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FOREWORD 

The work presented here was conducted in Dr. James Blanchard's 
laboratory and consists of two sections. The first part deals with pre
formulation studies of a novel peptide molecule known as Melanotan-I. The 
second part consists of enhancement of calcium transport using an in-vitro 
cell monolayer model. This dissertation is organized as eight chapters. 

The first chapter is devoted to development of a HPLC assay for 
Melanotan-I in biological matrices (i.e., cell culture transport buffer and 
human plasma). Determination of partition coefficients and evaluation of 
solution stability of this peptide is dealt with in the second chapter. 
Characterization of the in-vitro cell monolayer model used in this research 
is described in the third chapter. The fourth chapter deals with the transport 
of Melanotan-I in the above model. 

The fifth chapter attempts to familiarize the reader with the current 
concepts in epithelial calcium transport and the importance of this mineral 
in maintaining bone health. Enhancement of calcium transport using 
medium-chain triglycerides and acylcarnitines using the in-vitro cell 
monolayer model introduced in the third chapter is discussed in the sixth 
chapter. The probable mechanisms involved in the acylcarnitine-mediated 
enhancement of calcium transport using the same model is described in the 
seventh chapter. The eigth chapter discusses the validity of the model used 
with reference to the effect of the unstirred water layer on the transport of 
Melanotan-I and calcium. 

Relevant figures and tables are placed at the end of each chapter. 
Legends to figures are placed on its own numbered page immediately 
preceding the page it describes. References for all chapters is compiled at 
the end of the last chapter. Each chapter is treated as a separate entity in 
the dissertation. Therefore, the figures, tables and references of each 
chapter are numbered starting from one onwards. 
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ABSTRACT 

The overall objectives of this research is two-fold. First, 

preformulation studies of a novel chemopreventive peptide known as 

Melanotan-I (MT-I) were performed in order to facilitate the development of 

suitable formulations of this compound. The studies conducted include (a) 

the development of a HPLC assay in cell culture transport buffer and human 

plasma, (b) determination of its partitioning properties and stability kinetics 

in aqueous solutions, and (c) evaluation of transport properties using an in

vitro cell monolayer model consisting of Caco-2 cells grown as a monolayer 

on permeable supports. The HPLC method developed here was sensitive, 

specific and stability-indicating. This assay was successfully applied to the 

study of MT-I transport across Caco-2 cells. Partitioning of MT-I determined 

in n-octanol:buffer and isooctane:buffer solvent systems indicated the 

potential of delivering this peptide via the oral route. MT-I degradation in 

phosphate buffer exhibited apparent first order kinetics with an estimated 

shelf life of 40 days at room temperature. It was found to be relatively 

stable at acidic conditions but had an increased degradation rate at pH > 

7.4. Transport of MT-I across Caco-2 cells indicated the degradation of this 

peptide by the proteases associated with the enterocyte to be the primary 
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obstacle to its oral delivery. MT-I transport was significantly enhanced in 

the presence of a protease inhibitor (aprotinin). 

The second objective of this research was to identify enhancers of 

calcium transport using the in-vitro Caco-2 cell monolayer model. Both 

medium-chain triglycerides and acylcarnitines were found to enhance the 

transport of calcium, although to varying degrees. Acylcarnitines were 

found to be more potent enhancers of calcium transport, but a greater 

extent of cell damage was observed with their use. In addition, Caco-2 cells 

were shown to possess L-type calcium channels for the first time, and 

acylcarnitines were demonstrated to behave like calcium channel agonists 

similar to that of Bay K 8644 (an established channel agonist). Promotion 

of both transcellular (membrane perturbation) and paracellular (loosening of 

tight junctions) pathways of of calcium transport were shown to be 

signficant contributors toward the overall enhancement mediated by the 

acylcarnitines chosen for this study. 
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CHAPTER 1 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHIC ASSAY FOR THE 
[Nle4-DPhe7]a-MSH ANALOG (MT-I) IN BIOLOGICAL MATRICES. 

SUMMARY 

The overall objective of this study was to develop a sensitive, 

specific, and stability-indicating HPLC assay for the determination of the 

[Nle4-DPhe7ja-MSH analog known as Melanotan-I (MT-I) in biological 

matrices, i.e., cell culture transport media and human plasma. Separation 

was accomplished isocratically within 8.0 minutes using a Ca reverse phase 

column. The mobile phase consisted of 0.1 M Phosphate buffer/acetonitrile 

(80:20 % v/v) with 18 pI/I of triethylamine at pH 2.50. The flow rate was 

1 ml/min with detection at 214 nm. Standard curves (n = 5) were linear over 

the concentration range of 100 to 1000 ng/ml (r > 0.997). The precision, 

accuracy, intra- and inter- day variations were good with C. V.s typically 

within 8.7% for concentrations greater than 100 ng/ml. This method was 

successfully applied to a study of the transport of MT-I in the Caco-2 cell 

monolayer model. 
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INTRODUCTION 

Melanotan-I (Fig 1.) is a tridecapeptide (M.W. 1647), an analog of a

MSH (1). It is currently in Phase I trials at the Arizona Cancer Center 

(University of Arizona, Tucson) to evaluate its potential as a 

chemopreventive agent for sunlight- induced skin cancers. At present there 

are two methods available for quantitating MT-I in biological samples. These 

are (a) Radio-immunoassay (RIA) and (b) Frog skin bioassay. 

Although much of the information obtained to date (in-vitro transport, 

bioavailability, pharmacokinetics, etc.) has been based upon quantitation of 

MT-I by RIA, this method has several drawbacks (e.g., cross reactivity, 

availability and purity of RIA kits, reproducibility and reliability). These 

factors limit its use for routine analyses. In addition, RIA kits have short 

shelf lives (3-4 weeks) and are costly ($ 1.25/sample). Frog skin bioassay 

has been used in the past to determine the concentrations of MT-I in blood 

and urine samples (2). Briefly, this method consists of monitoring the 

changes in the darkening of a piece of skin excised from frogs (Rana Pipens) 

on exposure to different known concentrations of MT-I. This is achieved 

using reflectance measurements. The changes in skin darkening are then 

correlated with known concentrations to construct standard curves. The 

lack of specificity and relatively low precision greatly limit the use of this 

procedure for routine quantitative analyses of MT-I in biological samples. 
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The objectives of this research were two-fold. First, to develop a sensitive, 

specific, and stability-indicating assay for the determination of MT-I in cell 

culture transport media. Second, to extend this procedure to the 

quantitation of MT-I in human plasma. Analysis of MT-I in the cell culture 

transport buffer was achieved without any prior sample clean-up. For 

plasma, a solid-phase extraction was performed before injection onto the 

column. The elution was isocratic and the analysis time per sample was 

less than 20 minutes. 

EXPERIMENTAL PROCEDURES 

Apparatus: The HPLC system consisted of a Spectra-Physics (Fremont, 

CA) Isochrom pump, a Rheodyne (Cotati, CA) Model 9125 injector valve 

with 40 pi loop and a Spectra-Physics Model 100 variable-wavelength 

UV detector set at 214 nm. The analytical column was a Vydac 

(Hesperia, CA) C8 (5 pm) microbore cartridge (150 mm x 2.1 mm 1.0.) 

fitted with a Whatman (Clifton, NJ) C'8 (10 pm) guard column (10 mm x 

4.6 mm 1.0.). The guard column was routinely changed after about 100 

injections as a precautionary measure to avoid pressure build-up in the 

HPLC system. Peak recording and integration was accomplished with a 

Spectra-Physics Model 4290 integrator. All injections were made with a 

Hamilton (Reno, NV) Model 725-SNR 100 pi syringe previously coated 

with SigmacoteR (Sigma, St. Louis, MO) to minimize binding of MT-I to 
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syringe components. 

Preparation of standard solutions: Purified MT-I (> 99%) was obtained from 

Bachem (Torrance, CA). A stock solution of MT-I (1 mg/ml) was prepared 

in water and stored at -20°C. The stability of the stock solution was 

checked periodically by assaying aliquots of the stored solution at various 

time intervals. MT-I was found to be stable at this temperature for at least 

6 months. Serial dilutions of the stock solution with cell culture transport 

buffer were used to obtain the desired concentrations of the calibration 

standards. The cell culture transport buffer consisted of Hank's Balanced 

Salt Solution (HBSS, Gibco, Long Island, NY with 5.6 mM glucose) and 25 

mM HEPES (Sigma, St. Louis, MO) with pH adjusted to 7 A. 

Mobile Phase: Acetonitrile was obtained from Burdick and Jackson 

(Muskegon, MI). Phosphate buffer (100 mmolll) was prepared by adding 

17042 gm of dibasic potassium phosphate (J.T. Baker, Phillipsburg, NJ) to 

1 I of distilled deionized water (purified using a Millipore water purification 

system). The pH of the solution was adjusted to 2.20 with phosphoric acid 

(Fisher Scientific, Fairlawn, NJ). The mobile phase was prepared by mixing 

800 ml of 0.1 M phosphate buffer and 18 JlI/1 of 99% (v/v) triethylamine 

with stirring for 15 minutes. To this, 200 ml acetonitrile was added and the 

mixture stirred for 10 minutes. The pH was adjusted to 2.50 with 

phosphoric acid when necessary. The mobile phase was filtered through a 
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Nylon-66 membrane filter, 0.45 11m (Rainin, Woburn, MA) and degassed by 

sonication for at least 15 minutes. The flow rate used was 1 ml/min. All 

tubing in the chromatograph assembly was made of Polyetherether ketone 

(PEEK) in order to minimize any non-specific adsorption of the peptide. The 

injector was flushed with 2 ml of water between successive injections to 

eliminate carryover of MT-I from one injection to the next. 

Sample preparation: Sample preparation using the cell culture transport 

media was achieved by serial dilutions of the stock solution with the 

transport media. Samples were prepared fresh daily. For plasma samples, 

solid phase extraction (SPE) of the drug was performed to eliminate plasma 

components. This was accomplished by loading 250 III of plasma onto C'8 

SPE Bond-Elut cartridges (Varian, Harbor city, CAl previously conditioned 

with 0.1 M buffer (pH 2.5) and 100% acetonitrile. The sample was then 

washed sucessfully with 10 and 15% acetonitrile in 0.1 M phosphate buffer 

to remove impurities and plasma components. MT-I was then eluted with 

30% (v/v) acetonitrile in 0.1 M phosphate buffer solution. This was injected 

(100 JlI) onto the column. As MT-I was observed to bind avidly to 

polypropylene eppendorf tubes and glass vials, silanized tubes and vials 

were used to minimize non-specific adsorption. 

Standard curves: Samples in cell culture transport buffer containing 100, 

200, 400, 600, 800 and 1000 ng/ml of MT-I were prepared. Standard 
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curves were constructed using peak areas of MT-I. The linearity of the 

curves was verified by means of correlation and regression analysis. 

Validation - accuracy and precision: Validation was accomplished by 

assaying six different concentrations of MT-I for five consecutive days. 

Since non-specific adsorption of MT-I to glass vials and polypropylene tubes 

was observed during storage, fresh standards were prepared daily and used 

within 2-4 hrs of preparation. This eliminated adsorption to glass vials as 

a confounding variable during the course of the between-day validation 

study. Consequently, the relative error (R.E.) (i.e., true concentration -

measured concentration x 100 / true concentration) could not be assessed 

for between-day measurements. However, within-day R.E. was assessed 

for two concentrations based on the standard curve generated for that day. 

The coefficient of variation (C.V.) was determined for between-day 

measurements using peak areas. 

Peak identity: The peak of interest was collected in a silanized eppendorf 

tube. To eliminate the buffer components from the eluted peak, solid-phase 

extraction was performed. This was accomplished by loading 1.5 ml of the 

sample onto Ca SPE Bond-Elut cartridges (Varian, Harbor city, CA) previously 

conditioned with 0.1 % (v/v) TFA in water (pH 2.5) and 100% acetonitrile. 

The sample was then washed with 3 ml of water to remove the phosphate 

buffer components. MT-I was then eluted with 500 pi of 30% (v/v) 
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acetonitrile : 70% (v/v) 0.1 % TFA in water. The eluted sample was 

diluted with 50% (v/v) methanol: water with 1 % acetic acid. This was 

injected onto the mass spectrometer (Finnigan MAT TSO 7000) using 

electrospray technique. 

Stability-indicating procedure: To validate the stability-indicating nature of 

this assay MT-I was intentionally degraded at an elevated temperature. A 

20 Jig/ml MT-I solution in 0.1 M phosphate buffer (pH = 7.3, Ji = 1.5 M) 

was placed in an BO°C incubator and aliquots were collected at frequent 

intervals for 4.5 half-lives. The aliquots were then diluted and assayed 

using the conditions described above. 

Transport study: In order to demonstrate the practical application of the 

assay, the transport of MT-I was evaluated in the Caco-2 cell monolayer 

model and the concentrations were determined by HPLC using the 

conditions described above. The Caco-2 model is now widely accepted, 

both for assessing intestinal permeability and for elucidating the transport 

of drug molecules (3-5). The details of cell culture and transport study 

procedures are described elsewhere (CHAPTER 4). Briefly, on the day of 

an experiment, the TranswelisR were equilibrated with the transport buffer 

(HBSS with 25 mM HEPES, pH 7.4) for 30 min at 3rC. The buffer was 

then replaced with MT-I solution (100 Jig/mI). 50 Jil was withdrawn from 

the apical side in order to determine the initial concentration of MT-I. 100 
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pi was withdrawn from the basolateral side at frequent intervals. After 

sampling from the basolateral side, an equal volume of the buffer was 

added to maintain a constant volume. The samples were immediately 

transferred to a -80DC refrigerator and stored at this temperature until 

analysis. The duration of storage was typically less than 2 weeks. Studies 

in our laboratory have shown that non-specific adsorption of MT-I to the 

siliconized polypropylene eppendorf tubes was insignificant at this 

temperature during storage for over a month. 

Column care: For overnight storage, the column was washed with distilled 

water for 20 min, followed by a wash with 50:50 (v/v) acetonitrile-water 

for 15 min. Finally, the column was washed with 95:5 (v/v) acetonitrile

water for 20 min to remove any remaining adsorbed materials. The flow 

rate was 1.0 ml/min. 

RESULTS AND DISCUSSION 

Representative chromatograms of MT-I in the cell culture transport 

buffer using this method are shown in Fig 2. The peptide peak was well 

resolved from other compounds present in the transport buffer. Peak 

identity was verified by mass spectrometry. Other features of this method 

include a relatively short retention time and elimination of sample clean-up 

prior to injection. 

An attempt was made to extend this assay to the determination of 
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MT-I in human plasma. Fig 3. shows the chromatograms of blank plasma 

and plasma spiked with 2.ug/ml of MT-1. Although good separation was 

achieved, the recovery was low (about 50%) and the sensitivity was about 

one-tenth of that achieved with the cell culture transport buffer. 

The specificity of the method was determined by intentionally 

degrading MT-I in 0.1 M phosphate buffer (.£I = 1.5) at pH 7.3 at 80aC. 

Fig 4. shows the comparison of chromatograms generated from the initial 

sample (i.e., t = a hours) and after 4.5 half-lives (i.e., t = 288 hrs). It is 

clear that MT-I was completely resolved from its degradation products. The 

identity of the major degradation products has not yet been determined. 

MT-I peak areas were plotted versus MT-I concentrations and least

squares linear regression was performed. Table I summarizes the calibration 

curves for analysis in the transport buffer. Plots were observed to be linear 

over the concentration range (100 to 1000 ng/ml) tested with correlation 

coefficients (r) > 0.994. Statistical analysis showed that the intercepts 

were not significantly different ( p < 0.01) from zero. The between-day and 

the within-day precision and accuracy, as measured by C.V. and R.E., 

respectively are summarized in Tables II and III. These results indicate that 

the assay was both accurate and reproducible. The quantification limit for 

this assay was 50 nglml using the criterion that the signal from the 

minimum quantifiable peak should be ~ three times the baseline noise level. 
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An application of this assay to study the transport of MT-I in the 

Caco-2 cell monolayer model is shown in Fig 5. The concentrations 

obtained at each time point for a particular insert were normalized to the 

initial concentration (i.e., at t = 0 min) at the apical side and the data 

expressed as a percentage. The concentrations analyzed ranged from a low 

of 68.93 ng/ml at 60 min up to 342.21 ng/ml at 200 min. The coefficient 

of variation was generally within 9.0% except for the 60 min time point 

which had a C.V. of 15.3%. The apparent permeability coefficients (Papp) 

were calculated according to the following equation: 

Papp = VR * (dQ/dt) / A * Co * 60 

where VR is the volume of the basolateral side (2.5 ml), dQ/dt is the 

permeability rate in ng/ml. min under sink conditions (i.e., before> 10% 

was transported) , A is the surface area of the membrane (4.71 cm2
) and Co 

is the initial concentration of MT-I in ng/ml.min-'. Papp was determined to be 

3.49 ± 0.43 x 10-8 cm/sec. 

In conclusion, the method reported here represents the first analytical 

HPLC method that is suitable for quantitation of MT-I in biological matrices. 

MT-I has been shown previously to be transported in the Caco-2 cell model 

and an in-situ rat model (3). In addition, in the same study, it was shown 

that the enhancement of MT-I absorption is possible with the co

administration of aprotinin (a protease inhibitor). Nevertheless, the precise 
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mechanisms of transport (active vs. passive, transcellular vs. paracellular, 

etc.) have not yet been elucidated. The HPLC method developed here can 

potentially be utilized to study the different mechanisms of MT-I transport 

in this cell monolayer model. The degradation kinetics of MT-I in aqueous 

solution was investigated in our laboratory using this stability-indicating 

HPLC method. The details of this study will be reported at a later date. 

Briefly, based upon the calculated parameters, the shelf life of MT-I at room 

temperatures was estimated to be 40 days. In addition, this peptide appears 

to be stable under acidic conditions, ionic strengths up to 1.5 M and 

phosphate buffer concentrations ranging from 0.05 to 0.1 M. Delivery 

systems of MT-I for administration via parenteral and enteral routes have 

been formulated recently in our laboratory. The method developed here is 

currently being used to characterize and evaluate these formulations. 

Finally, it is recommended that silanized vials and tubes be used during the 

course of sample preparation of this peptide since it has been observed to 

bind avidly to glass and polypropylene tubes after relatively short (i.e., less 

than 24 hrs) contact times. 
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Fig 1. Structure of [Nle4-DPhe7]a-MSH (Melanotan -I). 
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Fig 2. Chromatograms of MT-I in cell culture transport buffer (Hank's 

Balanced Salt Solution with 25 mM HEPES and 5.6 mM glucose, pH = 7.4) 

(A) Control (Le., buffer alone) and (B) Buffer spiked with 1 pg/ml MT-I. 
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Fig 3. Chromatograms of MT-I in human plasma. (A) Control (Le., plasma 

alone) and (8) Plasma spiked with 2 Jlg/ml MT-I. For solid-phase extraction 

details, refer to the section "Experimental Procedures". 
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Fig 4. Chromatograms demonstrating the stability-indicating nature of the 

HPLC assay. A 20 pg/ml MT-I solution in 0.1 M phosphate buffer, pH = 

7.3, and p = 1.5 M at (A) t = 0 hr (Le., initial sample) and (B) t = 288 hr 

at 80°C (4.5 half-lives). 
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Fig 5. MT-I transport in the Caco-2 cell monolayer. An application of the 

HPLC assay. All values represent means ± S.D., n = 3. n n = 2 for this value. 
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Table I. Summary of HPLC calibration curves for MT-I in cell culture transport buffer. 

