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ABSTRACT

An everted rat intestinal preparation was used to investigate 
the in vitro cumulative intestinal transfer of theophylline under 

various conditions and a group of xanthine homologs at pH 7.4. The 
viability arid structural integrity of the intestinal membrane were 
also studied.

Neither strophanthin-K, 2,4-DNP, magnesium ion5 nor hyper^ 
tonicity had an effect on the transfer of theophylline across the 

intestine different from control values. There was also no difference 

in theophylline transfer after the pretreatment of - rats with Intralipid 

or complexation of theophylline with phenobarbital.

The transfer rates of theophylline at the pH values 5.5, 7.4, 

8.0 and 10.0 were found to be inversely proportional to its degree of 
ionization in solution. Theophylline transfer at these pH values 

produced alinear cumulative transfer curves. The degree of alinearity 

was directly proportional to the pH of the solution.

With the exception of xanthine, the cumulative transfer rates 

at 30 minutes for the homologs xanthine, Smethylxanthine, theobromine, 

theophylline, caffeine, 8-chlorotheophylline and 7-(2 chloroethyl)- 
theophylline were directly related to their chloroform/pH 7.4 
phosphate buffer partition ratios.

xi



INTRODUCTION

Bronchial asthma is a disease marked by recurrent attacks of 

dyspnea resulting from spasm of the muscles of the bronchioles, frequently 

accompanied by swelling and edema of the bronchial mucous membrane» 

Fortunately for the thousands of people suffering from this debilitating 
and even fatal disease, therapeutic agents are available that can alle
viate its symptoms. The most commonly used drug for the treatment of 

bronchial asthma is theophylline. Theophylline belongs to a class of 

naturally occurring compounds called xanthines whose members include 

caffeine, theobromine, xanthine and a host of other compounds. Xanthine 

itself is 1,3,7-trihydro*-2,6-purinedione and is structurally related to 
uric acid and purine. Caffeine is 1,3,7-trimethyl-2,b^purinedione, 

theobromine is 3,7-dimethyl-2,6-purinedione and theophylline is 
l-3-dimethyl-"2,2-purinedione, The structures of these and other related 
compounds are shown in Table 1, .

Theophylline? s use as an anti-asthmatic is relatively recent in 

the history of xanthine use. With the exception of xanthine itself, 

these compounds can be found in plants widely distributed throughout the 

worlde For centuries man has used the aqueous extracts from these plants 

as beverages. Coffee, which is obtained from the roasted seeds of 

Coffea arabica and related species, contains caffeine. Tea, which 

contains caffeine and theophylline, is obtained from the leaves of the 

Camellia thea shrub, This accounts for the origin of the name

1
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Table 1. Chemical Formulas, Structures, and Molecular Weights of the 
Xanthines Studied.

0 R

R

R

COMPOUND FORMULA M.W. Ri R 3 R7 RS

Xanthine S W a 152.11 H H H H
3-Methylxanthine C6H5N4°2 166.14 H CH3 H H
Theobromine C7H8N4°2 180.17 H C H 3 CH3 H
Theophylline C7H8N4°2 180.17 CH3 CH H H
Caffeine C8H10N4O2 194.19 CH3 CH3 CH3 H

8-Chloro-
theophylline c7H7C1N4°2 214.61 CH3 CH3 H Cl

7-(2-Chloroethyl)- 
theophylline C9H11C1N4°2 242.67 CH3 CH3 C 2H4C1 H
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"theophylline" which means "tea leaf" in Latin. The seeds of Theobroma 
cacao yield cocoa which contains both theobromine and caffeine. These 

beverages9 especially coffee and tea, owe their continuing popularity to 

the presence of caffeine, which among its other pharmacological actions 

is a potent central nervous system (CNS) stimulant. The popularity of 

cola soft drinks, which are derived from the nuts of the Cola acuminata 

tree, is probably due to the caffeine that they contain as much as to 

the other ingredients present.
Although the CNS stimulant actions of caffeine are well known, 

it is not the only xanthine that possesses these properties. To varying 

degrees, theophylline and theobromine not only stimulate the CNS but 

they also act on the kidney to produce diuresis, stimulate cardiac 

muscle, and dilate smooth muscle. Owing to the structural similarity, 

these compounds would be expected to have common pharmacological actions 

However, since the various xanthines differ in their relative intensity 

of action for a given tissue, one particular xanthine is usually more 
suitable than another for a specific use.

