellular markers as well as cromolyn, with
high variability in all cases. SNAC on the other hand, en-
hanced the absorption of cromolyn with less variability and
without altering the permeation of paracellular and transcel-
lular markers. This indicates that SNAC transports cromolyn
through a selective mechanism.

Previous studies indicated that the mechanism of SNAC-
mediated drug transport involves non-covalent interaction
between SNAC and the transported drugs (8,9,12). Such in-
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teraction presumably increases the drug hydrophobicity and,
consequently, its passive absorption. Results from the ITC
experiments reported here indicate that SNAC weakly inter-
acts with cromolyn via its 2-hydroxybenzamide moiety.

The results from the ITC and NMR studies indicate that
SNAUC interacts with cromolyn via its 2-hydroxybenzamide
moiety. NMR data further suggest that the interaction must
be primarily localized to the area between the isopropyl link-
age and the adjacent ring nuclei including the carbonyl groups
on cromolyn. The atoms of these cromolyn and SNAC moi-
eties are the ones that experienced substantial chemical shifts
when the two compounds were together in solution. These
findings are in agreement with the representative result from
molecular dynamics simulations.

SNAC disrupts cromolyn’s self-association (Fig. 7). This
is due to the fact that ring stacking is an important driving
force for both cromolyn self-association and cromolyn/SNAC
interaction. Thus, SNAC and cromolyn may compete for the
same binding sites. Nevertheless, cromolyn/SNAC interaction
is strong enough to compete with and displace cromolyn/
cromolyn interaction.

The NOE phenomenon is a manifestation of cross-
relaxation between two nuclear spins that are mutually close
(usually <0.5 nm) in space. This indicates the existence of
intermolecular or intramolecular interactions. Under other-
wise similar conditions (e.g., temperature, pH, solvent), the
magnitude and sign of NOEs are dependent on the molecular
tumbling rate. Zero NOEs can indicate absence of intermo-
lecular interactions or could be due to the fact that the mo-
lecular motion, measured by tumbling rate, falls into the in-
termediate region. In the latter case, measurement of NOEs
in the rotating-frame provides an alternative solution for de-
termining the existence of intermolecular interactions (32). In
order to observe intermolecular NOEs between a substrate
and a ligand, the complex must be sufficiently populated, and
there must be a significant probability of a cross-relaxation
event occurring between the nuclei of interest during the life-
time of the complex (33). The absence of both intermolecular
NOE:s and cross peaks in the ROESY spectra imply that these
conditions are not fulfilled in the case of SNAC and cromolyn
mixture under our experimental conditions. Nevertheless, the
NOE sign change observed at high SNAC concentrations in-
dicates that cromolyn and SNAC form complexes large
enough to significantly restrict the molecular motion of cro-
molyn. These changes in cromolyn’s NOEs induced by SNAC
also suggest that the size and the fraction of the complexes,
increase with SNAC concentration.

The chemical shifts shown in Table I indicate that Na*
and K" facilitate or stabilize the interaction between cro-
molyn and SNAC. This could be due to a reduced electro-
static repulsion between the carboxyl groups of both com-
pounds at high ionic strengths. Some of these shifts could also
be attributed to increased cromolyn self-association. For ex-
ample, the shift of H7 could stem solely from increased self-
association of cromolyn. If this were the case, H3 should ex-
hibit a significant upfield shift, as evidenced in our previous
study (25). Yet, the H3 resonance was barely affected by the
increase in NaCl or KCI concentration. Most likely Na*™ and
K" stabilize both cromolyn self-association and cromolyn/
SNAC interaction. Increased cromolyn self-association leads
to an upfield shift of the H3, which is counteracted by a
downfield shift due to increased cromolyn/SNAC interaction.
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The overall result is therefore a minimal change in the H3
resonance. The spectra obtained at different pDs support this
hypothesis. Basic pDs are expected to destabilize cromolyn/
SNAC interaction due to the deprotonation of the phenoxyl
group of SNAC but should not affect cromolyn self-
association. Consequently, the downfield shift of H3 caused
by cromolyn/SNAC interaction should decrease with the in-
crease in pD, whereas the upfield shift due to cromolyn/
cromolyn interaction should not change. The result should be
an upfield shift of H3 with the pH increase. This was precisely
what we observed.

Water plays an important role not only in holding a pla-
nar conformation of cromolyn molecules in dilute solution
but also in maintaining the crystal lattice of solid cromolyn
(34,35). X-ray crystallographic studies revealed unique struc-
tural features of cromolyn hydrates including a water-filled
“channel” located in the large space between the two identi-
cal rings (35,36). This space is identified as the location of the
secondary hydration structure with 9 potential sites for hy-
dration (carboxyl, ether, hydroxyl and carbonyl groups) apart
from the sodium ions (37). The X-ray pattern given by the
middle liquid crystal phase is interpreted by a model in which
the planar cromolyn molecules are clustered into rods sepa-
rated by such a water-filled “channel,” and with the polar
carboxyl groups pointing outward. Upon dilution the average
water separation increases until a break-up of the rods takes
place by translations and rotations of the planar molecules
(37). Cromolyn/SNAC interaction identified in this study can
increase the overall hydrophobicity of cromolyn and/or
modify the hydration shell of cromolyn in several different
ways. In the case of the interaction mode shown in Fig. 12,
SNAC displaces the water molecules in the water-filled chan-
nel of cromolyn. Any of the other possible ring stacking in-
teractions would also reduce the hydration shell of cromolyn.
In addition, since SNAC is more hydrophobic than cromolyn
(unlike cromolyn, SNAC is absorbed readily by passive dif-
fusion), the cromolyn/SNAC complexes should be more hy-
drophobic than cromolyn alone. The observed reduction of
cromolyn self-association in the presence of SNAC may also
contribute to increase cromolyn’s permeation. Results from
the FTIR spectra confirmed that the hydration of cromolyn
decreases in the presence of SNAC. The blue shift of cro-
molyn’s C= O IR band in the presence of SNAC suggests that
the average hydrogen bonding with surrounding water mol-
ecules is weaker in the presence of SNAC.

Both the titration calorimetry and NMR results indicate
that such interaction is weak and the subsequent complexes
are easily dissociated by dilution in the bloodstream after
absorption. SNAC and cromolyn probably form various types
of complexes with different stoichiometries. Cromolyn/SNAC
interaction can increase cromolyn’s overall hydrophobicity
and reduce its hydration shell. The formation of these hydro-
phobic Cromolyn/SNAC complexes could explain the in-
creased cromolyn permeation across the intestinal epithelium
observed in the presence of SNAC.
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