Determination Siopea 95% confidence limit Interceptb r 

1 0.00469 ±0.00009 -0.137 0.999 

2 0.00661 ±0.00034 -0.507 0.994 

3 0.00612 ±0.00029 -0.330 0.995 

4 0.00617 ±0.00025 -0.502 0.997 

5 0.00491 ±0.00030 -0.237 0.994 

Mean 0.00570 

S.E. 0.00033 

a Slopes were significantly different from zero at p < 0.005. 

b Intercepts were not significantly different from zero at p < 0.01. 
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Table II. Between-day variability for MT-I analysis in cell culture transport buffer. 

Concentration Peak areaa C.V. b 

(ng/ml) (in thousands) (%) 

100 32.10 ± 3.94 12.27 

200 80.34 ± 7.11 8.74 

400 180.32 ± 10.10 5.60 

600 302.17 ± 18.45 6.10 

800 437.88 ± 21.31 4.86 

1000 586.52 ± 47.14 8.03 

a Mean ± S.D., n = 5. 

b Coefficient of variation. 
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Table III. Within-day variability for MT-I analysis in cell culture transport buffer. 

Concentration 
added 

(ng/ml) 

400 

800 

8 Mean ± S.D., n = 5. 

b Coefficient of variation. 

C Relative error (%) = 

Measured 8 

Concentration 
(ng/ml) 

420.04 ± 11.03 

782.19 ± 37.07 

true concentration - measured concentration 

true concentration 

x 

C.V. b 

(%) 

2.62 

5.00 

100 

R.E.C 
(%) 

-5.01 

3.75 

eN 
CX) 



CHAPTER 2 

PARTITIONING PROPERTIES AND DEGRADATION KINETICS OF THE 
[Nle4-DPhe7]a-MSH ANALOG MELANOTAN-I CMT-I). 

SUMMARY 

39 

The objectives of this research were to determine the partitioning 

properties and the solution stability of the [Nle4-DPhe7]a-MSH analog known 

as Melanotan-I (MT-I). The apparent partition coefficients (APC) were 

determined in two solvent systems, i.e., octanol-buffer and isooctane-buffer 

in order to calculate II Log P.C. values. The II Log P.C. values at pH 2.5 

and 7.4 were -0.306 and -0.409, respectively. The solution stability of MT-

I was determined by accelerated stability studies at 700
, 800 and 8rC at pH 

7.4 and J1 of 0.17 M. Energy of activation (Ea) was calculated to be 15.83 

Kcal/mole, resulting in an estimated shelf life of 40 days at room 

temperature. From the pH-rate profile, MT-I was observed to be relatively 

stable under acidic conditions and exhibited greater degradation under basic 

conditions. Both ionic strength (fJ = 0.15 to 1.5 M, at 0.05 M buffer 

concentration) and phosphate buffer concentration (0.1 to 0.5 M, at fJ = 

1.5 M) at pH 7.3 and 80°C had no effect on the degradation kinetics of 

Melanotan-1. 



40 

INTRODUCTION 

Melanotan-I is a tridecapeptide (M. W. 1647), an analog of a-MSH (1). 

It is currently in Phase I trials at the Arizona Cancer Center (University of 

Arizona, Tucson) to evaluate its potential as a chemopreventive agent for 

sunlight-induced skin cancers. In order to formulate suitable delivery 

systems for this peptide for use in both animals and humans, it was 

necessary to obtain information on certain physicochemical properties of 

MT-I for example, partition coefficients (P.C.s), aqueous solution stability, 

etc. 

Although P.C.s determined in octanol-buffer systems have been 

correlated with absorption potential for conventional drug molecules, for 

peptide-based drugs that are capable of hydrogen bonding, 6. Log P.C., i.e., 

Log (P.C·hydrOgen bonding solvent / P.C.non-hydrogenbOndingsolvent) has been observed to be 

a more accurate predictor of the absorption potential (2). In this study, 

octanol and isooctane were chosen as the hydrogen bonding and non

hydrogen bonding solvents, respectively. 

In order to estimate the shelf life of this peptide, accelerated stability 

studies were conducted at 70°, 80°, and 8rC, pH 7.4 and ionic strength (J1) 

= 0.17 and the various kinetic parameters were determined by fitting the 

data to the Arrhenius equation. The effect of pH, ionic strength and buffer 

concentration on MT-I stability was also determined. MT-I was quantitated 
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using a specific, sensitive and stability-indicating HPLC assay recently 

developed in our laboratory. 

EXPERIMENTAL PROCEDURES 

Materials: Purified MT-I (~ 99% pure) was obtained from Bachem 

(Torrance, CA). HPLC-grade acetonitrile was from Burdick and Jackson 

(Muskegon, MI). Radioactive MT-I eH) was a generous gift from Dr. M.E. 

Hadley, Department of Anatomy, University of Arizona. Ready CapsR 

were purchased from Beckman Instruments (Fullerton, CA). Potassium 

phosphate (monobasic and dibasic) and potassium chloride were 

purchased from J. T. Baker Chemical Co. (Phillipsburg, NJ). Purified 

HPLC grade octanol and isooctane were purchased from Sigma (St. Louis, 

MO). The water used in the experiments was deionized and distilled 

using a Millipore filter system (Millipore Corp., Bedford, MA). 

HPLC analysis: The HPLC system consisted of a Spectra-Physics 

(Fremont, CA) Isochrom pump, a Rheodyne (Cotati, CA) Model 9125 

injector valve with 40 pi loop and a Spectra-Physics Model 100 variable

wavelength UV detector set at 214 nm. The analytical column was a 

Vydac (Hesperia, CA) C8 (5 pm) microbore cartridge (150 mm x 2.1 mm 

I.D.) fitted with a Whatman (Clifton, NJ) C'8 (10 pm) guard column (10 

mm x 4.6 mm I.D.). The guard column was routinely changed after 

about 100 injections as a precautionary measure to avoid pressure build-
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up in the HPLC system. Peak recording and integrations were made with a 

Spectra-Physics Model 4290 integrator. All injections were made with a 

Hamilton (Reno, NV) Model 725-SNR syringe previously coated with 

SigmacoteR (Sigma, St. Louis, MO) to minimize binding of MT-I to syringe 

components. The mobile phase consisted of 0.1 M K2HP04 : acetonitrile 

(80:20 % v/v) with 18 pili of 99% (v/v) triethylamine at pH 2.50 at a flow 

rate of 1 ml Imin. Fresh stock solutions of MT-I (1 mg/ml) in water were 

prepared weekly and stored at _20DC until use. 

Partition coefficients: The partition coefficients were determined in two 

solvent systems (i.e., n-octanol-buffer and isooctane-buffer) at two different 

pH values, 2.5 and 7.4. Phosphate buffer (0.05 M, p = 0.15) was 

prepared at the appropriate pH and this solution was used to saturate the 

organic solvents by vigorous stirring at room temperature for 90 mins. This 

mixture was transferred to a separatory funnel and the two layers allowed 

to separate for at least 24 hours. On the day of an experiment, appropriate 

volumes of phosphate buffer pre-saturated with the organic solvent and a 

fresh stock solution of MT-I (1 mg/ml) were mixed in 15 ml glass tubes 

sealed with teflon-lined screw caps (Baxter Scientific Products Division, 

McGaw Park, IL) previously coated with SigmacoteRto eliminate non-specific 

binding of MT-I to the glass walls. Radioactive MT-I (specific activity 25 

Ci/mmole) was added to each tube. A 50 pi aliquot of this solution was 



43 

directly transferred to Ready CapsR to determine the initial concentration of 

MT-1. The organic solvent was then layered onto the MT-I solution at an 

aqueous: organic volume ratio of 1: 1 O. The tubes were closed tightly, 

transferred to a rotator and allowed to equilibrate for 48 hours. The organic 

solvent was removed by aspiration, the aqueous layer carefully transferred 

to silanized eppendorf tubes (Sigma, St. Louis, MO) and centrifuged for 10 

minutes. Fifty pi of the resulting supernatant was transferred to Ready 

CapsR. The Ready CapsR were then dried at 25°C for 10-12 hours and 

counted using a scintillation counter (Beckman LS 5000TO) in order to 

quantitate MT-I. Apparent partition coefficients (APCs) were determined 

using the following equation: 

(Initial conc. - Final conc.)aqUeOUS 

APC = 

(Final conc.)aqUeOUS 

11 Log P.C. = Log (P.C.octanol I P.C.isooctane) 

Kinetic studies: Sample solutions of MT-I (20 pg/ml) were prepared by 

mixing appropriate volumes of MT-I stock solution (1 mg/ml) in phosphate 

buffer. Potassium chloride (1.5 M) was used to adjust the ionic strength 

and KOH or HCI (1.0 M) was used to adjust the pH of the solutions. The 

temperature dependence of MT-I degradation was studied at 700
, 800

, and 
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8rC in 0.05 M phosphate buffer (pH 7.4, 11 = 0.17). The degradation of 

MT-I in the pH range 2.5 to 11.04 was studied at 80°C with 11 and 

phosphate buffer concentration held constant at 0.17 and 0.05 M, 

respectively. The influence of different 11 (0.15, 0.25, 0.50, 0.75, 1.00, 

1.25,1.5) was studied at 80°C in 0.05 M phosphate buffer pH 7.3. The 

effect of different phosphate buffer concentrations ( 0.1, 0.25 and 0.5 M) 

was investigated at 80°C at 11 of 1.5 M and pH 7.3. The pH of all sample 

solutions was determined at the various study temperatures. All sample 

solutions were placed in 1 O-ml screw-capped teflon lined glass vials (Baxter 

Scientific Products Division, McGaw Park, IL) previously coated with 

SigmacoteR and stored in an oven set at the desired temperature. At 

appropriate intervals, aliquots of samples were withdrawn and analyzed by 

HPLC. 

RESULTS AND DISCUSSION 

MT-I is a superpotent analog of a-MSH. When administered to 

laboratory animals and humans, it causes skin darkening (tanning). 

Although this peptide is under Phase I clinical trials the University of Arizona 

Cancer Center, our study is the first report on its partitioning properties and 

solution stability kinetics. 

MT-I partition coefficients: 

The results of the partitioning studies are summarized in Table I. 
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While the octanol-buffer partition coefficient data are generally considered 

to be a predictor of the absorption potential of a compound, it appears that 

such relationships often may not be very meaningful for peptides and 

proteins. For peptide-based drugs, consideration of the possible hydrogen

bonding of the polar groups of the peptide and therefore the desolvation 

energy required to transfer the peptide into the cell membrane also appears 

to be important (2). This desolvation energy can be determined 

experimentally by measuring 11 Log P.C. using a hydrogen-bonding and a 

non-hydrogen bonding solvent (2). From our studies, it is observed that MT

I has a relatively low octanol-buffer APC, both at pH 2.5 and 7.4. However, 

an examination of the 11 Log P.C. data indicates that the desolvation energy 

required to transfer MT-I from the aqueous membrane interface into the 

hydrophobic interior of the membrane is relatively small at these pH values. 

For example, it has been reported that di-peptides and tri-peptides with 

molecular weights ranging from 514 to 556 have 11 Log P.C. values in the 

range of 4 to 7 (3). Thus, while the low octanol-buffer APC suggests that 

partitioning of MT-I into the polar head group of the phospholipid bilayer 

may be a major limiting factor controlling the membrane permeability of MT

I, the relatively low 11 Log P.C. indicates relatively little resistance (i.e., a 

small desolvation energy) to its membrane transport. Since the 11 Log P.C. 

has been suggested as a reliable indicator of the transport of peptides (3), 
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this observation indicates that the absorption potential of MT-I can be 

predicted to be fairly good. In fact, studies in our laboratory with in-vitro 

(Caco-2) and in-situ (rat) models have shown that both transport (in the 

Caco-2 model) and bioavailability (in the in-situ rat model) of MT-I was much 

greater than one might predict from its octanol-buffer partition coefficient 

alone (CHAPTER 4). However, in the above study it was also established 

that degradation of MT-I by proteases associated with the absorptive cells 

was one of the major obstacles to its delivery and that inhibition of this 

degradation by coadministration of protease inhibitors such as aprotinin was 

a promising approach. Thus, although the /j. Log P.C. appears to be a more 

accurate predictor of membrane permeability than the octanol-buffer 

partition coefficient for peptide and protein drugs, it seems prudent to 

evaluate their transport in a suitable in-vitro or in-situ system in order to 

determine the contribution of other unfavorable processes (e.g., 

degradation by proteases) that may be the rate-limiting determinants of the 

successful oral delivery of these agents. 

Recent studies by some authors (4) suggest that only the true 

partition coefficients (TPC) "closely represent the intrinsic lipophilicity of 

zwitterionic amphoteric compounds". The TPC for the zwitterionic 

compounds chosen in their study (pyridoxine, niflumic acid and terbutaline) 

were calculated from their APC values and microprotonation constants. 
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According to these authors, only the "relevant microprotonation constants 

describe the individual functional groups and determine the pH-dependent 

concentration of protonation microspecies". These authors concluded that, 

for zwitterionic amphoteric molecules, only the neutral species partition into 

the organic phase, even when it is the minor component. Since the 

macroprotonation constants (pKas) for MT-I have not been determined, and 

since MT-I has has five ionizable groups with several different protonated 

microspecies existing in solution represented by several different 

microconstants, determination of the TPC of MT-I is outside the scope of 

the present study. 

One interesting observation is the lack of an effect of pH on the 

partitioning behavior of MT-1. MT-I has five ionizable groups, i.e., Glu and 

Tyr which are acidic with theoretical pKas of 4.3 and 10.9, respectively and 

His, Lys and Arg which are basic with theoretical pKas of 6.0, 10.8 and 

12.5, respectively. Therefore, at pH 2.5, MT-I will carry a net charge of 

+ 3, and at pH 7.4, a net charge of + 1. Based on this information, one 

would expect the partitioning of MT-I at pH 7.4 to be higher than at pH 2.5. 

In fact, a similar relationship between pH (and therefore the net charge on 

the molecule) and APC was demonstrated previously in our laboratory for 

another a-MSH analog known as Melanotan-II (5). Nevertheless, our data 

indicate that there is no significant difference (p < 0.05) in the partition 
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coefficients and IJ. Log P.C. at these two pH values. One explanation for 

this observation could be the existence of ion-pairs between the positive 

charges on MT-I and the negative ions of the phosphate buffer, thereby 

rendering the molecule temporarily neutral and thus modulating the effect 

of pH on partitioning in to the organic phase. This possibility seems 

reasonable since the concentration of MT-I used was 5.47 x 10-7 M whereas 

the buffer concentration was 0.05 M. However, further studies need to be 

conducted to prove this "ion-pairing" hypothesis unequivocally. Finally, 

degradation of MT-I within the time frame of the study (48 hrs) was 

eliminated as a confounding factor since the t90 ( the time for 10% 

degradation to occur) for pH 2.5 and 7.3 at room temperature (25°C) is 60 

days and 40 days, respectively. APCs were not determined at more 

alkaline pH since appreciable degradation was noted at pH values greater 

than 8.0., (Fig 3). For example, the t90 at room temperature and pH 8.7 is 

117 hrs. 

MT-I degradation kinetics: 

The stability-indicating nature of the HPLC assay is shown in Fig 1. 

The temperature dependence of MT-I degradation is summarized in Table II, 

and Fig 2. MT-I exhibited apparent first-order kinetics with an energy of 

activation (Ea) of 15.83 Kcal/mole. On the assumption that the Ea remained 

constant over the temperature range, the rate of degradation at room 
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temperature (25°C) was calculated to be 1.09 x 10-4 h(1. Using the 

equation t90 = 0.1054/Kobs' the shelf life at room temperature was 

calculated to be 40 days. 

pH-rate profile: 

A general rate equation forthe pH-dependentdegradative process (Fig 

3) can be written as follows: 

Kobs = Ko + KOH-[OH-]m 

where Ko and KOH - are the rate constants for the specific water-catalyzed 

and hydroxyl-ion catalyzed reactions, respectively and m represents the 

positive slope of the base-catalyzed (OH-) reaction. Ko' KOH -' and m were 

obtained by fitting the pH-rate data to the above equation using a nonlinear 

least-squares regression program. The best fit of the data provided values 

of Ko = -0.002 (S.E. = .005), KOH - = 0.936 (S.E. = 0.087) and m = 

0.298 (S.E. = 0.023). Since Ko is not significantly different from zero, the 

rate equation can be written as follows: 

Kobs = 0.936 [OH-]O.298 

Effect of ionic strength: 

The following modified form of the Oebye-Huckel equation was used 

to examine the effect of ionic strength on the degradation rate of MT-I: 

Log Kobs = Log Ko + 2QZ1Z2{V tJ / (1 + V tJ)} 

where Ko is the rate constant at tJ = 0, Q denotes a constant for a given 
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solvent and temperature and Z, and Z2 are the charges on species 1 and 2, 

respectively. A plot of Log Kobs vs. v /1 / (1 + v /1) gave a slope that was not 

significantly different (p > 0.05) from zero (Fig 4). Thus, any possible 

kinetic salt effect on the degradation kinetics of MT-I was interpreted to be 

negligible. 

Effect of phosphate buffer concentration: 

The effect of phosphate buffer concentration on the stability of MT-I 

is shown in Fig 5. Phosphate buffer concentrations up to 0.5 M did not 

appear to influence the degradation of this peptide. 

MT-I has five ionizable groups, two acidic and three basic. At pH 7.3, 

the following expressions can be written for MT-1. 

A -BHl+ ~ A -SH+ + H+ 

A -BH+ ~ A -S + H+ 

... (1 ) 

... (2) 

Thus, either A -BH+ or A -B can be assumed to undergo degradation. The 

following kinetic schemes may then be written: 

A - BH + - products ... (3) 

or 

A - B - products ... (4) 

However, it was shown that ionic strength had no effect on the degradation 

of MT-1. Therefore, the possibility of two charged species reacting can be 

eliminated from consideration since one of the reactants must be a neutral 
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species, i.e., if Z1Z2 = 0, the net charge on 1 or 2 must be zero (6). Since 

hydroxide ion, hydrogen ion and the phosphate buffer species are all 

charged, it follows that the uncharged reactant has to be a neutral form of 

MT-I. An examination of equations (1) and (2) reveals that the only form of 

MT-I that has a net charge of zero is A -BH+. Thus, the following 

generalized rate equation may be written for the degradation of MT-I. 

d(products)/dt = Kobs [A -BH+] ... (5) 

From the above analysis, the following conclusions can be 

made: 

(1) The degradation of MT-I is not specifically base-catalyzed by the 

hydroxide ion since the slope of the pH-rate profile in the basic region was 

not + 1. 

(2) Since the buffer concentration had no effect on the degradation of 

MT-I, the contribution of general acid/base catalysis to the overall rate of 

degradation is negligible. 

(3) MT-I may degrade by several different pathways, each with its own 

pH dependence and true catalytic coefficient. 