Caffeine is used therapeutically as a CNS stimulant and, com

bined with analgesics, it is often used in treating headaches. 

Theobromine is used as a diuretic in over-the-counter preparations 

(e.g., Doan’s Pills), but it has limited clinical use. On the other 

hand, theobromine’s structural isomer, theophylline, besides being an 

important drug for the therapy of asthma has been used for its effect on 

the CNS, myocardium and kidney.
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The xanthines all share an important biochemical mechanism that 

may be responsible for their pharmacologic effects. The xanthines, 
particularly theophylline, are competitive inhibitors of cyclic nucleo
tide phosphodiesterase, the enzyme that catalyzes the conversion of 

cyclic 31,5!-AMP to 5 7-AMP * Cyclic 3 %  5'-AMP (CAMP) plays a critical 

role in cellular metabolism. By preventing the inactivation of cyclic 

3%5 ';-AMP (CAMP) to 5 '-tAMP, xanthines increase the intracellular con

centration of CAMP. Apparently the pharmacological actions of the 

xanthines are linked to elevated concentration of CAMP in certain 

tissues (Sutherland, Robison and Butcher, 1968).

Theophylline is therapeutically the most useful of the xanthines. 

One factor which contributes to this fact is that theophylline can be 

administered both orally and parenterally (as various salts). Although 

the oral route is most commonly used, the absorption of theophylline 

from the gastrointestinal tract can be erratic.

Little if any quantitative data exist concerning the factors 

influencing the intestinal absorption of theophylline or any of the 

other xanthines even though many methods have been developed and 

successfully employed to gather a vast body of descriptive data on the 

intestinal absorption of many drugs and other compounds (Parsons, 1968).

Methods to study drug absorption can be divided into two main 

categories, in'vivo methods and in vitro methods. Although the in vitro 

methods of studying absorption may bear no direct relation to the absorp

tion rates measured in vivo, they are useful in providing essential data 

regarding transport processes. In vitro methods, for example, are
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ideally suited for studying the effects of competitors and/or inhibitors 

on transport processes (Rabinowitz and Myerson, 1971).

The in vitro technique that has been the most widely used for 
studying drug absorption is the everted sac method of Wilson and 

Wiseman (1954a). In this procedure, small lengths of intestine are 

everted, filled with fluid, and tied at both ends. This sac is suspended 

in an oxygenated buffer containing a solute and the appearance of this 

solute on the serosal side of the sac is interpreted to be a reflection 

of the transport mechanism for or into the epithelial cell. However, 

arguments against the use of closed everted- sacs have been raised.

Fluid transport across a functional sac over the experimental 

period may cause considerable distension and hydration of the intestinal 

segment resulting, in leakage.. (Rabinowitz and. Myerson, 1971; Parsons,

1968; Schanker, 1971). Another objection to this method, is that serial 

sampling is almost impossible to perform; hence changes in serosal 

fluid composition during the experimental period cannot be measured 

(Blanchard and Straussner, 1977; Parsons, 1968). To avoid these prob

lems, a method for serial sampling from a cannulated•everted rat 

intestine developed by Blanchard and Straussner (1977) was employed to 

study the in vitro transfer of several xanthines across the intestine. 

With this method both ends of an everted section of intestine are 

cannulated allowing samples to be collected from one cannula while the 

contents are being replenished through the other cannula. This method 

allows for efficient and reproducible sampling of the serosal contents 
during an experiment without compromising the structural integrity of
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the tissue during sampling by excessive manipulation (Crane and 

Mandelstam, 1960; Clarkson and Rothstein, 1960).