(4) The hydrogen ion and the uncatalytic term (water) do not appear to 

playa significant role in the degradation of MT-I. 

From the results of the stability studies, it may be concluded that MT

I is relatively stable and has the potential to be successfully formulated into 
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solid and liquid dosage forms. However, the pH of all formulations should 

be maintained between 2.5 and 7.4 and the formulations refrigerated to 

obtain longer shelf lives. Since ionic strength does not appear to influence 

the degradation of MT-I, electrolytes such as NaCI added to parenteral 

formulations for the adjustment of osmolality will not accelerate its 

degradation. In addition, MT-I is suited for formulations requiring 

adjustment of pH with phosphate buffer up to concentrations of 0.5 M. 

However, a study investigating the effect of other commonly used buffer 

systems, (e.g., citrate, acetate, borate, carbonate, etc.) on the degradation 

kinetics of MT-I is warranted. 
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Fig 1. Chromatograms demonstrating the stability-indicating nature of the 

HPLC assay. A 20 pg/ml MT-I solution in 0.1 M phosphate buffer, pH = 

7.3, and p = 1.5 M at (A) t = 0 hr (i.e., initial sample) and (8) t = 288 

hr at 80°C (4.5 half-lives). 
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Fig 2. Arrhenius plot of the degradation of MT-I in pH 7.4, 0.05 M 

phosphate buffer and jJ of 0.17 M (r = 0.995). 
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Fig 3. pH-rate profile for the degradation of MT-I in 0.05 M phosphate 

buffer, pH 2.5-11.04, J1 = 0.17 at 80 ± 0.2°C. 
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Fig 4. Effect of ionic strength on the degradation of MT-I in 0.05 M 

phosphate buffer, pH 7.3 at 80 ± 0.2°C. 
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Fig 5. Effect of phosphate buffer concentration on the degradation of MT-I, 

pH 7.3 and fJ = 1.5, at 80 ± 0.2°C. 
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Table I. Summary of partitioning properties of MT-1. 

pH Octanol-buffer3 Isooctane-buffer3 II Log P.C.b 

2.5 0.0221 ± .003c 0.0448 ± .006c -0.3068 ± .05c 

7.4 0.0196 ± .003 0.0496 ± .002 -0.4093 ± .09 

3 Apparent partition coefficient, Mean ± S.D., n = 4, [phosphate] = 0.05 M, J1 = 0.15 M. 

b llLog P. C. = Log (P. C.oct3nol I P. C.isooctane) 

c No significant differences detected at p < 0.05 between this value and the value obtained 

at pH 7.4. 

0) 
w 



Table II. Temperature dependence of MT-I degradation kineticsa,b,c. 

Temperature Kcbs x 103 
t90 I1Ht 

(CC) (h(l) (hr) (Kcal/mol) 

70±0.2 3.412 30.77 15.14 

80±0.2 7.609 13.79 15.12 

87 ±0.2 10.014 10.48 15.11 

a Conditions: pH 7.4, J1 = 0.17 and [phosphate] = 0.05 M. 

b Activation energy (Ea) = 15.83 Kcallmol. 

CLog Kcbs = - Eal 2.303RT + log A. 

0) 
~ 
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CHAPTER 3 

CHARACTERIZATION OF THE CACO-2 CELL MONOLAYER MODEL 

INTRODUCTION 

During pre-formulation studies of a new drug candidate, apart from 

the determination of its partition coefficients, pKa, and stability kinetics; 

knowledge of its absorption potential (bioavailability) is crucial for 

subsequent development of suitable formulations of the compound. 

Currently, a wide variety of in-situ, in-vitro and in-vivo models are used in 

determining the absorption characteristics of new drug candidates. 

Although these models have been instrumental in the understanding of 

uptake and transport processes of drug molecules from the gastrointestinal 

tract, each of these models have their limitations (1). In addition, the 

introduction of peptide and protein drugs largely due to rapid advances in 

biotechnology have neccessitated a re-examination of the utility of various 

models. 

Experimental preparations of intestinal tissue (e.g., everted sacs, 

everted rings, intestinal loops, intestinal slices, etc.) have been widely used 

in the past to characterize the absorption potential of drug molecules. The 

inability to utilize these preparations for studying the cellular events 
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mediating the epithelial uptake and transepithelial transport of drug 

molecules, and their limited viability has prompted the use of isolated 

membrane preparations. Brush-border and basolateral membrane 

preparations have provided valuable insights in to the uptake processes of 

a wide variety of compounds. However, these preparations have several 

disadvantages. Apart from a lack of cellular metabolism which limit their 

use for evaluating active transport processes, the preparation of these in the 

form of vesicles often limit their ability to perform carrier-mediated and 

enzyme-dependent processes. 

Isolated mucosal cells have proven useful for conducting some cellular 

uptake studies. The opening of tight junctions and loss of polarity 

introduced in the process of isolating these cells greatly limit their 

application for studying the transport of drug molecules (1,2). 

In order to circumvent the above mentioned problems, attempts have 

been made to develop in-vitro systems consisting of a monolayer of viable 

and polarized intestinal epithelial cells similar to that found in the small 

intestine. These attempts have met with limited success, largely due to the 

inability to maintain these cells as differentiated absorptive cells. Moreover, 

these isolated normal cells were observed to undergo transformation to 

malignant cells during subsequent passages. 

One recent alternative has been to utilize some transformed cell lines 
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(e.g., Caco-2, HT-29, SW-116, LS174T, SW-480) with varying degrees of 

enterocytic differentiation in culture (3,4). An in-vitro model consisting of 

Caco-2 cells (a human colonic cell line of adenocarcinoma origin) grown as 

a monolayer on microporous membranes has been observed to undergo 

spontaneous enterocytic differentiation representative of human absorptive 

cells. In the past five years, extensive work has been reported in the 

literature on the use of this model for conducting drug transport and 

metabolism studies. This model has been successfully applied for evaluating 

the transport of a wide variety of molecules (e.g., beta-blockers, steroids, 

sugars, antibiotics, amino acids, peptides and mineral nutrients etc.) 

possessing different physico-chemical properties and intestinal transport 

pathways (5-10). 

Prior to conducting drug transport and metabolism studies with the 

Caco-2 cell monolayer model, it is necessary to confirm the structural and 

functional aspects of the monolayer. This ensures that the monolayer best 

mimics the biological barrier in-vivo in an investigator's laboratory, and also 

enables a clearer interpretation of data obtained therefrom. This preliminary 

characterization includes the confirmation of differentiation, and the integrity 

(barrier property) of the Caco-2 cell monolayer (1,11). 

Differentiation of the cells can be assessed by following the 

morphological changes associated with the monolayer, and by monitoring 
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the content of alkaline phosphatase (a marker enzyme of cell differentiation) 

in the cells during the various stages of their growth. Morphological 

changes and the ultrastructural features of these cells can be visualized by 

electron microscopic methods. 

The barrier property of the monolayer can be ascertained by two 

methods: (a) by monitoring the changes in the transepithelial electrical 

resistance (TEER) as a function of the number of days in culture, and (b) by 

comparing the background transport (i.e, no cells) of a suitable marker 

molecule (e.g., mannitol, PEG 400, etc.) with that conducted in the 

presence of a confluent monolayer. TEER values and the transport 

properties of marker molecules reflect the nature of tight junctions which 

control the paracellular pathway of the cell monolayer. 

EXPERIMENTAL PROCEDURES 

MATERIALS: Caco-2 cells were obtained from ATCC (Rockville, MD) at 

passage 17. All cell culture reagents were obtained from GIBCO (Grand 

Island, NY). TransweliR inserts, polyvinlylpyrrolidone free, 24.5 mm, 0.4 

pm pore size, Cat. no. 3412 were from Costar (Cambridge, MA). 

Radioactive mannitol eH) was from New England Nuclear (Boston, MA). 

Ready CapsR were purchased from Beckman Instruments (Fullerton, CA). 

A TEER meter (Millicell) was purchased from Millipore (Bedford, MA). All 

other laboratory chemicals were from Sigma (St.Louis, MO). 



69 

METHODS: 

Cell culture: Caco-2 cells were routinely grown in T-75 flasks with 

Dulbecco's modified eagle medium (DMEM) with pencillin, streptomycin, 

gentamycin and 10% fetal bovine serum at 3JDC in an atmosphere of 5% 

CO 2 • Cells were harvested with 0.05% (w/v) trypsin-0.53 mM EDTA and 

seeded onto Transwells at 2 x 106cells/insert and grown for up to 22-25 

days. Media was changed every other day prior to confluence and every 

day post-confluence. 

Electron Microscopy: Cells were fixed for 1 hour at room temperature in 2.5 

% (v/v) glutaraldehye in 0.1 M cacodylate buffer at pH 7.4 with 5% (w/v) 

sucrose, and postfixed for 1 hour at 25°C in cacodylate-buffered 2% (w/v) 

OS04. After dehydrating the cells using a series of increasing ethanol 

concentrations, membrane-intact transwells were embedded in a medium

hard recipe consisting of 55 g poly/bed, 35 g of dodecenyl succinic 

anhydride, 212 g of nadic methyl anhydride and 0.015-0.02 ml of 2,4,6 tri

(dimethylaminomethyl) phenol per milliliter of resin mix of Epon 812. Silver 

cross sections through the cell monolayers were mounted onto Formvar

coated grids, stained with 7.5% (w/v) uranyl acetate and lead citrate and 

then examined with an electron microscope. This was done for 4 and 12 

day old monolayers. 
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Alkaline phosphatase activity: The activity of alkaline phosphatase during 

the various stages of monolayer growth was assessed as a measure of 

Caco-2 cell differentiation. The cell monolayer was rinsed with Hank's 

Balanced Salt Solution (HBSS) and were then scraped in 1.5 ml of 1 % (v/v) 

Triton X-100 and immediately transferred to a cryovial on ice. This was 

sonicated for 20 seconds and then stored at -80DC until analysis. This was 

done for 4, 8, 12 and 18 day old monolayers. Analysis of alkaline 

phosphatase was done by the Animal Diagnostic Laboratory Inc. Tucson, 

AZ. 

TEER measurements: TEER values of Caco-2 cells have been established as 

a useful index of the barrier property of the monolayer. These 

measurements were conducted using MilliceliR during the progressive stages 

of growth of the monolayer (i.e., from day 0 to day 25). Prior to taking 

measurements, the electrodes were sterilized for 30 minutes in 70% (v/v) 

ethanol and allowed to equilibrate in the culture media for 2 hours, in a 

laminar flow hood. At the end of the equilibration period, the meter was 

checked for voltage drift and adjusted appropriately. TEER measurements 

were taken by placing the electrodes (one in the apical chamber and one in 

the basolateral chamber) and recording the resistance measured as 

ohms.cm2
• Measurements were obtained in the absence of the cells to 

obtain the resistance of the polycarbonate membrane. This value was 



71 

subtracted from the total TEER to obtain the resistance of the monolayer. 

Transport studies: On the day of an experiment, culture medium was 

removed by aspiration and the Transwells were incubated at 3rC with 

transport buffer (HBSS with 20 mM HEPES and 5.6 mM glucose at pH 7.4) 

for 30 minutes. Transport experiments were initiated by replacing the 

medium on the apical (AP) side with transport buffer containing 1 .£1M 

mannitol (3 pCilml of 3H). At this time, 50 pi was sampled from the AP side 

for determination of the initial concentration of mannitol. Thereafter, at 

various time intervals (up to 120 minutes), 100.£11 was sampled from the 

basolateral (BL) side. Subsequent to sampling from the BL side, an equal 

volume of buffer was added to maintain a constant volume. Sampled 

solutions were transferred directly to Ready CapsR, dried at 3rC for 10-12 

hrs and counted using a scintillation counter (Beckman LS 5000 TO) to 

permit quantitation of mannitol transported. Mannitol transport was 

monitored on day 0 (i.e., no cells) and day 24. The osmolality of all the 

solutions was checked using a vapor pressure osmometer (Model 5100, 

Wescor Inc., Logan, UT). Iso-osmolar solutions were used in order to 

eliminate any confounding osmotic effects during the course of these 

experiments. 

DATA ANALYSIS 

The activity of alkaline phosphatase was expressed as International 
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Units/liter (IU/L). The values of TEER, reported as ohms. cm2
, were directly 

recorded using the MilliceliR
• In the case of transport studies with mannitol, 

the % transported/min relative to the initial concentration was calculated 

after correcting for dilutions and the volumes of the apical and basolateral 

chambers. Transport was quantitated under sink conditions (Le., before> 

10% had transferred to the basolateral side). 

Group differences were evaluated using an ANOV A. For pair-wise 

comparisons, Student's t-test was used. A significance level of p < 0.05 

was used in all comparisons. 

RESULTS AND DISCUSSION 

The Caco-2 cell monolayer model is gaining in popularity for routine 

screening of the absorption characteristics of drug molecules. However, in 

order to utilize this model in the laboratory, it is necessary to characterize 

the monolayer for its ability to differentiate into cells representative of the 

enterocyte, and its ability to maintain the barrier property during the course 

of the transport studies. The results of our studies reveal that the Caco-2 

cells formed a monolayer on polycarbonate membranes and exhibited 

differentation characteristics and structural integrity, similar to reports in the 

literature. A schematic diagram of the TransweliR used in this research is 

shown in Fig 1. 

The results of electron microscopic examination of the Caco-2 cell 
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monolayer are shown in Figs. 2a and b. On day 4 in culture, although 

adjacent cells had formed occluding junctions, there were intercellular 

spaces. Also, the brush border microvilli were less formed. By day 12, the 

lateral membranes of adjacent cells were interdigitated with well-defined 

tight junctions and desmosomes. The apical membrane was covered with 

numerous and well-organized microvilli and the cells appeared columnar in 

shape. The results of alkaline phosphatase activity as a function of the 

number of days in culture is shown in Fig 3. It is observed that its activity 

on day 18 increased over 2.6-fold compared to day 4. Since alkaline 

phosphatase is established to be a marker for cell differentiation, an increase 

in its activity is indicative of the differentiative nature of the Caco-2 cell 

monolayer. The results of TEER measurements conducted on the 

monolayers on different days in culture is shown in Fig 4. In the initial 

stages of growth, there was a gradual increase in TEER which plateaued 

around day 10 with a maximal value of 199.0 ohm.cm2
• This finding is 

similar to that of Hidalgo et ai, who reported a value of 173.5 ohm.cm2 (2). 

Fig 5. shows the results of mannitol transport on day 0 and day 24. The AP 

to BL transport of mannitol (% transported/min) was reduced by 31 .5-fold 

(3.90 ± 0.65 vs. 0.124 ± 0.02) in the presence of the Caco-2 cell monolayer. 

This is in agreement with the studies of Cogburn et al where the presence 

of the monolayer reduced the transport of mannitol by 30-fold (12). 
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Fig 1. (A) A schematic drawing of the TransweliR apparatus used in the 

transport studies. (B) Potential barriers to solute transport in the cell culture 

sytem. A, apical side; 8, aqueous boundary layer; C, cell monolayer; 0, 

supporting matrix; E,_ microporous membrane; F, basolateral side, Co, 

original concentration of solute; Cd, donor side concentration; Cr, receiver 

side concentration. 
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Fig 2. Electron microscopic observation of Caco-2 cell monolayer grown 

on TranswelisR on (a) Day 4 (magnification x 8,100) and (b) Day 12 

(magnification x 10,300) in culture. 
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Fig 3. Alkaline phosphatase activity in Caco-2 cell monolayers as a function 

of number of days in culture. All values are Means ± SEM, n = 4. a 

Significantly greater than Day 4 at p < 0.05. 
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Fig 4. Transepithelial electrical resistance measurements of Caco-2 cell 

monolayer as a function of number of days in culture. Values are Means ± 

SEM, n = 6. 
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Fig 5. Transport of (3H) mannitol across Caco-2 cell monolayers on Day 0 

and Day 24 in culture. Values are Means ± SEM., n = 6. 
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CHAPTER 4 

ABSORPTION ENHANCEMENT OF MELANOTAN-I USING THE CACO-2 CELL 
MONOLAYER MODEL 

SUMMARY 

The aim of this study was to evaluate the potential of Melanotan-I (MT-I) 

for oral delivery in humans. An in-vitro cell monolayer model (Caco-2) was 

used to screen the effect of certain absorption enhancers on the transport of 

MT-1. The enhancers used were Dimethyl-r.,-cyclodextrin (DMr.,CD), Sodium 

taurodihydro-fusidate (STDHF) and Aprotinin (AP), a protease inhibitor. In 

addition, membrane damage associated with the use of these enhancers was 

determined by monitoring the release of cellular lactate dehydrogenase (LDH). 

Administration of MT-I with aprotinin produced a 2.4-fold increase in the 

transport of MT-1. No significant enhancement was seen with either DMr.,CD 

or STDHF. Thus, inhibition of degradation of MT-I by proteases appears to be 

the most promising approach for delivering MT-I via the oral route. An attempt 

was made to compare the results obtained from the Caco-2 model to that of a 

rat in-situ closed loop model. Between-model results were observed to be to 

be comparable. 
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INTRODUCTION 

Advances in recombinant DNA and hybridoma technology have led to the 

discovery of several potential peptide and protein drug candidates. 

Unfortunately, the presence of various physical and metabolic barriers in the 

gastrointestinal tract have made successful oral delivery of these molecules 

challenging. Presently, several approaches have been suggested to circumvent 

these barriers including, rational drug design, use of prodrugs, co-administration 

of absorption enhancers, etc. 

Melanotan-I (MT-I; Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Pro-Lys-Val

NH2 ) is a synthetic analog of a-Melanotropin (1). It is a tridecapeptide (M.W. 

1647), and has been shown to induce skin darkening in in-vitro frog and lizard 

skin bioassays (2), and also in humans (3). Since MT-I is a large, hydrophilic 

molecule, it is anticipated that its passage across the gastrointestinal membrane 

will be limited and hence its oral bioavailability low. In addition, the presence 

of labile peptide bonds make degradation by the proteases associated with the 

intestinal absorptive cells highly likely, thus further compromising its absorption. 

Therefore, our rationale was to employ certain absorption enhancers to promote 

the absorption of this compound. 

The overall objective of our research was to evaluate the suitability of 

MT-I for oral delivery in humans. The specific aims of the present study were 
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two-fold; first, to evaluate the efficacy of certain absorption enhancers on the 

transport of MT-I in the in-vitro Caco-2 cell monolayer model. Second, to 

determine the extent of cell damage elicited by the use of these enhancers 

using the same model. The Caco-2 model is now widely accepted; both for 

assessing intestinal permeability, and for elucidating transport mechanisms of 

drug molecules (4-6). In addition, it can serve as a rapid preliminary screen to 

test various formulations prior to conducting these studies in an animal model. 

The absorption enhancers chosen for this study were Dimethyl-ls-Cyclodextrin 

(DMr.,CD), Sodium taurodihydrofusidate (STDHF) and Aprotinin (AP), DMr.,CD 

is a methylated cyclodextrin derivative which has been reported to enhance the 

absorption of insulin across the nasal mucosa of rats (7). STDHF is a bile acid 

derivative used as an absorption enhancer for peptides (8). Aprotinin is a 

protease inhibitor which has inhibitory effects on various proteolytic enzymes 

and can therefore inhibit the degradation of peptides and proteins by the 

proteases present in the gastrointestinal tract (9,10)' 

EXPERIMENTAL PROCEDURES 

MATERIALS: Caco-2 cells were obtained from ATCC (Baltimore, MD) at 

passage 17. Fetal bovine serum (FBS) was from Hyclone (Salt Lake City, 

UT), Purified MT-I acetate (> 99% pure) was obtained from Bachem 

(Torrance, CA). Aprotinin (biotechnology grade) was from Miles (Kankakee, 

IL). All other cell culture reagents were from GIBCD (Grand Island, NY) and 
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chemicals from Sigma (St.Louis, MO). The TranswellsR (Cat no. 3412, 24.5 

mm Ld., 0.4 pm pore size) were from Costar (Cambridge, MA). DM!"!'CD was 

obtained from Pharmatec (Alachua, FL) and STDHF was a generous gift from 

Scios Nova (Mountain View, CA). The radioimmunoassay kits were from 

Peninsula Laboratories (Belmont, CA). 

METHODS: Caco-2 cells were grown in T-75 flasks with Dulbecco's modified 

eagle medium and supplements (penicillin, streptomycin, gentamycin and 10% 

FBS) at 37°C in an atmosphere of 5% CO 2 , After harvesting the cells with 

0.05% (v/v)Trypsin-0.53mM EDTA, they were seeded onto Transwells at 2 x 

106 cells/insert and grown for up to 22-25 days. Media was changed every 

other day prior to confluence and every day post-confluence. The extent of 

differentiation and the functional integrity of the barrier were evaluated by 

monitoring the alkaline phosphatase activity and transepithelial electrical 

resistance (TEER) measurements, respectively, as per published methods 

(11,12). On the day of an experiment, the culture medium was removed by 

aspiration and the Transwells were incubated at 3rC with the transport buffer 

(Hanks Balanced Salt Solution with 5.6 mM glucose, 25 mM HEPES, pH 7.4) 

for 30 minutes. Transport experiments were initiated by replacing the medium 

on the apical (AP) side with transport buffer containing MT-I (1.0 pM) alone or 

with the chosen absorption enhancers. At this time, 50 pi was sampled from 

the AP side for determination of the initial concentration of MT-1. Thereafter, 
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at various time points, 100 pi was sampled from the basolateral (BL) side. 

Subsequent to sampling from the BL side, an equal volume of the buffer was 

added to maintain a constant volume. MT-I concentrations were determined by 

a radioimmunoassay method reported previously (13). In addition, at the end of 

the experiment, 100 pi was withdrawn from the AP side to quantitate the 

release of Lactate dehydrogenase (LDH) into the transport buffer. The total 

intracellular levels of LDH were determined by intentionally degrading the cells 

(controls) with 1 % (v/v) Triton X-100. 

The LDH analysis for the in-vitro studies and the determination of 

albumin, total protein and alkaline phosphatase from the in-situ studies were 

performed by Animal Diagnostic Laboratory Inc. (Tucson, AZ). 

DATA ANALYSIS 

The apparent permeability coefficients (Papp) were calculated from the 

following equation: 

Papp = VR * (dQ/dt) / A * Co * 60 

where VR is the volume of the basolateral compartment (2.5 ml), dQ/dt is the 

permeability rate (ng/min *ml), A is the surface area of the membrane (4.71 

cm2
) and Co is the initial concentration of MT-I (ng/ml). The permeability rates 

were calculated from the initial slope (Le, before ~ 15% of MT-I had been 

transported to the BL side) of the cumulative amount of MT-I transported to the 

BL side vs. time. The correlation coefficients obtained from the regression 
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analysis were in the range of 0.98 - 0.99. The data were expressed as means 

± SEM. Group differences were evaluated using ANOVA. A significance level 

of p < .05 was used in all treatment comparisons. The LDH concentration (in 

lUll) released into the apical medium at the end of the experiment was 

expressed as a percentage of the total intracellular LDH levels. 

The data were expressed as Means ± SEM. Group differences were 

evaluated using ANOVA. A significance level of p < 0.05 was used in all 

treatment comparisons. 

RESULTS 

The results of the transport studies of MT-I obtained using the Caco-2 

cell monolayer model are shown in Fig.1. Co-administration of aprotinin with 

MT-I produced a 2.4-fold increase in the transport of MT-I from the AP to the 

BL side, i.e., from a Papp of 5.74 x 10-6 cm/sec to 13.63 x 10-6 cm/sec (p < 

.002 ). Inclusion of DMr.,CD in the mixture of aprotinin and MT-I yielded a 1.8-

fold increase (p < .02) in the apical to basolateral transport of MT-1. All other 

treatments, i.e., MT-I + DMr.,CD, MT-I + STDHF and MT-I + STDHF + 

aprotinin, failed to produce a significant enhancement of MT-I transport. The 

extent of cell damage exerted by the addition of these adjuvants was evaluated 

by monitoring the release of LDH into the apical medium of the Transwells. 

Table I shows the mean LDH activity expressed as a percentage of total 

intracellular LDH levels (see Methods). In addition, Table I also summarizes the 
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"enhancement index" (E. I.), which is defined here as the ratio of the increase 

in transport relative to MT-I divided by the percentage of LDH released 

multiplied by 100. It was used here in an attempt to assess the total 

performance of an enhancer, i.e., its enhancement potential and the cell toxicity 

associated with it. 

DISCUSSION 

Despite the increasing number of peptide and protein based therapeutic 

entities under development the oral delivery of peptide and protein drugs 

remains a challenge due to their poor absorption across the membranes of the 

gastrointestinal tract and their degradation by the proteases associated with the 

absorptive cell membranes and the cytosol (14). In this regard, MT-I appears 

to behave like a typical peptide. The rationale for this study is based on the 

fact that the inhibition of degradation and/or the alteration of membrane 

permeability by co-administration of absorption enhancers may facilitate 

absorption of MT-I. To test this hypothesis, the Caco-2 cell monolayer model 

was utilized. This model has now become popular for the routine evaluation of 

the permeability characteristics of potential protein and non-protein drug 

candidates, and for studying the effect of physicochemical factors (e.g., 

molecular weight, hydrogen bonding, partition coefficient, etc.) on the transport 

of model peptides (15). The ability to control external factors (pH, temperature, 

osmolality, etc.), the presence of a homogenous population of cells, the use of 
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small amounts of study molecules, high throughput, etc., are some of its merits. 

Aprotinin was able to enhance the absorption of MT-I, possibly by 

helping to prevent the degradation of this peptide by the proteases associated 

with the gastrointestinal absorptive cells. This result is consistent with the fact 

that aprotinin is a serine protease inhibitor which has been shown to be 

effective in improving the delivery of other peptides (16). The observation that 

enhancement was achieved with aprotinin plus DMBCD but not with DMr.,CD 

alone also supports the above conclusion. Although DMr.,CD (7) has been 

shown to be effective in improving the nasal absorption of other peptides, no 

significant effect on the transport of MT-I was observed. This may be related 

to the degradation of MT-I by the proteases prior to the alteration of the 

membrane permeability by DMr.,CD. Also, recent studies have shown that the 

intestinal membrane is more resistant to the action of DMr.,CD (17) compared 

to the nasal mucosa and alveolar sacs. In addition, cyclodextrins have been 

shown to be degraded by amylases present in the gastrointestinal tract (18), 

which may thereby reduce their absorption-enhancing effects. Although the 

presence of amylases has not been established in Caco-2 cells, it is known that 

these cells express disaccharidases (e.g., sucrase-isomaltase), and alkaline 

phosphatase similar to normal enterocytes (19). The mechanisms of 

cyclodextrin-mediated enhancement of solute transport are (a) enhanced 

solubility of the drug molecule, and (b) a direct membrane perturbing effect. 
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Since MT-l does not exhibit a solubility limitation, only the membrane effect is 

expected to playa major role. The reason for the lack of this effect may be 

related to the low concentrations of DMBCD used in this study. Therefore, it 

is possible that the use of higher concentrations of DMBCD may result in an 

increased transport of this peptide. 

STDHF is a bile acid derivative which has been shown to enhance the 

absorption of other peptides (8). The reason for its lack of effect here could be 

due to the degradation of MT-l prior to the alteration of membrane permeability. 

Studies on the effect of STDHF in Caco-2 cells (20) indicate that concentrations 

on the order of 5 mM are necessary to produce a significant increase in the 

transport rate of the marker molecules tested (PEG and Mannitol). While the 

concentration used here (0.3 mM) is far below this concentration, the 

significant cell damage that was exerted even at the concentration used in this 

study (Table I), makes STDHF an unattractive candidate. The relevance of LDH 

release in the presence of STDHF without a significant permeability 

enhancement is presently not well understood. Nevertheless, studies in our 

laboratory with other enhancers (acylcarnitines) reveal that a similar increase 

in the release of LDH is possible even at concentrations insufficient to increase 

the transport of certain marker molecules (e.g., mannitol). It is unclear why 

there was a lack of absorption enhancement when aprotinin was used in 

conjunction with STDHF. One explanation could be the degradation of aprotinin 
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by STDHF, since recently it has been shown that some surfactant molecules are 

capable of altering the conformation and activity of proteins (21). Since 

aprotinin is itself a protein and may require a specific conformation for its 

activity, this possibility cannot be ruled out. Another possibility is the 

entrapment of aprotinin into STDHF micelles thereby rendering aprotinin 

inactive. This does not appear to be a factor here because the concentration 

of STDHF used in this study is 0.3 mM whereas the critical micelle 

concentration of STDHF is 2.5 mM (20). 

Recently, the Caco-2 model has been established as a valuable tool for 

assessing the cytotoxicity of potential absorption enhancers (22). This 

procedure involves monitoring the release of Lactate dehydrogenase (LDH) into 

the apical media. LDH is a cytosolic enzyme and its presence in the apical 

buffer is indicative of cell damage. From Table I, it is clear that STDHF 

produced significant cell damage in comparison to controls (i.e., MT-I). This 

table also describes another parameter, defined here as the enhancement index 

(E.I.). This index is a ratio of benefit to side effects, an approach which 

attempts to summarize the overall performance of different treatments. 

Hopefully, this parameter will permit an investigator to make more rational 

decisions concerning whether a particular treatment should be accepted or 

rejected from further consideration at an earlier stage of drug development. 

However, it should be noted that in our definition of E.I., promotion oftransport 
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by enhancers and the associated cell damage has been equal importance. 

While this approach, although arbitrary is reasonable, caution should be 

exercised in the interpretation of E.I., since this parameter depends on the 

overall objectives of specific study. 

The comparison of the permeability data from the Caco-2 model and the 

bioavailability data from the rat model is shown in Fig 2. Based on the 

preliminary screening using the Caco-2 model, three groups were chosen by 

Ugwu et al. for a similar study using the rat model. Between-model 

comparisons for these groups indicated that the trends observed for both 

models were comparable. The aprotinin plus DMP.,CD group caused a significant 

increase in the permeability (Caco-2) and bioavailability (in-situ) of MT-I 

compared to controls, whereas DMP.,CD alone did not have a significant effect 

in either model. Comparisons between the Caco-2 model and other models 

have been reported recently by various authors (23-26). These investigators 

have generally used a variety of compounds with different physicochemical 

properties. This approach is very useful in terms of gaining insight into the 

various factors that govern the transport of drug molecules across intestinal 

membranes. Nevertheless, a pharmaceutical scientist is very often confronted 

with the task of formulating a specific drug candidate. In these circumstances, 

the Caco-2 model can be used as a rapid screen to test the potential 

formulations and based upon the results obtained from this screen, a formulator 
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can make more rational decisions regarding which formulations merit further 

investigation. Our study has followed this latter approach with MT-I as our 

drug candidate. It should be emphasized that such comparison studies are not 

only necessary to further validate the Caco-2 model as a valuable tool for 

elucidating transport mechanisms of drug molecules, but also as a step towards 

reducing or replacing the often criticized use of animals in these types of 

research and developmental efforts in the pharmaceutical and allied fields. 
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Fig 1. MT-I transport in the Caco-2 monolayer model. The concentrations used 

were MT-I: 1.0 JiM, Aprotinin: 7.5 KIU/ml, DMr.,CD: 87 JiM and STDHF: 300 

JiM. All values are expressed as means ± SEM, n = 3. a Significant increase 

compared to MT-I (p < 0.05). b n = 2 for this group. Legend: M = MT-I, 

AP=Aprotinin, D=DMr.,CD, ST=STDHF. 
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Fig 2. Comparison of transport data (Caco-2) and bioavailability data (in-situ 

rat model). All values expressed as Means ± SEM, n = 3. a Significant increase 

compared to X (p < 0.05). b Significant increase compared to Y (p < 0.05). 

Legend: M = MT-I, AP = APROTININ, D = DMr.,CD. The dotted bars representthe 

Caco-2 data and the hatched bars represent the rat data. 
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Table I. LDH activity in the Caco-2 modelB 

Group %LDH release Transport increase Enhancement 

relative to MT-I Index 

MT-I 3.97 ±1.18 1.00 25.1 

MT-I+AP 3.30 ±0.12 2.37 71.8 

MT-I + AP + DMBCD 1.58 ±0.49 1.81 114.5 

MT-I+DMBCD 2.40 ±0.27 1.15 47.9 

MT-I+STDHF 8.03 ±0.51b 1.36 16.9 

MT-I + AP + STDHFc 6.47 ±0.53 1.04 16.0 

a Lactate dehydrogenase levels expressed as Means ± SEM, n = 3. 

b Significant increase compared to MT-I (p < 0.05). 

C n = 2 for this group. 

...10 

o 
o 
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CHAPTER 5 

CALCIUM: ROLE IN OSTEOPOROSIS PREVENTION AND ITS INTESTINAL 
TRANSPORT 

INTRODUCTION 

The purpose of this chapter is to review the role of calcium in the 

prevention of osteoporosis and to also present the basis for attempts to improve 

the intestinal absorption of calcium. The rationale and the objectives of this 

research, i.e., evaluation of the enhancement of calcium transport by medium-

chain triglycerides and acylcarnitines will be discussed. Finally, a brief review 

of intestinal calcium transport in general, and in the Caco-2 cell monolayer 

model, will also be presented. 

OSTEOPOROSIS AND CALCIUM 

Osteoporosis is a specific form of osteopenia in which the quantity of 

histologically normal bone is decreased. Osteoporosis is classified as either 

Type I or Type II on the basis of metabolic and epidemiologic data. Type I or 

post-menopausal osteoporsis results primarily from factors associated with 

menopause and is clinically evident within 20 years after menopause. Type II 

or senile osteoprosis is a consequence of age-related changes that affect the 

elderly of both sexes (1). Although the pathogenesis of osteoporosis is 

established to be multifaceted with contributions from ethnic, genetic and 

lifestyle factors, estrogen deficiency and calcium deficiency are two factors that 
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relate solely to low bone mass (2). Estrogen deficiency is one of the major 

causes of bone loss in post-menopausal women and evidence suggests that 

replacement of this hormone slows the rate of bone loss, primarily by 

decreasing bone resorption. While the evidence for anti-fracture efficacy of 

high calcium intake seems nearly as strong as that for estrogen replacement 

therapy, it is certainly less dramatic as bone loss is slower in calcium deficiency 

states compared to that following estrogen withdrawal (3). Nevertheless, 

calcium deficiency is known to produce bone loss of 1 % per year between 50 

and 80 years of age, which is about twice as much bone loss during this period 

as that due to estrogen loss (3). In addition, several observations support a 

causal relationship between calcium deficiency and osteoporosis. First, calcium 

deficiency in experimental animals induces osteoporosis (4). Second, a low 

calcium intake is common among elderly in the United States and the incidenc 

of osteoporosis in highest in this group (2). Third, intestinal absorption of 

calcium diminishes with age in both men and women. In fact, biochemical 

findings in a group of patients averaging 80 years of age suffering from senile 

osteoporosis showed a decreased absorption of calcium in 75% of these 

subjects (4). Fourth, calcium supplementation appears to reduce bone loss, 

especially in elderly post-menopausal women (5). 

The current treatment strategies for osteoporosis include estrogen 

replacement, administration of calcitonin and administration of vitamin D and 
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it analogs. Unfortunately, these approaches are not a panacea and each has 

its own limitations. One of the significant hazards of estrogen therapy is an 

increased risk of endometrial hyperplasia and adenocarcinoma among post

menopausal women who have not had hysterectomy. Other undesirable side 

effects of estrogen therapy include headache, weight gain, breast tenderness, 

glucose intolerance, hypertension, gall bladder disease and thrombophlebitis (2). 

Calcitonin administration has beneficial effects but it must be given by injection 

several times weekly and costs more than $ 2,000 per year. Moreover, 

resistance will develop within 1 to 2 years and bone loss is observed to resume 

(6). Vitamin 0 and its analogs are used therapeutically, but high doses are not 

efficacious and overdoses are known to result in hypercalcemia, extraosseous 

calcification and renal failure (7). Recent studies in rats indicate that the 

administration of 1,25-dihydroxyvitamin D3 increased calcium and phosphorous 

transport in all age groups, but the maximal levels attained were less in older 

rats compared to young (8). 

Optimal dietary intake of calcium appears to be effective in maintaining 

calcium homeostasis and thereby reducing net bone loss (5). However, the 

average intake of calcium among elderly women in the United States is 

approximately 500 mg daily, which is about one half of that needed to offset 

daily metabolic losses and 25% of all women above age 20 consume less than 

300 mg per day (9). Most premenopausal women and even estrogen-treated 
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women need about 1000 mg of calcium daily to achieve positive calcium 

balance, whereas most post-menopausal women need 1500 mg daily (10). 

Since adjustment of dietary habits to achieve increased calcium 

requirement is often impractical as it involves intake of more calcium-rich 

foodstuffs, the use of supplements is widespread, recommended and presently 

justified (11). However, these supplements often do not adequately fulfill daily 

body requirements of calcium due to the relatively low absorption efficiency of 

calcium in the gastointestinal tract. Moreover, there seems to exist an inverse 

relationship between the absorption efficiency and the size of the ingested load 

(12). Thus, consumption of doses beyond an optimal load does not result in a 

proportional increase in absorption efficiency. 

RATIONALE AND OBJECTIVES 

The weight of literature clearly indicates the pivotal role of calcium in 

maintaining optimal bone health and that positive calcium balance may reduce 

the rate of net bone loss, thus decreasing the risk of osteoporosis (13). The 

aim of this research was to identify safe and effective enhancers of calcium 

transport with a view toward improving the bioavailability of this essential 

nutrient. An enhanced bioavailability will promote bone health, especially the 

high-risk group (elderly and post-menopausal women) and therby reduce the 

morbidity and mortality associated with bone fragility in this population. 
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The specific aims of this study are: 

(a) to evaluate the concentration and chain-length dependence of 

medium-chain triglycerides (MCTs) and acylcarnitines (ACs) on the 

enhancement of calcium transport in the Caco-2 cell monolayer 

model, 

(b) to compare the efficacy and toxicity associated with the enhan

cement of calcium transport using the same model, and 

(c) to elucidate the mechanisms of enhancer-mediated increase in the 

transport of calcium. 