In any in vitro system, the loss of viability and structural

integrity of the intestine after its removal from the blood supply must
be taken into account in data interpretation.to avoid reaching erroneous
conclusionso A number of investigators have characterized the viability

of the excised intestine» Bramford (1966), and Wilson and Wiseman

(1954b) found the oxygen uptake for isolated segments of intestine to be

relatively constant for 1-3 hours. Bramford also demonstrated the active
131uptake of L-histidine and I for up to an hour for the isolated, rat 

intestine. Furthermore, Crane and Mandelstam (1960), Wilson and 

Vincent (1955), and Fortens and Pritchard (1972) measured the active 

uptake of- dr-glucose, in vitro by rat and hamster intestines for up to 

1 hour and found it to be linear.
The problem of structural integrity has been considered by some 

(Levine et al., 1970; Gibaldi and Grundhofer; 1972) to be a more 

serious problem.than viability, especially where passive mechanisms 

predominate. Any alteration of the structural characteristics of the 

intestine could have an influence on the passive transfer of drugs and 

make discrimination between transfer mechanisms impossible using these 
methodSo

Levine et al. (1970) performed histological studies on everted 

intestinal sacs of rat intestines obtained after decapitation and found 

that although the intestine is morphologically intact after eversion, it 

begins to lose structural integrity after 10-15 minutes incubation in a
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Krebs-Henseleit buffer (pH 7.4, 37°C). Intestines obtained from 
animals that had been sacrificed under anesthesia maintained their 

structural integrity for a longer period of time, exhibiting only a 

10-15% reduction of epithelium after 60 minutes. Tissue destruction has 

been attributed to fluid uptake into the tissue and the resultant dis

tention due to the loss of a functional vascular system which normally 
dissipates absorbed solutes and water. With these considerations in 
mind, an attempt was made to examine the structural integrity and 
viability of the intestine during the experiments. Standard light 

microscopy and scanning electron microscopy were employed in evaluating 

the structural integrity of the intestine prior to and at the conclusion 

of the experiment. Since glucose is easily assayed and is actively 

transported by the intestine, its: transport was used as a measure of 

intestinal viability.

There are three basic properties of a molecule that determine its 

passage across a biological membrane: its lipid solubility, the extent

to which it is ionized, and its molecular size. Bober and Bober (1937) 

were among the first to provide evidence that the rate of absorption of 

a compound is related to its lipid solubility. They showed that 

malonamide, owing to its greater lipid solubility, is absorbed more 

rapidly by the small intestine than lactamide. More recently, Schanker 

(1959) demonstrated that increasing the length of the alkyl side chain 

of barbituric acid derivatives increases intestinal absorption. In both 

studies the increase in absorption rate of the compounds was positively 

correlated with their oil/water partition coefficients. This positive



correlation between lipid solubility and transmembrane drug movement 

provide the basis for predicting the rate at which most drugs are 

absorbed by the biological system. In general9 this concept is valid 
but care must be exercised when attempting to apply it to groups of 

dissimilar compounds especially weak electrolytes.

The rate and extent of absorption of lipid soluble weak 
electrolytes depend upon the degree of ionization9 since ionized 
species of the molecule are less lipid soluble than the unionized 

species. Early experiments by Schanker et al. (1958) and Hogben et al 

(1958) showed that changes in pH of the drug solution can produce 

changes in the rates at which electrolytes are absorbed by various 

segments of the gastrointestinal tract; i.e., with increasing acidity 

of the solutions, the absorption of acidic drugs is increased, while 

that of basic drugs is decreased. This explanation is embodied in the 

pH-partition hypothesis which has been used to predict changes in the 

rate and extent of gastrointestinal absorption of many ionizable 

compounds.