CELLULAR CALCIUM TRANSPORT 

Transepithelial transport of calcium proceeds via two routes: a saturable, 

vitamin D-dependent transcellular pathway, and, a non-saturable vitamin D 

independent paracellular pathway. The transcellular pathway consists of entry 

at the brush border membrane, intracellular diffusion and extrusion at the 

basolateral membrane (14). While the luminal concentrations of calcium are 

in the millimolar range, the intracellular concentrations are in the micro molar 

range. Therefore, entry of calcium into epithelia is down its electrochemical 

gradient and therefore does not require any input of energy. Presently, two 

major mechanisms are postulated for the entry of calcium into the cell via the 

brush border membranes. These are (a) via the calcium channel and (b) 

facilitated transport. Calcium extrusion from the basolateral membrane is 
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against the electrochemical gradient and therefore requires the input of energy. 

This process is efficiently handled by the Ca-A TPase pump. It has already been 

established that this enzyme is capable of handling maximal calcium loads 

present in the intestinal milieu. Intracellular movement of calcium is 

accomplished with the aid of a variety of calcium binding molecules collectively 

known as calcium binding proteins. Intracellular movement has been 

demonstrated to be the rate-limiting step in the transcellular transport of 

calcium (14). 

The non-saturable route, i.e., the paracellular pathway, is the movement 

of calcium between the cells limited by the tight junctional assembly. It is 

known to be vitamin D independent and constitutes the major pathway for 

calcium transport across epithelia and accounts for much of the absorbed or 

reabsorbed calcium. 

The various qualitative and quantitative aspects of cellular calcium 

transport in the intestine have been ascertained in the past using various in-vitro 

and in-vivo models. One recent contribution aimed at furthering our knowldege 

of cellular calcium transport evaluated the usefulness of the Caco-2 cell 

monolayer model. Caco-2 cells were found to possess a specfic 1,25-

dihydroxyvitamin 0 3 binding protein similar to the mammalian receptor with 

respect to equilibrium dissociation constant, binding specificity, sedimentation 

and DNA binding characteristics (15). Transepithelial calcium transport was 
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characterized in this model and kinetic data demonstrated that total calcium 

transport was equal to the sum of the saturable and non-saturable transport 

processes, similar to the findings obtained with other intestinal preparations 

( 16). 
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The objective of this study was to identify enhancers of calcium 

transport using an in-vitro Caco-2 cell monolayer model. The enhancers 

studied were medium-chain triglycerides (MCTs) and acylcarnitines (ACs). 

The effects of chain-length and concentration dependence of these agents 

on enhancement were also determined. The extent of cell damage 

associated with the use of these enhancers was determined by monitoring 

the release of cellular lactate dehydrogenase (LDH). The enhancing ability 

of ACs was found to be superior to those of MCTs. However, the ACs 

elicited a greater release of LDH than the MCTs. The possible mechanisms 

of enhancer-mediated increase in calcium transport and the potential 

significance of this study with regard to the prevention of osteoporosis are 

discussed. 
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INTRODUCTION 

Calcium (Ca) is the fifth most abundant element in the human body, 

with the skeleton containing 99% of the total body stores. It is involved in 

a variety of cellular processes such as maintenance of an electrical gradient 

across cell membranes, activation of several enzymes and regulation of the 

turnover of cytoskeletal proteins (1). Calcium homeostasis is achieved 

through the actions of vitamin D and parathyroid hormone on the intestine, 

the kidney and bone. Loss of calcium from the skeleton leads to decreased 

bone mass, resulting in a variety of bone disorders including osteoporosis. 

Osteoporosis is a form of osteopenia in which the quantity of 

histologically normal bone is decreased. The clinical manifestations of 

osteoporosis include fractures of the hip, spine and wrist, which result in 

significant morbidity, expense and disability (2). Although the pathogenesis 

of osteoporosis is multifaceted, several studies have demonstrated a causal 

relationship between calcium deficiency and osteoporosis (3-5). Although 

optimal dietary intake of calcium appears to be effective in maintaining 

calcium homeostasis and thereby reducing net bone loss, the average intake 

of calcium in the USA is inadequate to maintain calcium balance (5). Even 

the use of calcium supplements often does not adequately fulfill daily body 

requirements of calcium due to the relatively low absorption efficiency (25 -

30%) of calcium from the gastrointestinal tract. In addition, there is an 
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inverse relationship between the absorption efficiency and the size of the 

ingested load (5,6). The incorporation of absorption enhancers into 

calcium-containing foodstuffs, including calcium supplements, may help to 

improve the intestinal absorption efficiency of this essential mineral. 

Transepithelial calcium transport in the intestine has been shown to 

occur via two routes: a transcellular and a paracellular pathway (7). Much 

of our present knowldege of intestinal calcium transport mechanisms has 

come from studies conducted in chicks and rats using a number of in-vitro 

and in-vivo techniques. !he recent characterization of calcium transport 

using an in-vitro cell monolayer (Caco-2) model has improved our ability to 

elucidate the mechanisms of intestinal calcium transport (8,9) and to 

examine potential enhancers of intestinal calcium transport. 

The overall objective of this study was to identify enhancers of 

calcium transport in an in-vitro cell monolayer (Caco-2) model. The 

enhancers studied were acylcarnitines (AC) with palmitoyl (C'6), myristoyl 

(C'4) and lauroyl (C'2) side chains (hereafter referred to as PCa, MCa and 

LCa, respectively) and medium-chain triglycerides (MCT), containing varying 

proportions of caprylic and capric acid side chains. The extent of cell 

damage associated with the use of these enhancers was determined by 

monitoring the release of cellular lactate dehydrogenase (LDH). 
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EXPERIMENTAL PROCEDURES 

MATERIALS: Caco-2 cells were obtained from ATCC (Rockville, MD) at 

passage 17. All cell culture reagents were obtained from GIBCO (Grand 

Island, NY). TransweliR inserts, polyvinlylpyrrolidone free, 24.5 mm, O.4pm 

pore size Cat. no. 3412 were from Costar (Cambridge, MA). Radioactive 

(
45Ca) was from New England Nuclear (Boston, MA). Acylcarnitines (> 

99% pure) were purchased as racemic mixtures in the form of chloride salts 

from Sigma (St. Louis, MO). Medium-chain triglycerides (> 98% pure) were 

from Hi..ils America (Piscataway, NJ). Ready CapsR were purchased from 

Beckman Instruments (Fullerton, CA). All other laboratory chemicals were 

from Sigma (St.Louis, MO). 

METHODS: 

Cell culture: Caco-2 cells were routinely grown in T-75 flasks with 

Dulbecco's modified eagle medium (DMEM) with pencillin, streptomycin, 

gentamycin and 10% fetal bovine serum at 3rC in an atmosphere of 5% 

CO 2 , Cells were harvested with 0.05% (w/v) trypsin-0.53 mM EDTA and 

seeded onto Transwells at 2 x 106cellslinsert and grown for up to 22-25 

days. Media was changed every other day prior to confluence and every 

day post-confluence. Prior to conducting transport studies the Caco-2 cell 

monolayer model was characterized by determining the extent of 

differentiation and the functional integrity of the barrier by monitoring 
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alkaline phosphatase activity and transepithelial electrical resistance (TEER), 

respectively as per published methods (10,11). Monolayers used for 

transport studies were from passages 25-35. 

Transport studies: On the day of an experiment, culture medium was 

removed by aspiration and the Transwells were incubated at 3rC with 

transport buffer for 30 minutes. Transport experiments were initiated by 

replacing the medium on the apical (AP) side with transport buffer 

containing 1.8 mM CaCI2 (6 ,uCilml of 45Ca) alone or with the chosen 

absorption enhancers. At this time, 50,u1 was sampled from the AP side for 

determination of the initial concentration of calcium. Thereafter, at various 

time intervals (up to 120 minutes), 100,u1 was sampled from the basolateral 

(BL) side. Subsequent to sampling from the BL side, an equal volume of 

buffer was added to maintain a constant volume. Sampled solutions were 

directly transferred to Ready CapsR, dried at 37°C for 10-12 hrs, and 

counted using a scintillation counter (Beckman LS 5000 TD) to permit 

quantitation of calcium transported. At the end of each experiment (120 

min), 100,u1 was withdrawn from the AP side to determine the amount of 

lactate dehydrogenase (LDH) released into the transport buffer. The total 

intracellular levels of LDH were determined in cell homogenates of 1 % 

(v/v)Triton X-100. 
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Transport Buffer: The transport buffer consisted of Hank's balanced salt 

solution with 5.6 mM glucose in 20 mM HEPES at pH 7.2. Acylcarnitines 

were freely soluble in the transport buffer, therefore stock solutions of each 

acylcarnitine were prepared and diluted accordingly for each experiment. 

The concentrations used were 50, 100, 150 and 200 pM. MCTs were 

available as viscous liquids which were poorly soluble in the transport 

buffer. Solutions of MCTs in transport buffer were prepared using the 

modified method of Traber et al (12). Thus, stock solutions of each MCT 

were prepared by adding the required volume of MCT to the transport buffer 

with 0.1 % (w/v) BSA, and incubating the mixture at 3rC for 1 hr. This 

mixture was then homogenized to yield a uniform emulsion of MCTs with 

the transport buffer. The concentrations of MCTs used for this study were 

2, 10 and 20 mM. The osmolality of all the solutions was checked using a 

vapor pressure osmometer (Model 5100, Wescor Inc., Logan, UT). Iso

osmolar solutions (adjusted with mannitol where necessary) were used in 

order to eliminate any confounding osmotic effects during the course of 

these experiments. 

DATA ANALYSIS 

Apparent permeability coefficients (Papp) were calculated from the 

following equation: 
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Papp = VR * (dQ/dt) / A * Co * 60 

where VR is the volume of the basolateral compartment (2.5 ml), dQ/dt is 

the permeability rate (mol/min * ml), A is the surface area of the membrane 

(4.71 cm2
) and Co is the initial concentration of calcium (mol/mI). The 

permeability rates were calculated as the initial slopes (i.e., before> 10% 

had been transported) of plots of the cumulative amount of calcium 

transported to the BL side vs. time. The correlation coefficients obtained 

from the regression analyses ranged from 0.98 - 0.99. LDH (lUll) released 

into the apical medium at the end of the experiment was expressed as a 

percentage of the total intracellular LDH levels. In order to assess the total 

performance of an enhancer, i.e., its enhancement potential and the cell 

toxicity associated with it, an "enhancement index" (E. I.) was calculated, 

defined here as the degree of enhancement (i.e., the ratio of the increase in 

calcium transport in the presence of the enhancer relative to control values) 

divided by the percentage of LDH released, multiplied by 100. LDH and 

total protein analyses for transport studies were performed by the Animal 

Diagnostic Laboratory Inc. (Tucson, AZ). All data were expressed as 

Means ± SEM. Group differences were evaluated using an ANOVA. For 

pair-wise comparisons, Student's t-test was used. A significance level of 

p < 0.05 was used in all comparisons. 
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RESULTS 

Enhancement with MCTs: The effects of MCTs on calcium transport are 

shown in Figs. 1 a, band c. Miglyol 812 significantly increased calcium 

transport at all concentrations tested. Transport enhancement was not 

significantly different at concentrations of 2 and 10 mM. Highest 

enhancement with Miglyol 812 was achieved at a concentration of 20 

mM. The apparent permeability coefficient at this concentration was 

significantly greater than the value at 2 and 10 mM. Miglyol 810 was 

found to be an ineffective agent for enhancing the transport of calcium as 

the apparent permeability coefficients were not significantly different 

from the control monolayers at concentrations up to 10 mM. However, it 

is likely that the high standard deviations observed for concentrations 2 

and 10 mM of Miglyol 812 is the reason for a lack of significant 

statistical difference between the control and the two treatments. 

Although Miglyol 8108N increased the transport of calcium at all 

concentrations studied, it had a relatively weak effect compared to 

Miglyol 812. Miglyol 812 at all concentrations tested significantly 

increased the release of LDH compared to control monolayers. Both 

Miglyol 810 and 8108N had no significant influence on the release of 

cellular LDH. 

Enhancement with ACs: The effect of three acylcarnitines (PCa, MCa 
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and LCa) on the transport of calcium is shown in Figs. 2a, band c. 

Calcium transport was significantly increased relative to control values at all 

concentrations tested for all three ACs. PCa demonstrated a dose-related 

enhancement of calcium transport across the Caco-2 cells. The greatest 

enhancement was achieved with concentrations between 100 and 200 pM 

PCa. There appeared to be a levelling effect on PCa-mediated enhancement 

of calcium transport at concentrations greater than 100 pM since 150 and 

200 pM PCa did not result in statistically significant increases in comparison 

to 100 pM. MCa demonstrated a dose-related enhancement of calcium 

transport, with maximal enhancement occuring at 200 pM. Although there 

was no significant difference in the enhancement of calcium transport at 50 

and 100 pM Mea, the higher concentrations exhibited the following order 

of enhancement efficacy: 200 > 150 > 100 pM. No dose-related 

enhancement was observed with Lea. At 200 pM, Lea demonstrated a 4-

fold increase in calcium transport relative to control, but this increase did not 

differ significantly from those at 50, 100 and 150 pM. PCa and Mea 

elicited a significant increase in the release of LDH relative to control values 

at all concentrations tested, whereas Lea had no effect on LDH release. 

The values of the Enhancement Index for the different ACs and MCTs 

tested are shown in Tables I and II, respectively. Fig 3. shows the 

correlation between the apparent permeability coefficients and the amount 
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of LDH released for the different ACs tested. 

DISCUSSION 

The importance of maintaining adequate plasma levels of calcium in 

order to prevent its loss from the skeletal system has long been recognized. 

Intestinal transport/absorption plays a major role in calcium homeostasis. 

Since the typical absorption efficiency of calcium is rather low (25 - 30%), 

and is further compromised in newborn and elderly populations, attempts 

have been made to increase its intestinal absorption by the use of certain 

adjuvants such as lactose, glucose, MCTs, etc. (13-15). In this study we 

demonstrate the ability of MCTs and ACs to enhance the transport of 

calcium, using an in-vitro cell monolayer model. 

The potential of MCTs to increase calcium absorption has not been 

systematically evaluated in spite of encouraging results obtained by 

Tantibedhyangkul and Hashim (16). In their study, addition of MCT to a 

calcium-containing diet fed to infants led to a 2.3-fold increase in its 

absorption compared to control levels. Recently, the ability of MCTs to 

increase the rectal absorption of ceftriaxone and other drugs has been 

demonstrated (17). MCTs are believed to induce membrane perturbations, 

thereby leading to a decrease in the resistance to the transport of certain 

drug molecules. In addition, the pathways of MCT-mediated enhancement 

appear to be different for the capric (C lO) and caprylic (Ca) acid side chains. 
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The MCTs chosen for this study had different proportions of capric and 

caprylic acid residues. Miglyol 812 (C 1O:Ca = 40:60), which had the highest 

proportion of capric acid side chain was the most promising of the MCTs 

studied. Caprate has been shown to increase the absorption of drug 

molecules by both transcellular and paracellular pathways, whereas 

caprylate is effective in increasing solute transport only via the transcellular 

pathway (18). In addition, the membrane perturbing effects of C,o have 

been shown to be more pronounced than Ca. This finding agrees with the 

results of our study in which IVliglyol 812, at all concentrations tested, 

elicited a significant increase in LDH release relative to the control. Miglyol 

810, which has a capric to caprylic ratio of 30:70, was effective only at a 

concentration of 20 mM. There was no significant difference in % LDH 

release by Miglyol 810, in comparison to the control. Surprisingly, Miglyol 

8108N with a capric to caprylic ratio of 15:85 resulted in a significant 

increase in calcium transport at all concentrations tested, although its effect 

at 20 mM was relatively weak compared to the same concentration of 

Miglyol 812. Nevertheless, the LDH released at all concentrations studied 

for this MCT, was not significantly different from that of the control. One 

likely explanation is that, although the fraction of capric acid in this MCT is 

reduced by more than half, the resultant increase in the amount of caprylic 

acid was sufficient to increase the transcellular calcium transport across the 
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Caco-2 cells. The lack of significant LDH release could be attributed to the 

relatively mild perturbation effect of caprylate compared to caprate. 

Thus, caprate appears to be a more potent enhancer of calcium 

transport than caprylate. This result is consistent with one of the proposed 

mechanisms of MCT-mediated absorption enhancement of drug molecules, 

i.e., destabilization of the membrane by interaction of membrane lipids and 

proteins (18). Nevertheless, triglycerides have been found to possess only 

moderate absorption-promoting ability, and appear to exert their primary 

membrane perturbation after hydrolysis to the corresponding medium-chain 

fatty acids by the lipases present in the gastrointestinal tract. Palin et al 

(19) have demonstrated the enhancement of the oral absorption of cefoxitin 

in rats when co-administered with an emulsion of Miglyol 812. They 

attribute the increase in cefoxitin absorption to the release of fatty acids 

from the MCT, which in turn increases membrane fluidity, thereby leading 

to an increased cefoxitin absorption. In addition, prior exposure of the 

intestinal tissue to Miglyol 812 did not enhance absorption, indicating that 

the MCT had to be co-administered with the drug. This suggests that 

enhanced absorption occurs as a result of a transient effect of the liberated 

fatty acids on the membrane. Thus, it is possible that conversion of MCTs 

to the corresponding fatty acids is not as efficient in the Caco-2 model as 

in-vivo. Due to the lack of specific information at present regarding the 
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presence of lipases or the efficiency of the liberation of fatty acids from 

triglycerides, this hypothesis is speculative and awaits experimental proof. 

It is noteworthy that MCTs are already in use in total parenteral nutrition 

(TPN) solutions and are considered GRAS (Generally recommended as safe) 

by regulatory agencies for such applications. 

Acylcarnitines are amphipathic quarternary ammonium compounds 

which playa major role in the mitochondrial transport system for fatty acid 

oxidation. They are endogenous compounds and have been shown to be 

effective enhancers for the transport of several drugs including cefoxitin, 

gentamycin, methyldopa and cytarabine (20,21). Recently, a relationship 

has been established between the drug absorption-enhancing activity and 

membrane perturbation effects of ACs (22). In addition, PCa has been 

shown to alter the patency of the tight junctions, thereby improving the 

paracellular transport of certain marker molecules (23). The results of this 

study clearly demonstrate the ability of ACs (with different chain lengths) 

to increase the transport of calcium in the Caco-2 model. MCa proved to be 

the most effective, followed by similar effects for PCa and LCa. This trend 

is in agreement with the findings of other researchers (22). The in-vitro 

effects of these acylcarnitines on the permeability, the TEER and the 

reversibility of acylcarnitine-mediated enhancement of solute transport in rat 

colonic mucosal segments has been investigated by LeCluyse et al (24). 
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Their results suggest that acylcarnitines at low concentrations may enhance 

permeability via the paracellular pathway (by loosening the tight junctions). 

At high concentrations transport may be enhanced through breaks in the 

epithelium caused by membrane perturbation in addition to increasing 

paracellular transport. In the same study, treatments with PCa and LCa 

were also found to be less traumatic to the cells, and thus the effect more 

reversible, in comparison to cells exposed to MCa. The relationship between 

potency and chain length was found to be in the order MCa > > PCa > 

LCa. Although the TEER measurements (which reflect tight junction 

integrity) were not monitored during the course of our study, cell toxicity 

(determined from LDH release) associated with the permeability 

enhancement of calcium increased in the order MCa > > PCa > LCa. This 

observation further corroborates the findings of LeCluyse et al (24). 

Although the enhancing effects of PCa and LCa were similar, LDH released 

on exposure to 200 JIM PCa was 4.6-fold greater than that released upon 

exposure to a similar concentration of LCa. This could be related to the 

superior membrane destabilising effect of PCa compared to LCa. LeCluyse 

et al (22) have reported a similar rank-order correlation for the effect of 

these agents on the lipid order of rat intestinal brush border membrane 

vesicles. 

Hochman et al (25) investigated the PCa-mediated changes in tight 
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junction structure in Caco-2 cells and demonstrated that PCa produces 

significant structural alterations to tight junctions. The precise mechanism 

of PCa-mediated alterations of tight junctions is not clear but it does not 

appear to be due to changes in the distribution of actin associated with the 

perijunctional ring. At 200 pM, PCa enhanced the transport of Lucifer 

Yellow (M.W. 452), and this enhancement was correlated to a drop in TEER. 

The authors concluded that this enhancement did not involve lysis of the 

apical membrane, as the same concentration of PCa (200 pM) did not 

enhance the transport of PEG 4000 relative to controls. Moreover, the 

integrity of the apical membrane was also assessed by these authors using 

a propidium iodide assay. Propidium iodide is a membrane impermeable 

DNA stain. Thus, its intracellular presence is indicative of breaks or gaps in 

the apical cell membrane. No significant increase in nuclear staining was 

observed at concentrations below 500 pM PCa. In contrast to their findings, 

our results indicate that at all concentrations of PCa and MCa tested, the 

amount of LDH released increased significantly relative to control values. 

If the release of LDH is indicative of cell damage, then our study indicates 

that 50 pM of PCa or MCa is capable of disrupting the architecture of the 

apical cell membrane. The reason for this discrepancy is presently unclear. 

Nevertheless, it is possible that LDH release and the disruption of tight 

junctions can occur at concentrations of PCa insufficient to elicit an 
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increased transport of a molecular marker such as PEG 4000 or propidium 

iodide (M. W. 682). In fact, studies in our laboratory have demonstrated that 

STDHF (a bile salt derivative) at 0.3 mM was capable of eliciting a 

significant increase in LDH release compared to control values but failed to 

increase the AP to BL transport of a [Nle4-DPhe7]a-MSH analog known as 

Melanotan-I (CHAPTER 4). Another interesting factor is the relationship 

between calcium and the regulation of tight junctions. Since calcium is 

involved in the maintenance of the barrier property of the tight junctions, it 

can be argued that extracellular calcium may interfere with the promotion of 

its own paracellular transport by the ACs. This seems unlikely as 

extracellular calcium does not appear to influence PCa-mediated 

enhancement of Lucifer Yellow. This was adequately demonstrated by 

Hochman et al (25). The enhancing abilities of PCa in Caco-2 monolayers 

were shown to be indistinguishable in calcium-containing and calcium

deficient buffers, and when the intracellular calcium was buffered by 

preloading Caco-2 cells with BAPTA (a buffering agent for Ca +2). 

Another significant observation from this study is the relative potency 

of the two agents tested. Although the maximal concentration of the three 

ACs used in this study was 100-fold lower than the MCTs (0.2 mM vs. 20 

mM), inspection of Tables I and II reveals the relative superiority of ACs over 

MCTs. This observation could be related to the inherent difference between 
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these two agents. ACs are known to be powerful surface modifying agents. 

They possess detergent properties and have been shown to destabilize 

phospholipid vesicles and erythrocyte membranes (26,27). In addition, it 

has been shown that besides a critical chain length requirement (C'2 to C'6), 

the closer the ratio of the lengths of the acyl chains of the phospholipid and 

the acylcarnitine is to unity, the greater the membrane destabilizing effect. 

The phospholipids of cell membranes are predominantly made up of C'4 and 

C'6 side chains (28). Based on the findings of Haeyeart et ai, MCa and PCa 

are more likely to cause greater perturbation of the lipid structure of 

biological membranes compared to LCa. Our study reveals a similar trend 

with regard to the membrane perturbing effects of the three ACs. Another 

interesting observation is the high correlation obtained (r = 0.95) between 

the apparent permeability coefficients and the amount of LDH released into 

the apical buffer with the various ACs tested as shown in Fig 3. A similar 

relationship has been demonstrated between the change in the lipid order of 

brush border membranes and the absorption enhancement of cefoxitin in the 

rat rectum (22). Thus, membrane perturbation appears to be at least one of 

the mechanisms of AC-mediated increase in calcium transport in Caco-2 

cells. Our studies with MCTs failed to reveal significant correlation between 

the apparent permeability coefficients and the amount of LDH released. 

The suitability of this model for assessing the cytotoxicity of potential 
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absorption enhancers by monitoring the release of LDH into the extracellar 

milieu is already established (29). An ideal enhancer should not only lead 

to a significant increase in the absorption of a "drug" molecule; its effect 

should also be reversible and cause the least trauma to the absorptive cells. 

The reversible nature of caprate and acylcarnitines is already established 

(18,24). Nevertheless, a parameter that can objectively compare the overall 

performance of the different treatments, should prove useful. For this 

purpose, we have defined an "enhancement index". This index is a ratio of 

benefit to side effects. Thus, the higher the value, the better the treatment. 

It is expected that in such screening studies, this parameter will permit an 

investigator to make more rational decisions concerning whether a particular 

treatment/enhancer should be accepted or rejected from further 

consideration. For example, if subsequent studies are to be conducted with 

Mea, 50 pM would be the best choice, since the use of higher 

concentrations, while increasing the transport of calcium, also elicit a 

significant undesirable effect (toxicity). Without the use of the E.1. an 

investigator might be tempted to use concentrations greater than 50 pM for 

further studies without realizing that this increase is not justified. In the 

case of Miglyol 812, the use of 20 mM is justified as the E.1. is significantly 

enhanced (2.4-fold) compared to control. The E.1. for 2 and 10 mM 

concentrations are not significantly different from the control. However, for 
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a specific enhancer, if there is no dose-related enhancement observed (e.g., 

LCa) the utility of E.I. is diminished. It should also be noted that in our 

definition of E.I., promotion of transport by enhancers and the associated 

cell damage have been given equal importance. While this approach, 

although arbitrary is reasonable, caution should be exercised in the 

interpretation of E.I. since this parameter depends on the overall objectives 

of a specific study. 

Apart from the membrane effects, two other mechanisms can be 

envisaged for the AC-mediated promotion of the transepithelial transport of 

calcium. The first is the possible opening of the calcium channels at the 

apical membrane. The rationale for this mechanism is derived from the 

observation that PCa resembles Bay K 8644 (a classical calcium channel 

agonist) in its action of reversing the verapamil and nifedipine (calcium 

channel antagonists) mediated inhibition of calcium uptake in various cells 

(30). The second mechanism is the stimulation of the Ca-ATPase pump at 

the basolateral membrane, thus facilitating the extrusion of calcium from the 

cell. The Ca-A TPase pump is believed to playa major role in the extrusion 

of calcium from epithelial cells, and PCa, MCa and LCa have been shown to 

stimulate the Ca-ATPase pump in certain cellular organelles such as 

sarcoplasmic reticulum vesicles (27). The effect of acylcarnitines on calcium 

channels and the Ca-ATPase pump is discussed in the next chapter. 
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This study was designed to screen potential enhancers of calcium 

absorption using an in-vitro cell monolayer model. Both MCTs and ACs 

were found to enhance the transport of calcium although their relative 

potencies varied. The implications of this study relate directly to the 

prevention of osteoporosis. Due to the important role of calcium in the 

etiology of the onset of this disorder, and the relatively poor absorption 

efficiency of calcium from many foodstuffs and supplements, an effective 

means of promoting its intestinal absorption can aid in the maintenance of 

adequate plasma levels of this important mineral. This will, in turn, decrease 

the rate of bone loss. Although further in-vivo studies are necessary to 

unequivocally establish the enhancing capability of these agents, the results 

of this study can serve as a useful guideline especially with regard to the 

choice of adjuvants, i.e., MCTs vs. ACs. In spite of the discrepancy 

between this study and those of Hochman et al (25) regarding the integrity 

of the apical cell membrane, the involvement of ACs in the promotion of 

transport of solutes via the paracellular pathway is well established. Since 

this pathway accounts for much of the absorbed and reabsorbed calcium, 

modification of tight junctions to increase its transport appears to be an 

attractive avenue for future experimentation. In fact, this view is endorsed 

by other researchers, since transcellular transport tends to be down

regulated in certain populations such as newborns and the elderly (7). 



128 

Fig 1. Effect of MCTs on calcium transport (open bars) and amount of LDH 

released (hatched bars). Cells were incubated for 120 minutes with 0, 2, 

10 and 20 mM of MCTs and 1.8 mM calcium. (a) Miglyol 812, (b) Miglyol 

810, and (c) Miglyol 81 08N. a Significant increase relative to control (X) at 

p < 0.05 using ANOVA. b Significant increase relative to control (Y) at p < 

0.05 using ANOVA. C Apparent permeability coefficient significantly greater 

than 2 and 10 mM at p < 0.05 using ANOVA. All values are Means ± 

SEM, n = 3-7. 
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Fig 2. Effect of ACs on calcium transport (open bars) and amount of LDH 

released (hatched bars). Cells were incubated for 120 minutes with 0, 50, 

100, 150 and 200 JIM of ACs and 1.8 mM calcium. (a) Palmitolycarnitine, 

(b) Myristoylcarnitine, (c) Lauroylcarnitine. a Significant increase relative to 

control (X) at p < 0.05 using ANOVA. b Significant increase relative to 

control (Y) at p < 0.05 using ANOVA. C Apparent permeability coefficient 

significantly less than 100, 150 and 200 JIM at p < 0.05 using ANOVA. d 

Apparent permeability coefficient significantly greater than 50 and 100 JIM 

at p < 0.05 using ANOVA. e Amount of LDH released significantly greater 

than 50 and 100 JIM at p < 0.05 using ANOVA. All values are Means ± 

SEM, n = 4-7. 
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Fig 3. Papp vs. % LDH released for ACs. Each point represents the mean 

value of a group tested. The correlation coefficient (r) was 0.95 (p < 0.05). 
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Table I. LDH release and Enhancement Index for acylcarnitines. 

Group n %LDH Degree of Enhancement 

released8 enhancementb Index 

Control 7 1.28±0.09 1.00 78.34±4.74 

PCa-50tlM 5 2.60±0.30c 2.25 ±0.66c 86.84 ± 10.41 

PCa-1 00 tiM 4 4.83±0.66c 3.56±0.34c 74.09 ± 7.21 

PCa-150 tiM 4 4.50±0.40c 3.76±0.56c 85.33 ± 12.57 

PCa-200 tiM 5 4.57 ±0.33c 3.84±0.34c 87.05±7.71 

MCa-50 tiM 6 2.97±0.Or 5.85 ± 1.05c 201.1 ± 35. 70c
,d 

MCa-100 tiM 5 4.95 ±0.22c 4.89±0.76c 97.94± 15.56 

MCa-150 tiM 4 10.76 ± 0.69c 9.27 ±0.83c 85.38±7.77 

MCa-200 tiM 6 25.60±3.11c 15.03 ± 1.00c 59.59±3.92 

LCa-50 tiM 5 1.34±0.51 3.16 ±0.40c 237.21 ±30.31 c 

LCa-1 00 tiM 4 1.13±0.34 2.89±0.61c 257.75±54.43c 

LCa-150 tiM 6 0.93 ±0.27 2.42±0.18c 262.50± 19.51c 

LCa-200 tiM 5 0.98±0.06 4.01 ± 1.04c 411.42 ± 107.1 c 

8 Relative to total intracellular concentration. b Relative to control. c 

Significantly greater than control at p < 0.05. d Significantly greater than 

E.I. at other concentrations of an enhancer at p < 0.05 using ANOVA. 
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Table II. LDH release and Enhancement Index for MCTs. 

Group n %LDH Degree of Enhancement 

releasedD enhancementb Index 

Control 7 1.28 ±0.09 1.00 78.34±4.74 

812-2 mM 3 2.65 ±0.13c 2.26±0.31c 85.63 ± 11.81 

812-10 mM 3 2.76±0.1r 2.13 ±0.15c 77.80±5.72 

812-20 mM 3 2.73±0.12c 5.11 ±O.4r 188.2±17.75c,d 

810-2 mM 3 1.98 ±0.26 1.78±0.45 90.72 ± 23.06 

810-10 mM 3 1.60±0.30 1.53 ±0.26 96.47±16.41 

810-20 mM 3 1.45 ±0.18 1.82±0.Or 126.24 ± 5.42 

8108N-2 mM 3 1.00±0.12 1.67±0.10c 168.17±10.8r 

8108N-10 mM 3 1.26±0.14 1.49±0.31 c 119.48 ± 25.35c 

8108N-20 mM 3 1.28±0.13 1.97 ± 0.07c 154.64±6.04c 

° Relative to total intracellular concentration. b Relative to control. 

c Significantly greater than control at p < 0.05 using ANOVA. 

d Significantly greater than E.1. at other concentrations of the same enhancer 

studied at p < 0.05 using ANOVA. 
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CHAPTER 7 

MECHANISMS OF ACYLCARNITINE MEDIATED ENHANCEMENT OF 

CALCIUM TRANSPORT IN THE CACO-2 CELL MONOLAYER MODEL 

SUMMARY 

The objective of this study was to determine the mechanisms of 

acylcarnitine-mediated enhancement of calcium transport across Caco-2 

cells. The different mechanisms of enhancement postulated are (a) 

loosening of tight junctions thereby promoting paracellular transport, (b) 

opening of calcium channels thus increasing calcium entry, and (c) 

stimulation of the basolateral Ca-ATPase pump thereby aiding calcium 

extrusion. Although the existence of calcium channels and the reversal of 

verapamil-mediated inhibition of calcium uptake by acylcarntines were 

demonstrated for the first time in Caco-2 cells, they do not appear to be a 

major contributing factor to the enhancement of calcium transport by 

acylcarnitines. Calmidazolium, a potent Ca-ATPase pump inhibitor in tissues 

such as rat intestinal segments, failed to inhibit this pump in Caco-2 cells. 

Thus, the predominant mechanism of enhancement of calcium transport by 

acylcarnitines in the Caco-2 model appears to be via promotion of 

paracellular transport. 
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INTRODUCTION 

We have previously demonstrated the enhancement of calcium 

transport by medium-chain triglycerides (MCT) and acylcarnitines (AC) using 

the Caco-2 cell monolayer model (1). Although both MCTs and ACs were 

found to increase calcium transport significantly, acylcarnitine-mediated 

enhancement was found to be superior in comparison to MCTs. In addition, 

a significant correlation was established between AC-mediated enhancement 

of calcium transport (i.e., apparent permeability coefficients) and membrane 

perturbation associated with a transcellular pathway. Recent studies with 

ACs illustrated the ability of these compounds to selectively enhance the 

transport of solutes via the paracellular pathway (2,3). Although the 

paracellular route can be expected to play a significant role in the AC

mediated enhancement of calcium transport, the existence of this pathway 

has not yet been established unequivocally. 

Apart from these pathways, two other mechanisms can be envisaged 

for the promotion of transepithelial transport of calcium. The first is the 

opening of calcium channels at the apical membrane. The rationale for this 

hypothesis is derived from the observation that palmitoylcarnitine (PCa) 

resembles Bay K 8644 (a classical calcium channel agonist) in its ability to 

reverse the verapamil and nifedipine (calcium channel antagonists) mediated 

inhibition of calcium uptake in various cells (4). Calcium channels are 
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believed to playa major role in the entry of this mineral into epithelial cells 

(5). The second mechanism is the stimulation of the Ca-ATPase pump at 

the basolateral membrane, thus facilitating the extrusion of calcium from the 

cell against the electrochemical gradient. Although entry of calcium into the 

cells proceeds down the concentration gradient, its efflux is against this 

gradient and thus requires a specialized system. The Ca-ATPase pump is 

believed to play a major role in the extrusion of calcium from intestinal 

epithelial cells (5). Since PCa, myristoylcarnitine (MCa) and lauroylcarnitine 

(LCa) have been shown to stimulate the Ca-ATPase pump in certain cellular 

organelles such as sarcoplasmic reticulum vesicles (6)' it was of interest to 

determine if this mechanism is operative in the overall scheme of AC

mediated intestinal calcium transport. In order to examine the hypothesis 

that acylcarnitines "open" the calcium channels at the apical membrane, the 

existence of these calcium channels in Caco-2 cells was acertained using 

this cell monolayer model. 

The overall objective of this study was to elucidate the different 

mechanisms of AC-mediated enhancement of calcium transport using the 

Caco-2 cell monolayer model. Specifically, our goal was to determine 

whether the observed enhancement of calcium transport in the Caco-2 

model by acylcarnitines was mediated by (a) an increase in paracellular 

transport, (b) the opening of calcium channels thereby promoting its entry 
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into the absorptive cell or, (c) the stimulation of Ca-ATPase at the 

basolateral membrane thus aiding its extrusion. 

EXPERIMENTAL PROCEDURES 

MATERIALS: Caco-2 cells were obtained from ATCC (Rockville, MD) at 

passage 17. All cell culture reagents were obtained from GIBCO (Grand 

Island, NY). TransweliR inserts, polyvinlylpyrrolidine free, 24.5 mm, 0.4 

pm pore size (Cat. no. 3412) were from Costar (Cambridge, MA). 

Radioactive calcium (45Ca) and mannitol eH) were from New England 

Nuclear (Boston, MA). Acylcarnitines (> 99% pure) were purchased as 

racemic mixtures in the form of chloride salts from Sigma (St. Louis, MO). 

Antagonists (verapamil HCI and nifedipine) and agonist Bay K 8644 were 

obtained from Calbiochem (San Diego, CA). Ready CapsR were 

purchased from Beckman Instruments (Fullerton, CA). All other 

laboratory chemicals including trifluoperazine and calmidazolium were 

from Sigma (St.Louis, MO). 

METHODS: 

Cell culture: Caco-2 cells were routinely grown in T-75 flasks with 

Dulbecco's modified eagle medium (DMEM) with pencillin, streptomycin, 

gentamycin and 10% fetal bovine serum at 37°C in an atmosphere of 5% 

CO 2 • Cells were harvested with 0.05% (w/v) trypsin-0.53 mM EDTA and 

seeded onto Transwells at 2 x106cells/insert and grown for up to 22-25 
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days. Media was changed every other day prior to confluence and every 

day post-confluence. Prior to conducting the uptake and transport studies 

in our laboratory, the Caco-2 cell monolayer model was characterized by 

determining the extent of differentiation and the functional integrity of the 

barrier by monitoring alkaline phosphatase activity and transepithelial 

electrical resistance (TEER), respectively as per published methods (7,8). 

Monolayers used for transport and uptake studies were from passages 25-

35. 