This hypothesis is consistent with data for most compounds 

absorbed from the stomach or the rectum, but discrepancies have 

occurred when absorption of highly ionized compounds are measured 

across the small intestine (Kakemi et al., 1967; Kakemi et al., 1969a; 

Kakemi et al., 1969b; Schanker et al., 1958; Levine, 1961). To 

account for the considerable absorption of highly ionized compounds, 

Hogben et al. (1958) proposed the existence of a virtual pH of 

approximately 5.3 at the surface of the intestine in vivo which
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influences the dissociation of ionizable compounds to produce a ratio 
of ionized to unionized drug that is more favorable for absorption. On 

the other hand, Kakemi et al. (1967, 1969a, 1969b) using in vitro 

methods, suggested that the relatively large absorption rate of ionized 

compounds is due to the binding of these compounds to intestinal 

proteins. As yet no one single hypothesis has been developed that 

satisfactorily explains the absorptive behavior of the diverse number 
of compounds that come in contact with the small intestine.

One aspect of intestinal drug absorption that is often forgot

ten, especially in a clinical setting, is the potential for interaction 

between orally administered drugs and the contents of the gastro

intestinal tract. These interactions may lead to enhanced or retarded 

drug absorption. Iti this regard the ef fect of antacids on gastro- 

intestinal drug absorption is of considerable interest. Antacids, 

though generally regarded as having few systemic pharmacological 

properties, do have the potential to affect gastrointestinal drug 

absorption. This can occur by alteration of the ionization of the drug 

by pH.shifts, by affecting dissolution, by chelation or complexation, or 

by influencing gastric emptying. Altered absorption by antacids has 

been demonstrated for drugs as diverse as pentobarbital, sulfadiazine, 

quinine, tetracycline, and isoniazid (Hurwitz, 1974). By utilizing an 

in vitro system, for evaluating drug absorption, it is possible to

examine the effects of pH shifts on drug absorption as well as any
4-f 44-effect that the cations contained in antacids (usually Mg , Ca , and

I | |
Al ) may exert. The effect that antacids might have on the
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absorption of theophylline is of special importance since, when taken 

orally, theophylline produces a high incidence of gastric upset which 
is often treated with antacid preparations.

The physicochemical properties of a drug molecule determine 

how it will be affected by pH shifts, as well as its ability to form 

complexes with other molecules. The xanthines, beiftg amphoteric 

compounds, exhibit both acidic and basic characteristics. The basic 

character of the unsubstituted xanthines is contributed by the N-9 

nitrogen (see Table 1), while the acidic behavior is due to the protons 

present at the nitrogen atoms N-l,/H-3,; and N-7. Within the unsub

stituted xanthine molecule the N-3 and N-7 protons contribute most of 

the acidic character of the molecule, with the proton at the N-7 

nitrogen being the most acidic (Bergmann, Lichtenberg, and Nieman,

1972).

Since the xanthines are such weak bases (pK^ = 13 or greater), 

the degree of ionization at N-9 is insignificant within the pH range 

encountered in the gastrointestinal tract (pH 2.0 to 7.8). The degree 

of ionization of the xanthines, all of which have a pK& between 5 and 7, 

is therefore determined predominately by the proton at N-7. The 

availability of this proton at N-7 not only determines the degree of 

ionization of the xanthine molecule but also affects its lipophilicity. 

For example, the substitution of a methyl group at the N-7 nitrogen of 

theophylline to form caffeine increases the chloroform/water partition 

coefficient more than 70 times over that of theophylline (Kakemi et al.,
1969b).
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Various xanthines have been shown to associate or form complexes 

with other compounds in constant molar ratios„ Caffeine complexes with 
aspirin, p-hydroxybenzoic acid, and salicyclamide. Reuning and Levy 

(1968, 1969) investigated the intestinal permeability of a salicylamide- 

caffeine complex and found that the complex had a partition coefficient 

intermediate between the partition coefficients of free salicylamide 

and caffeine, but that only the transfer rate of salicylamide across 

the intestine was reduced due to the interaction. Theophylline forms a 

complex with barbituric acid and phenobarbital (the latter being a 

common ingredient in theophylline preparations) but the effect this has 

on the in vitro permeability of theophylline has not been investigated 
(Higgins and Bunker, 1944).

Theophylline was chosen as the model compound for the study of 

xanthine transfer across the intestine not only because of its clinical 

significance but also because its pKa of 8.5 makes it possible to study 

its transfer across the intestine at pH values that can significantly 

alter its degree of ionization without causing extensive damage to the 

intestinal membrane. The other xanthines were chosen on the basis of 

their range of N-substitution. Xanthine, being the least substituted, 

was assumed to be the most polar with 7-(2-chlorethyl)-theophylline 
being the least polar due to the 2-chloroethyl side chain occupying the 
N-7 position and the methyl substituents at the N-l and N-3 positions. 

The mono-substituted, 3-methylxanthine, being the only xanthine with a 

single substitution was expected to have a polarity intermediate to 

that of xanthine and theobromine. All of the xanthines so far mentioned
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are substituted at either N-l, N-3, or N-7; however, 8-chlorotheophyl
line was chosen as the only xanthine with a substitution at a position 

other than N-l, N-3, or N-7, since the chlorine atom at C-8 would be 
expected to produce a significant influence on the physicochemical 

nature of the molecule which should be reflected in its intestinal 

transfer across the everted rat jejunum.

>



STATEMENT OF THE PROBLEM

Since its introduction by Wilson and Wiseman in 1954, the in. 

vitro everted intestinal sac has been used to study the mechanisms 
involved in the transfer of many substances across the intestinal 

membrane. A modification of Wilson and Wisemanfs technique (Blanchard 

and Straussner, 1977) was used to study the transfer of a series of 

xanthine derivatives across the rat intestinal membrane. Theophylline 

was chosen as the model compound because of its importance as a 

therapeutic agent in the treatment of bronchial asthma and because, as 

a weak acid (pKa 8.5), its acid-base behavior was appropriate for pH- 

partition experiments. The transfer rate of theophylline aero as the 
intestinal membrane was correlated with the hydrogen ion concentration 

of the perfusion buffers. To test whether or not theophylline is 

passively absorbed by the intestine the effects of both metabolic 

(2,A-dinitrophenol) and specific transport type (strophanthin-K) 

inhibitors on the transfer in vitro were studied.
-H-The effects of the divalent cation magnesium (Mg ) and pheno- 

barbital on the transfer rate of theophylline were also measured. 

Magnesium salts are components of most antacids, which are often admin

istered concurrently with oral theophylline and which potentially might 

alter its absorption. Phenobarbital is found in some theophylline- 

containing preparations and is known to form a complex with

13
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theophylline (Higgins and Dunker* 1944; Bettis, Lach and Hood, 1973),

The effect of this complexation on the transfer of theophylline in 

vitro was also studied.

The effects of alterations in the composition of the intestinal

membrane on the transfer of theophylline across the intestine were
( 'studied by treating rats with, a 10% intravenous fat preparation 

(Intralipic^) in an attempt to alter the lipid content of the intestinal 

membrane. The effects of this treatment on the transfer rate of 

theophylline across the intestinal membrane were determined.

Several xanthine homologs were studied in an attempt to examine 

how structural modifications affect the transfer rates of xanthines*

The homologs chosen were xanthine, 3^methyIxanthine, theobromine, 

theophylline, caffeine, 8-chlorotheophylline, and 7-:(2-chloroethyl)- 
theophylline. The first three compounds in this series are more polar 

than theophylline while the last three are less polar.

The.viability and integrity of the intestinal membrane during 

these studies were investigated since these factors may obviously have 

an effect on the manner in which substances transfer across this in 

vitro intestinal preparation. Glucose transport was used as the, 

marker for intestinal viability and both light microscopy and scanning 

electron microscopy were used to evaluate the cellular integrity of the

intestine.



METHODS

Everted Intestine Procedure

Experiments were carried out using jejunal segments obtained
/ . ■

from Sprague-Dawley rats weighing approximately 150-300 g. that were 

allowed free access to food and water• Originally only intestinal seg

ments. obtained from male rats fasted for 20-24 hours were used, but 

later non-fasted rats of both sexes were used because it was shown that 

sex and fasting had no effect on the rate of transfer (Berlin and 

Hawkins, 1968a). Animals were sacrificed by placing them in an ether 

atmosphere until respiration ceased. This procedure reportedly 

maintains the viability of the intestine for longer periods of time 

than other forms of sacrifice (Levine et al.5 1970). The abdomen of 

each rat was opened using a midline incision and the entire small 

intestine was removed by first transecting it at the pyloric junction, 

gently pulling to separate the mesentery from the intestinal segment, 

and finally freeing the intestine by transecting it at the ileocecal 

junction.