Uptake studies: To determine the existence of calcium channels on the 

apical membrane of Caco-2 cells, uptake of calcium into cell monolayers 

was studied in the presence and absence of two calcium channel blockers, 

verapamil and nifedipine. The effect of Bay K 8644 (a calcium channel 

agonist) and acylcarnitines (PCa and LCa) on the verapamil-mediated 

inhibition of calcium uptake was also examined. Uptake studies were 

conducted using Caco-2 cell monolayers grown in Transwells for up to 18 

to 20 days. Prior to conducting uptake studies, preliminary experiments 

were performed to determine the linearity of calcium uptake into Caco-2 

cells over time. Cell mono layers were incubated for 5, 10 and 30 minutes 

and calcium uptake was quantitated. Since calcium uptake into Caco-2 cells 

were found to be linear between 5 and 30 minutes, subsequent uptake 

studies were conducted for 10 minutes. On the day of an experiment, 
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culture medium was aspirated and replaced with uptake buffer and 

incubated for 30 minutes at 3rC. Uptake studies were initiated by 

replacing the apical transport buffer with 0.25 mM CaCI2 (4 pCi/ml of 45Ca) 

in the presence and absence of the following agents: verapamil HCI, 

nifedipine, Bay K 8644, PCa and LCa. Uptake studies were conducted with 

buffer on the apical (AP) side only in order to eliminate its transfer to the 

basolateral side. Preliminary studies with buffer on the basolateral (BL) side 

during a 10 minute incubation period yielded similar uptake values. 

Following incubation for 10 minutes, buffer was withdrawn and a 200 pi 

aliquot was used for LDH determination. Cells were then rinsed five times 

with ice-cold buffer to eliminate non-specific binding. One and a half ml of 

1 % (v/v) Triton X-1 00 was added to the monolayer and incubated at 37°C 

for 30 minutes. Cells were then scraped and transferred to eppendorf 

tubes. After sonicating the cell homogenates on ice for 20 seconds, the 

tubes were centrifuged for 10 minutes. One hundred pi of the resulting 

supernatant was transferred to Ready CapsR and dried for 10-12 hrs at 37°C 

and counted using a scintillation counter (Beckman LS 5000 TD). An aliquot 

of the supernatant was transferred to cryovials and stored at -80°C for 

determination of the total protein concentration. 

Uptake buffer: Uptake buffer consisted of Hank's balanced salt solution 

with 5.6 mM glucose and 20 mM HEPES at pH 7.2. Acylcarnitines were 
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freely soluble in the buffer, therefore stock solutions of each acylcarnitine 

were prepared and diluted appropriately for each experiment. Although 

verapamil HCI is freely soluble in the buffer, nifedipine is practically insoluble 

in aqueous media. Therefore, a 20 mM stock solution of nifedipine was 

prepared by dissolving the required amount in 1 ml of acetone. The final 

concentration of acetone in the uptake experiments never exceeded 0.5% 

(v/v). Controls for the nifedipine study consisted of 0.25 mM calcium 

spiked with 0.5% (v/v) acetone. Bay K 8644 was dissolved in ethanol to 

yield a stock solution of 1.4 mM. Aliquots of this stock solution were used 

for uptake studies and the maximum concentration of ethanol was 0.25% 

(v/v). Controls consisted of 0.25 mM calcium in 0.25% (v/v) ethanol. 

Transport studies: Transport studies were conducted using the protocol 

described in the previous chapter. To determine if the paracellular pathway 

was involved in the AC-mediated enhancement of calcium transport, 

simultaneous transport of 100 pM mannitol (0.01 mCi/ml of 3H) in the 

presence and absence of 100 pM PCa was determined. Iso-osmolar 

solutions were used in order to eliminate the possibility of any confounding 

osmotic effects during the course of these experiments. 

DATA ANALYSIS 

Uptake studies: Calcium uptake was expressed as the percentage of 

calcium taken up by the cells relative to the initial concentration in the 
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uptake buffer. The % uptake for a given group was obtained by dividing the 

above value by the percent uptake for the control group. The % inhibition 

of uptake was calculated by subtracting the % uptake value from 100%. 

Transport studies: Apparent permeability coefficients (Papp) were calculated 

from the following equation: 

Papp = VR * (dO/dt) / A * Co * 60 

where VR is the volume of the basolateral compartment (2.5 ml), dO/dt is 

the permeability rate (mol/min * ml), A is the surface area of the membrane 

(4.71 cm2
) and Co is the initial concentration of calcium (mol/mI). The 

permeability rates were calculated from the initial slope (i.e., before> 10% 

had transported to the BL side) of the cumulative amount of solute (calcium 

or mannitol) transported to the BL side vs. time. The correlation coefficients 

obtained from the regression analyses were usually in the range of 0.98 -

0.99. 

To determine if the PCa-mediated enhancement of calcium transport 

proceeds via the paracellular pathway, the simultaneous transport of calcium 

and mannitol was monitored and a transport index (T.L) was calculated for 

both the control and the mono layers treated with 100 JIM PCa. The T.L is 

obtained by dividing the Papp for calcium by the Papp for mannitol9
• (T.L)e 

denotes the control group and (T.L)t denotes the group treated with PCa. 

LDH and total protein analyses were performed by the Animal 
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Diagnostic Laboratory, Inc. (Tucson, AZ). LDH (lUll) released into the apical 

medium at the end of an experiment was expressed as a percentage of the 

total intracellular LDH levels. The total intracellular levels were determined 

in cell homogenates of 1 % (v/v) Triton X-100 (an agent known to cause 

total cell disruption). All data were expressed as Means ± SEM. Group 

differences were evaluated using ANOV A. For pair-wise comparisons, 

Student's t-test was used. A significance level of p < 0.05 was used in all 

comparisons. 

RESULTS 

Uptake studies: Calcium uptake into Caco-2 cells was found to be linear for 

up to 30 minutes as shown in Fig 1. Prior to conducting mechanistic 

studies of the effect of PCa on calcium channels, the existence of such 

channels had to be demonstrated. Figs. 2a and b show the effect of the 

calcium channel blockers (verapamil and nifedipine, respectively) on the 

uptake of calcium. Verapamil at concentrations of 400 and 800 pM caused 

a significant decrease (p < .05) in the uptake of calcium by Caco-2 cells (21 

and 36% decrease, respectively). In contrast, concentrations of nifedipine 

up to 100 pM failed to inhibit calcium uptake. 

Fig 3a. shows the effect of Bay K 8644 on the complete reversal of 

verapamil- mediated inhibition of calcium uptake. When Bay K 8644 (5-25 

pM) was included in the uptake buffer with 400 pM verapamil, the 
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inhibitory effect of verapamil was completely reversed. No dose-response 

relationship was observed as the effect of 5 JIM and 25 JIM Bay K 8644 did 

not differ signficantly. However it is possible that the use of concentrations 

greater than 25 pM might reveal the presence of a dose-response 

relationship. In the absence of verapamil, 25 JIM Bay K 8644 failed to 

increase the uptake of calcium beyond control levels. 

The effect of PCa and LCa on the reversal of verapamil-mediated 

calcium uptake is shown in Fig 3b. At 10 JIM, PCa completely reversed the 

inhibitory effect of 400 JIM verapamil whereas 10 pM LCa caused 

significantly less reversal than PCa. The mean values for groups containing 

only the ACs (Le., absence of verapamil) did not differ significantly from the 

control. 

Transport studies: The effect of 100 pM PCa on the simultaneous transport 

of calcium and mannitol is shown in Fig 4. While there were significant 

differences (p < 0.05) in the transport between the controls and monolayers 

incubated with PCa, for both mannitol and calcium, (T.I.)t was not 

significantly different from (T.I.)c (0.49 ± 0.07 vs. 0.41 ± 0.01). The ratio 

of the two T.I.'s was 1.19. Calmidazolium did not affect the AP to BL 

transport of calcium in Caco-2 cells as there were no statistically significant 

differences in Papp between the controls and treatments with 100 JIM 

calmidazolium on either the AP or BL chambers. 
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Table I. shows the % LDH release into the apical buffer when 

exposed to the agents used in the uptake and transport studies. These 

values were not significantly greater than the controls. 

DISCUSSION 

Acylcarnitines are endogenous compounds which playa major role in 

the mitochondrial transport system for fatty acid oxidation. Long-chain 

acylcarnitines, especially, PCa, LCa and MCa have been demonstrated to be 

rapid and effective promoters of drug absorption (10). Our previous report 

confirms acylcarnitines to be potent enhancers of calcium transport in the 

in-vitro Caco-2 cell monolayer model (1). A significant correlation was 

previously observed between the enhancement of calcium transport and 

perturbation of the apical membrane. In this study we examined specific 

mechanisms of calcium transport enhancement by ACs. These are (a) an 

increase in paracellular transport (b) opening of calcium channels, thereby 

increasing calcium entry into the enterocyte and, (c) aiding calcium extrusion 

at the basolateral membrane by stimulating the Ca-ATPase pump. Although 

Caco-2 cells were shown to have calcium channels at the apical membrane, 

PCa and LCa do not appear to increase calcium entry via these channels. 

Antagonists of the Ca-A TPase pump in rat intestinal segments failed to 

inhibit calcium extrusion in Caco-2 cells, suggesting the presence of Ca

ATPase pump-independent processes of calcium extrusion. Thus, promotion 
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of paracellular transport appears to be the predominant mechanism of AC-

mediated increase in calcium transport in this model. 

Epithelial transport of calcium is known to proceed via two routes -

an active, saturable and vitamin D-dependent transcellular pathway and, a 

passive, non-saturable paracellular pathway (5). While uptake refers solely 

to the intracellular accumulation of calcium, transcellular transport of 

calcium from the AP to the BL chamber includes entry at the apical 

membrane, intracellular diffusion, and extrusion at the basolateral 

membrane. Cellular entry of calcium proceeds down the electrochemical 

gradient whereas its extrusion from the basolateral membrane is against this 

gradient and therefore requires expenditure of energy. Prior to conducting 

uptake studies to determine the effect of calcium channel blockers on the 

entry of calcium, two factors need to be considered. The first is the 

differentiation of calcium uptake from non-specific extracellular cation 

binding. Our previous studies have shown that calcium entry into Caco-2 

cells represents true uptake since it was inhibited by incubation in the cold 

(4°C) and in the presence of metabolic inhibitors (2,4 dinitrophenol, n

ethylmaleimide and ouabain) and, a calcium ionophore, A23187 (11). The 

second condition is the verification of linearity of uptake within the time 

frame chosen for the study. Linearity of calcium uptake vs. time was 

determined by conducting uptake studies over different time periods. From 
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Fig 1. it is evident that uptake of calcium into Caco-2 cells is linear for at 

least 30 minutes (r = 0.999). Therefore, uptake studies were routinely 

conducted for only 10 minutes. Since uptake studies were conducted in the 

absence of buffer in the BL chamber, extrusion of calcium from the 

basolateral membrane within 10 min is not likely to be significant. In 

addition, uptake of calcium at 5 and 30 minutes in the absence of buffer in 

the BL chamber was not significantly different from uptake conducted with 

buffer in the BL chamber. These observations eliminate extrusion at the 

basolateral membrane as the rate-limiting step in the AP to BL transport of 

calcium. Since the electrochemical gradient in the microenvironment 

associated with these cells favors its entry and, extrusion does not 

constitute a limiting factor in its transcellular transfer, intracellular move

ment appears as the rate-limiting step for the transcellular transport of 

calcium in Caco-2 cells. In fact, intracellular diffusion has long been 

recognized to be the rate-limiting factor in the transcellular transport of 

calcium in similar transporting epithelia (5). Thus, calcium transport across 

Caco-2 cells grown as a monolayer on permeable supports (TranswellsR
) 

resembles its transport characteristics in other intestinal epithelia. 

Prior to the examination of the involvement of calcium channels in the 

AC-mediated increase in the transport of calcium, the presence of these 

channels in the Caco-2 cells had to be demonstrated. The existence of such 
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channels has been shown in rabbit ileal enterocytes (12) and chick duodenal 

cells (13). If present in human intestinal cells, these channels are likely to 

playa major role in the entry of calcium and thus may represent a site for 

modifying its transcellular transport (5). In this study we demonstrate, for 

the first time, the existence of at least one type of channel, i.e., the L

channel, in Caco-2 cells. Verapamil at concentrations of 400 and 800 JIM 

inhibited the uptake of calcium by 21 and 36%, respectively compared to 

controls. This inhibition by verapamil was completely abolished by the 

addition of 5-25 JIM Bay K 8644. Bay K 8644 is a potent calcium channel 

agonist and has been shown to reverse the effect of L-channel antagonists 

such as verapamil, nifedipine and diltiazem (4). Nifedipine at concentrations 

up to 100 JIM failed to have an inhibitory effect on the uptake of calcium. 

These results are not surprising as different cell types have been shown to 

vary in their affinity and response to different types of antagonist molecules 

(14,15). Another possible explanation is that the concentrations of 

nifedipine used were insufficient to elicit an inhibition of calcium uptake. 

The poor aqueous solubility of nifedipine was the major factor limiting the 

use of concentrations greater than 100 JIM. The inability to achieve 

concentrations greater than 100 JIM has been reported by others (16). The 

effect of these calcium channel blockers on the lumen to plasma transfer of 

calcium has been studied by Fox et al (17) using a rat in-vivo ligated loop 



154 

technique. While verapamil exhibited a concentration-dependent inhibition 

of lumen to plasma calcium transfer (44% inhibition at concentrations 

greater than 1 mM), similar concentrations of nifedipine failed to elicit an 

inhibitory effect. Moreover, the effect of verapamil was significantly greater 

at calcium concentrations less than 2 mM (when the predominant 

mechanism of epithelial calcium transport is the saturable, transcellular 

pathway) compared to its effect at luminal calcium concentrations of 50 

mM. The concentration of calcium used in our uptake studies was 0.25 

mM. From our previous study, the contribution of active transcellular 

transport to the total transport in Caco-2 cells at this concentration of 

calcium (0.25 mM) is calculated to be 77% (11). The observation that 400 

pM verapamil inhibited uptake of 0.25 mM calcium and the fact that this 

inhibition cannot be attributed to apical membrane damage (at the 

concentration of verapamil used in this study, (Table I) suggests that 

verapamil exerted a direct effect on the vitamin-D dependent active 

transcellular transport of calcium. This indicates that Caco-2 cells possess 

L-type calcium channels at their apical membrane and that these channels 

playa major role in the entry of calcium into these cells. 

The results obtained here regarding the presence of calcium channels 

is in apparent contradiction to that of Tien et al (18). These authors found 

no evidence for the presence of L-type channels in Caco-2 cells. Such a 
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conclusion results from their observation that Bay K 8644 failed to increase 

the intracellular concentration of calcium relative to the control (i.e., absence 

of Bay K 8644). The reason for this discrepancy is clear from our study. 

In the presence of a suitable antagonist (i.e., 400 .£1M verapamil), Bay K 

8644 was effective in reversing the antagonisitic effect of verapamil, but at 

a similar concentration (25 .£1M), in the absence of verapamil, it failed to 

increase the intracellular calcium concentration beyond that of control levels, 

as observed by Tien et al. The % uptake for this group (i.e., 25.uM Bay K 

8644 in the absence of verapamil) was 0.58 ± 0.02 which is not 

significantly different from the control (0.56 ± 0.03). 

Having established the presence of calcium channels the effect of pea 

and Lea on verapamil-mediated inhibition of calcium uptake was 

investigated. Although myristoyl-carnitine (Mea) has been shown to be a 

potent enhancer of calcium transport, it was not considered in this study as 

results obtained from our previous study (1) and others (19) raise concerns 

about the suitability of using Mea as an absorption enhancer in-vivo. As 

seen in Fig 3b, while 10 .£1M pea completely reversed the antagonist effect 

of verapamil similar to Bay K 8644, Lea was not as potent in reversing the 

verapamil-mediated inhibition of calcium uptake. This is clear from the 

observation that although % uptake in the presence of 10.uM Lea + 400 

.£1M verapamil was significantly (p < 0.01) greater than incubation with 400 
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,£1M verapamil alone (0.43 ± 0.01 vs. 0.35 ± 0.007), the % uptake of the 

former group was significantly (p < 0.01) less than the control (0.43 ± 

0.01 vs. 0.56 ± 0.03). Further evidence for the difference in the effects 

of PCa and LCa with regard to reversal of verapamil-mediated inhibition 

results from the observation that reversal by 10,uM PCa was significantly 

(p < 0.004) greater than that of 10 ,£1M LCa (0.54 ± 0.01 vs. 0.43 ± 

0.01). Our previous study adequately established the membrane perturbing 

ability of 50,uM PCa (1). In order to eliminate this as a confounding factor, 

it was necessary to use lower concentrations of PCa for this study. From 

Table I., it is clear that 10,uM PCa did not cause significant damage to the 

apical cell membrane. Although the relationship between apical membrane 

damage in-vitro quantiated by LDH release and cytotoxicity in-vivo is not 

fully understood, this approach provides an investigator with an estimate of 

possible trauma experienced by these cells due to exposure to such agents. 

This helps eliminate cell damage as a potential confounding factor in such 

studies and permits a clearer interpretation of these data. Although LCa at 

concentrations of 50 - 200 ,£1M did not cause a significant damage to the 

apical membrane, a concentration of 10 ,£1M was used in order to permit 

comparison of the relative potencies of PCa and LCa. 

This study is the first report on the ability of acylcarnitines (PCa) to 

behave as calcium channel agonists in Caco-2 cells. Although the 
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extracellular concentration of calcium is in the millimolar range, the 

intracellular concentrations are efficiently maintained in the micromolar 

range, i.e., the cells are equipped with mechanisms to export the excess 

intracellular calcium into the extracellular milieu. Since the transfer of 

calcium in Caco-2 cells has been shown to favor the mucosal to serosal 

transport (i.e., AP to BL), theoretically any calcium that enters the cells 

which is in excess of the cellular requirement, should be exported by the 

highly efficient specialized systems such as the Ca-ATPase pump present at 

the basolateral membrane (20). Thus, an intentional effort to increase the 

cellular uptake of calcium by promoting its entry via the calcium channels 

may be a useful method for increasing the transcellular transport of calcium, 

thereby improving its overall intestinal absorption efficiency. Since the 

acylcarnitines (at 10 JIM) failed to increase the uptake of calcium into Caco-

2 cells in the absence of verapamil, this mechanism is not expected to be 

a dominant factor in the AC-mediated enhancement of intestinal calcium 

transport under normal conditions. The % uptake of calcium with 10 JIM of 

PCa or LCa, in the absence of verapamil was 0.61 ± 0.04 and 0.52 ± 

0.02, respectively. However, these values were not significantly different 

from the control (0.56 ± 0.03). It is noteworthy that, similar to Bay K 

8644, PCa and LCa failed to increase the uptake of calcium relative to the 

controls. Interestingly, the ability of ACs to act as calcium channel agonists 
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in the intestinal absorptive cell may be of clinical significance since 

verapamil is used widely in the treatment of cardiovascular dysfunction, 

particularly in the elderly. Although the long-term effects of verapamil 

consumption on calcium homeostasis have not been reported, a possible 

reduction in the overall intestinal calcium absorption associated with its 

chronic use has been suggested but not yet confirmed (17). If this 

hypothesis is proven true, the implications of our findings may be relevant 

in addressing certain calcium absorption disorders, especially in high-risk 

populations like the elderly or those undergoing chronic treatment with 

calcium channel blockers. 