The proximal 30 cm of unstretched intestine was discarded to 

prevent inclusion of the bile duct in the test segment and to ensure 
the use of the jejunum (Dietschy, Saloman, and Siperstein, 1966). The 

next 30 cm of intestine was separated from the remaining intestine and 

thoroughly rinsed with Normal Saline at 37°C to remove any debris. 

Eversion was accomplished by using a smooth glass rod about 1.5 mm in

15
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diameter and 20 cm long. The elapsed time from removal of intestine to 
eversion was approximately 2-5 minutes. The everted intestine 

(jejunum) was divided into two 15 cm segments9 designated proximal and 
distal in reference to their original anatomical position in the rat.

The two segments were kept in a Petri dish containing Normal Saline at 

370C prior to being positioned on the apparatus.
The intestinal segments were carefully assembled on the 

apparatus as shown in Figure 1. One end of each segment was tied to 

glass cannula G and the other end attached to cannula B. The cannulas 
were adjusted so that 10 cm of intestine was exposed to the mucosal 
bathing solution. While the second intestinal segment was being 

assembled on the apparatus the first one was placed in a 37°C buffer 

solution identical in every way to the experimental solution except for 
the deletion of the drugs.

After the segments were assembled on the apparatus they were 

transferred simultaneously to the tubes (designated C) containing 100 ml 

of mucosal drug solution which had been previously equilibrated at 370C . 
The total assembly time took approximately 7—10 minutes after removal. 

Twenty-five ml of warmed serosal buffer solution was pushed through each 

segment via a 50 ml syringe driven by an infusion pump (Model 975 

Harvard Apparatus Co.9 Dover, MA). The pH of the buffers was checked 

before and after every experiment and was found not to vary more than 

± 0.2 pH units. The mucosal solution was continually gassed with 100% 

entering via needle H and leaving via needle I. The serosal buffer
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H

Figure 1. Diagram of the Intestinal Perfusion Apparatus.

Key: A, everted intestinal segment; B, 4 mm O.D. glass
cannula; C, thick walled glass test-tube 185x35 mm;
D, approximate fluid level for 100 ml of mucosal solution;
E, number 7 neoprene stopper; F, sample collection point;
Gy 6 mm O.D. glass cannula; H, 18 guage needle with attached 
piece of PE 160 tubing (inlet for 100% O2); I, 15 guage 
needle (gas outlet); J, PE 360 tubing connected to a glass 
preheating coil which in turn is connected to a syringe 
containing the serosal solution.
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solution was passed through a glass preheating coil (immersed in the 
o37 C water bath) before entering the everted segment at point J»

Serosal samples were collected at 10 minute intervals for one 

hour. At the end of each interval, a sample was accurately collected 

in a 5 ml volumetric flask by operating the infusion pump at a constant 

flow rate of 16.9 ml/min. This volume and flow rate cleared the seg

ment of all transferred drug, replacing it with fresh buffer within 

20 seconds.

Buffer Composition

’ A modified Krebs-Henseleit phosphate buffer (Castillo and

DeBeer, 1947; Colowick and Kaplan, 1955) was used for all experiments 

conducted between pH 5.5 and pH 8.0, This was chosen instead of the 
Krebs bicarbonate, which reportedly provides the best environment for 

maintaining the viability of the intestine (Benet et al., 1971), since 

the bicarbonate buffer does not function optimally within the pH range 

5.5 to 8.0. Experiments conducted at pH 10 used the same Krebs- 

Henseleit electrolyte solution except that the phosphate buffer was 

replaced by an equimolar amount of carbonated-bicarbonate buffer 

(Colowick and Kaplan, 1955). Table 2 describes the composition of the 

buffers used. Calcium ion was deleted from the buffer solution due to 

its tendency to form precipitate at pH values greater than 7.4 in the 

presence of phosphate. The absence of calcium ion was observed to have 

no effect on drug transfer. Glucose at a concentration of 130 mg%

(7 mmolar) was added to the mucosal buffer only.