To investigate the involvement of the paracellular pathway in the AC

mediated increase in calcium transport, the transport of calcium and 

mannitol in the absence and presence of 100 pM PCa was monitored 

simultaneously. Mannitol serves as a marker for the paracellular pathway 

as it is known to permeate only through the intercellular junctions (9). The 

utility of the comparison of the transport of a solute with that of mannitol, 

defined as transport index (T.L), has already been established (9). Values 

of T.L significantly greater than 1.0 indicate that transport of solutes (within 

a limited range of molecular size) cannot be ascribed solely to their 

permeation via the paracellular route, i.e., other efficient mechanisms are 

operational (e.g., carrier-mediated transport, facilitated diffusion, vesicular 
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trafficking, etc.). Values of T.L less than 1.0 signify either restricted 

paracellular movement due to molecular size (e.g., PEG 4000) or the 

presence of a saturable carrier-mediated system at the concentrations of the 

solute tested. In our studies (T.L)e and (T.L)t were found to be similar and 

in the range of 0.41 to 0.49. Since the paracellular transport of calcium is 

not likely to be significantly less than that of mannitol due solely to a 

molecular weight constraint (M.W of mannitol = 182 vs. Ca2
+ = 40), T.L 

values < 1.0 can be attributed to the presence of a saturable pathway. In 

fact, at the concentration of calcium used in this study (i.e., 1.8 mM), the 

majority of the transport (70%) is non-paracellular. This value was 

computed using data from an earlier study on the kinetics of calcium 

transport in Caco-2 cells where the concentration dependence of 

transepithelial calcium transport in Caco-2 cells was determined to be 

nonlinear using a modified Michealis-Menten equation (11). Since mannitol 

does not traverse the cell membrane, an increase in its transport is likely to 

be due to the loosening of the tight junctions, thereby increasing paracellular 

flow. Thus, the degree of enhancement of mannitol transport is a 

quantitative measure of the AC-mediated increase in the paracellular 

permeability of Caco-2 cells. The degree of enhancement, i.e., (Papp)treatment 

/ (Papp)eontrol for mannitol was not significantly different from that of calcium 

(1.37 ± .09 vs. 1.63 ± 0.17). Since the transport index of calcium in the 
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treatment and control groups was essentially the same (the ratio of these 

two T.I. values was 1.19) and the degree of enhancement of mannitol was 

identical to that of calcium, it appears that enhancement of calcium and 

mannitol transport in Caco-2 cells proceeds predominantly via a common 

mechanism, i.e., the paracellular pathway. One cause for concern may be 

the concentration of PCa employed for this study. Our previous report 

established the membrane perturbating ability of 50 JIM PCa. This 

conclusion was based on the % LDH released upon exposure to this 

concentration of PCa. Although it may appear that membrane perturbation 

at 100 JIM might compromise the ability to differentiate paracellular vs. 

transcellular transport unequivocally, it is reasonable to assume that the 

contribution of transcellular pathway is less significant for two reasons: 

First, utility of monitoring the release of LDH as an indication of membrane 

perturbation is fully realized in the comparison of different doses of an 

enhancer used. The absolute value of % LDH released is less meaningful by 

itself, especially at lower values. Second, when the monolayers were 

exposed to 100 JIM PCa, the % LDH released (relative to intracellular stores) 

was 4.83 ± 0.66% only. Nevertheless, since a significant correlation 

between calcium transport enhancement and membrane perturbation has 

already been established, the involvement of a transcellular pathway at 

higher concentrations of ACs cannot be entirely ruled out (1). 
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To examine the effect of ACs on the Ca-ATPase pump, transport 

inhibition studies with calmidazolium were performed. Calmidazolium is a 

calmodulin-antagonist type inhibitor of the basolateral Ca-A TPase pump 

(21). Since the ACs have been shown to stimulate the Ca-ATPase pump 

(6), an attempt was made to examine their effect in Caco-2 cells. For this 

purpose, it was necessary to inhibit the pump intentionally so that the 

presence of a stimulatory effect by the ACs could be ascertained 

unequivocally. In our studies, calmidazolium failed to inhibit the AP to BL 

transport of calcium. Lack of the desired effect cannot be related to the 

polarity of calmidazolium application since it failed to inhibit the transport of 

calcium when applied to either the AP or the BL chambers. Although it may 

be argued that the concentration of calmidazolium used here (100 ,uM) may 

have been insufficient to elicit an inhibitory response, this appears to be 

highly unlikely as this compound has been shown to produce inhibitory 

effects at concentrations less than 10,uM. Moreover, it is known to be 

much more specific and at least 10 times more potent than trifluoperazine 

(TFP), a compound with inhibitory effects on rat duodenal cell Ca-ATPase 

activity at a concentration of 100,uM (22,23). The reason for the observed 

lack of an inhibitory effect by calmidazolium on the Ca-A TPase pump in 

Caco-2 cells is unclear at present. Recent studies in our laboratory showed 

that 100 ,uM TFP failed to inhibit the Ca-A TPase pump similar to 
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calmidazolium (data not shown). The failure of TFP to inhibit the basal 

activity of the Ca-ATPase pump in Caco-2 cells was also reported by Quinn 

et al (20). In their study, TFP inhibited the 1,25 dihydroxyvitamin 0 3-

mediated AP to BL transport of calcium, but failed to inhibit calcium 

transport in the absence of vitamin 0 3 • Thus, in the absence of a suitable 

concentration of this vitamin, either the extrusion of intracellular calcium in 

the Caco-2 cells is independent of the Ca-ATPase pump or the activity of the 

pump is down-regulated. Since the extrusion of calcium at the basolateral 

membrane requires an input of energy, it appears that these cells are 

equipped with alternative systems (i.e., Na+ /Ca+ + exchanger). Additionally, 

since Caco-2 cells are cancerous in origin they may lack certain specificity 

vested in normal intestinal cells. 

In conclusion, while the existence of L-type calcium channels in the 

apical membrane of Caco-2 cells was demonstrated, the ACs (at 10 JIM) 

failed to increase the entry of calcium in the absence of channel blockers. 

Studies on the inhibitory effect of calmidazolium on the Ca-A TPase pump 

reveal that, in Caco-2 cells, either the extrusion of calcium is independent 

of the Ca-ATPase pump, or these cells may possess alternative systems. 

Since the enhancement of calcium and mannitol transport by ACs appears 

to be proceeding via a common pathway, promotion of paracellular transport 

is likely to be the predominant mechanism of increase in calcium transport. 
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Fig 1. Kinetics of calcium uptake vs. time in Caco-2 cells. Uptake of 

calcium into Caco-2 cells grown on TranswelisR was monitored at 5, 10 and 

30 minutes (r = 0.999). 
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Fig 2. (~) Effect of verapamil on calcium uptake. Cells were incubated with 

0, 0.5, 10, 50, 100, 400 and 800 JIM of verapamil HCI and 0.25 mM 

calcium. a Significant decrease relative to control (X) at p < 0.05 using 

ANOVA. b Significant decrease relative to a (verapamil 400 JIM) at p < 0.01 

using Student's t-test. (B) Effect of nifedipine on calcium uptake. Cells were 

incubated with 0, 20, 40, 80 and 100 JIM of nifedipine and 0.25 mM 

calcium for 10 minutes. No significant difference between the control (X) 

and treatments was observed. All values are Means ± SEM, n = 4-6. 
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Fig 3. (A) Effect of Bay K 8644 on the reversal of verapamil-mediated 

inhibition of calcium uptake. Group "CON" refers to the control group 

containing only calcium at 0.25 mM. The other groups consisted of cells 

incubated with 400 JIM of verapamil Hel plus either 0, 5, 10 or 25 JIM of 

Bay K 8644 in 0.25 mM calcium. The solid histogram bar represents the 

group consisting of 25 JIM Bay K 8644 in the absence of verapamil. 

aSignificant decrease relative to X at p < 0.05 using ANOVA. bSignificant 

increase relative to a and no significant differences between this group and 

X. (8) Effect of pea and Lea on the reversal of verapamil-mediated 

inhibition of calcium uptake. Group "CON" refers to the control group 

containing only 0.25 mM calcium. Group VER represents 0.25 mM calcium 

plus 400 JIM verapamil Hel. Groups pea and Lea (dotted histogram bars) 

consist of 0.25 mM calcium plus 400 JIM verapamil Hel and 10 JIM of the 

respective acylcarnitine. Groups pea and Lea (solid histogram bars) 

consists of 0.25 mM calcium plus 10 JIM of the respective acylcarnitine 

without verapamil Hel. a Significant decrease relative to X at p < 0.05 using 

ANOV A. b Significant increase relative to a and no significant differences 

between this group and X. C Significant increase relative to a and significant 

decrease relative to b at p < 0.05 using ANOVA. All values are Means ± 

SEM, n = 4-6. 
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Fig 4. Effect of 100 pM PCa on the simultaneous transport of calcium (CA) 

and mannitol (MAN), aSignificant increase relative to X at p < 0.05 using 

Student's t-test. bSignificant increase relative to Y at p < 0.05 using 

Student's t-test. All values are Means ± SEM, n = 6. 
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Table I. LDH activity for different agents used in calcium uptake studies. 

Group %LDH released a (Mean ± SEM) 

Control 1.22 ± o.oa 

Verapamil (400 pM) 0.76 ± 0.13b 

Bay K a644 (25 pM) 0.09 ± 0.04b 

PCa (10pM) 1.10 ± o.oab 

LCa (10 pM) 0.51 ± 0.04b 

0.25% ethanol 0.54 ± o.oab 

a Relative to intracellular levels. 

b Values not significantly greater than control p < 0.05 using ANOVA. 
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CHAPTER 8 

EFFECT OF THE UNSTIRRED WATER LAYER ON THE TRANSPORT OF 

MT-I AND CALCIUM: THEORETICAL AND EXPERIMENTAL 

CONSIDERATIONS 

INTRODUCTION 

One of the caveats of the experimental system used here for 

assessing the transport of MT-I and calcium is that it fails to take into 

account the effect of the aqueous boundary layer (ABL) on the transport of 

these solutes. ABL is the liquid layer adjacent to the cell membrane known 

to be a significant barrier to the absorption of drugs and nutrients (1,2). The 

absorption of highly permeable drugs (e.g., testosterone, warfarin) and 

those absorbed via active mechanisms are also affected by the presence of 

the ABL (3,4), Although side-by-side diffusion chambers (5) and plate 

shakers (6) can be used to minimize the ABL in cell monolayer models, the 

specific advantage of using these systems will be realized only if the ABL 

contributes significantly to the overall resistance to transport. The 

contribution of ABL to the overall resistance to the transport (of MT-I and 

Ca) can be calculated based on mathematical manipulations of 

experimentally obtained data, and general theoretical considerations. In the 

following section, it will be shown that for both MT-I and Ca, the 

contribution of ABL is relatively minor compared to the barrier property 
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imparted by the Caco-2 cell monolayer. Thus, if the contribution of the ABL 

to the overall resistance to transport of a solute is small, the use of a side

by-side diffusion system or plate shaker in lieu of a regular TransweliR 

system is not expected to significantly alter the interpretation of data 

obtained in subsequenttransport studies or the conclusions made therefrom. 

THEORY 

For a typical cell culture model system using TranswellsR
, the 

experimentally measured apparent permeability coefficients (Papp) consists 

of contributions from the permeability through the ABL (Pabl), through the cell 

monolayer (P mono), and through the underlying filter that support the cell 

monolayer (Pfilter). Since these are resistances (R) in series, they are related 

by the following expression (7): 

Rapp = 1 /P app = 1 /P abl + 1 /P mono + 1/Pfilter ... (1 ) 

On rearranging the above equation, the resistance contributed by the cell 

monolayer (Rmono) can be written as: 

Rmono = 1 /P mono = 1 /P app - 1 /P abl - 1/Pfilter ... (2) 

The permeability coefficient (em/sec) of a solute can be related to its 

diffusion coefficient (cm2/sec) and the path-length (em) it has to traverse by 

the following equation: 

P = D / h ... (3) 
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Therefore, the permeability of MT-I or Ca across the ABL can be written as 

follows: 

... (4) 

The permeability of a drug in the polycarbonate filter can be calculated 

according to following equation described by Conradi et al. (7): 

... (5) 

where h is the thickness of the filter (10 pm, manufacturer's data) E is the 

porosity of the polycarbonate filter (15%, manufacturer's data) and Daq is 

the aqueous diffusion coefficient of the solute through the filter pore. Since 

the dimension the pore diameter (30,000 °A) is much greater than the radii 

of the solutes « 20 0 A) in consideration, the diffusion of these solutes will 

be relatively uninfluenced by the pore walls and Daq should approach the 

value for the free diffusion of the solute in solution. Based on this, Conradi 

et aI., estimate the Pfilter to be 1 x 10-3 cm/sec. This is in agreement with 

values obtained by other authors (6) who report Pfilter of 0.98 x 10-3 cm/sec. 

Substituting equation (4) and the value of Pfilter in equation (2), we get: 

1/Pmono = 1/Papp - habl / Dabl - 1/1 X 10-3 (cm/sec) ... (6) 

Since Papp is experimentally determined, the only two unknowns in equation 

(6) are Dabl and habl . habl has been determined to be 0.15 cm for this 

Transweli R system by Artursson et aI., and Buur et al. (6,8). 
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The diffusion coefficient of Ca has been reported to be 1.8 x 10-5 

cm/sec (9). For solutes where the Daq has not been determined, it can be 

estimated by the following Stokes-Einstein equation as described by Adson 

et al. (10). 

Daq = kT/6rr" (4rrNpfl/3M)'/3 ... (7) 

where k is the Boltzman's constant (1.38 x 10-23 J K-'), T is the temperature 

in degrees Kelvin, " is the viscosity of the liquid medium in centipoise, p is 

the density of the molecule in gm/cm3 and M is its molecular weight. Since 

the cell culture media used is primarily aqueous with dissolved nutrients 

(salts, amino acids, glucose etc.,), it can be approximated to water (6). The 

viscosity of water at 3JDC is 0.6915 centipoise. Thus, a knowledge of 

density or partial specific volume of MT-I can aid in an estimation of its Daq

Unfortunately, MT-I is a relatively new compound and information about its 

density or partial specific volume does not exist. Therefore, an assumption 

of its partial specific volume was made from a peptide of similar size 

(somatostatin M.W. 1638). Somatostatin is a tetradecapeptide with a 

specific volume of 0.723 cm3/gm (11). Substitution of this value in equation 

(7) yields a value of 4.07 x 10-6 cm2/sec as the Daq for MT-1. 

RESULTS 

The Papp for MT-I and calcium were determined to be 5.74 x 10-6 and 

2.44 x 10-6 cm/sec, respectively. Using equation (6), the relative 
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contributions of the cell monolayer, ABL, and the filter in the Transwell 

system for MT-I and calcium can be calculated. 

For MT-I: 

1 /P mono = 1/5.74 X 10-6(cm/sec) - 0.15(cm)/4.07 X 10-6 (cm2/sec) 

- 1/1 X 10-3(cm/sec) ... (8) 

1 /P mono = 1.36 X 105 sec/cm. Therefore, P mono = 7.33 X 10-6 cm/sec. 

The contribution of the cell monolayer (Rmono) to the total resistance can be 

calculated as follows: Rmono / Rapp = 78.27%. 

For calcium: 

1 /P mono = 1/2.44 X 10-6 cm/sec - 0.15(cm)/1.80 X 10-5 (cm2/sec) 

- 1/1 X 10-3 (cm/sec) ... (9) 

1 /P mono = 4.005 X 105 sec/cm. Therefore, P mono = 2.49 X 10-6 cm/sec. 

The contribution of the cell monolayer (Rmono) to the total resistance can be 

calculated as follows: Rmono / Rapp = 97.99 %. 

Thus, the Caco-2 cell monolayer is shown to present a significant 

barrier to the transport of both MT-I and calcium. While the use of a stirred 

model is likely to yield a more precise quantitation of the transport profile of 

these solutes, based on the results obtained here, qualitative interpretation 

of the data resulting from either of the models (i.e., stirred vs. unstirred) 

cannot be expected to differ significantly. 
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DISCUSSION 

The use of cell culture models consisting of cells grown as a 

monolayer on permeable supports for evaluating the transport of drug 

molecules is gaining in popularity. Major refinements of the original model 

developed by Borchardt et al. (12) include the use of side-by-side diffusion 

systems and plate shakers in order to minimize the effect of the aqueous 

boundary layer on the transport of these compounds. While these 

advancements have enabled a more precise quantitation of the apparent 

permeability coefficients, it is clear from our studies that the decision to use 

these advanced systems in lieu of the original systems is dependent on the 

solute of interest. In fact, a detailed study by Artursson et al (6,13) 

suggests that the influence of ABL was significant and rate limiting for drugs 

with P mono values greater than 60 x 10.6 em/sec and had no effect on Papp 

values for the drugs with P mono values < 20 x 10.6 em/sec. Morever, based 

on a study of a number of compounds with different physico-chemical 

properties and rates of transport, these authors demonstrated the cellular 

diffusion barrier to be significant not only for slowly absorbed molecules 

but even for rapidly absorbed compounds under well-stirred conditions, in 

the Caco-2 cell monolayer model. Although the existence and the influence 

of ABL on transport of solutes is well accepted, the magnitude of this 

parameter is at best controversial. The values of the ABL in the literature 
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range from a low of 40 to 600 pm for humans and 300-1000 pm for 

laboratory animals (14,15). The main reason for the reported discrepancy 

can be related to the choice of methodology used (anesthetized vs non

anesthetized) and the animal model chosen (rat, dog or human). Thus, 

although the use of side-by-side diffusion cells or plate shakers can be used 

to manipulate the thickness of the ABL, any extrapolation of the data 

obtained from such cell culture in-vitro models to humans in-vivo remains a 

challenge presently. 

Finally, it should be noted that the value for A (area available for drug 

transport) in the calculation of apparent permeability coefficients is that of 

the membrane i.e., 4.71 cm2
• This value is obtained using the area of a 

circle (m2
) with r = 1.225 cm2 (manufacturer's data). However, it is known 

that the presence of microvilli on absorptive cells increases the total surface 

area by 1 to 1.5 orders of magnitude (16). Thus, the "true" area available 

for drug transport is likely to be between 47.1 and 148.9 cm2
• Since the 

apparent permeability coefficient is inversely related to the total surface 

area, it is possible that values of Papp calculated in these studies are 

overestimated by 1 to 1.5 orders of magnitude. Thus, assuming the Papp of 

MT-I is 5.74 x 10-7 cm/sec and the thickness of the ABL (h) to be 0.15 cm 

(unstirred situation), we get a P mono value of 5.87 x 10-7 cm/sec. Thus, the 

contribution of the cell monolayer (Rmono) to the total resistance is observed 



181 

to be 97.8%. Therefore, even under unstirred conditions in Transwell-like 

arrangements, it is possible that the permeability coefficients of commonly 

studied solutes, (e.g., peptides and non-peptidic drug compounds) are 

atleast an order of magnitude smaller than their aqueous diffusion 

coefficients. Since the Papp ~ Daq , the transport of solutes can be expectd 

to be cell-permeability limited with the cell monolayers presenting a 

significant barrier to their AP to BL or BL to AP transport. 
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