19
Table 2. Composition of Modified Krebs—Henseleit Buffers Used for

Xanthine Transfer Experiments.

Concentration of Buffering Components (mmol/l)+

Buffer
pH MaH2P04 Sa2HP04 NaHCOg NagCOg

5.5 1.66 0.72 —
7,4 1.34 1.04

8.0 0.86 1.52 —

10.0 — '- 0.96 1.42

In addition, each of the above buffers contained the following 
electrolytes: 119 mmol/1 NaCI, 4,8 mmol/1 KC1, 1.2 mmol/1 Mg SO4 and
1.2 mmol/I KH2PO4. The buffers were prepared by adding the appro
priate amounts of the above buffering components to the electrolyte 
solutions, then diluting to 1 liter with distilled water.
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Glucose was included in the mucosal buffer as an indicator of 

intestinal viability since glucose is actively transported across the 
intestine (Burland and Samuel, 1972; Crane, 1960; Crane and Mandelstam, 

1960), In experiments in which magnesium chloride (MgClg) was added to 

the mucosal buffer (final concentration of Mg ion, 120 mM) the 

osmolality increased from approximately 300 milliosmoles (mOsm) to 

approximately 600 mOsm. Therefore control buffers of equivalent 
osmolality were used. Osmolalities were measured using a vapor pres-

+Tsure osmometer (Wescor Model 5100b), All experiments employing Mg 

ion were conducted at pH 5.5 to prevent precipitation of Mg(OH)^, 

Suitable control experiments involving the measurement of theophylline 

transfer at pH 5.5 in which equimolar amounts of sodium chloride (NaCl) 

replaced MgCl^ were also performed.

Assay For Xanthines

Xanthine analysis was accomplished using a High Performance 

Liquid Chromatographic (HPLC) assay developed by the author. Since the 

compounds being studied ranged in polarity from very polar (xanthine) 

to very nonpolar [7-(2-chloroethyl)-theophylline], reverse phase parti

tion chromatography was chosen as the appropriate method for analysis. 

This allowed all of the compounds in this series to be analyzed using 

the same column by varying the amount of organic solvent in the mobile 

phase. The column used was a prepacked 4 mm l.D. x 30 cm long 

pBondapak-C^g HPLC Column (Waters Associates Inc.). The mobile phase 

was made acidic (pH 3.0) with acetic acid (1% v/v) so that the 

xanthines would be essentially unionized, (all have pKa values >5.0)
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thus assuring reproducible retention times, Table 3 lists the reten
tion times and compositions of the mobile phases used for the analysis 

of the various xanthines studied. The mobile phase was pumped through 

the column using a high pressure chromatographic pump (Waters Model 

600.0-A) at a flow rate of 3.0 ml/min. Detection of the eluted peaks at 
280 nm was accomplished with a flow-through HPLC ultraviolet (UV) 

detector (Waters Model 440). The reverse phase chromatographic system 

developed for the xanthine analysis in these experiments required no 

sample workup prior to analysis. Since the mobile phase is aqueous, 

as were the samples, direct on-column injection of the sample was 

adequate for analysis. This reduced the possible error that might be 

inherent in any extraction or purification steps and reduced the total 

analysis time.
When samples were not assayed immediately after an experiment, 

they were stored at -20°G in conical 1.5 ml microfuge tubes (Brinkmann) 

in order to minimize any degradation or metabolism of the compounds.

All of the xanthines except xanthine itself were found to be stable in 

solution at room temperature for 7^10 days after the transfer experi-? 

ments. Xanthine was found to be converted to uric acid, presumably by 

solubilized intestinal xanthine oxidase (Westerfeld and Richert, 1949).

Quantitation of the xanthines was performed by peak height 

analysis of the chromatograms. Peak heights were compared to a 

standard curve prepared prior to each analysis. Standard solutions of 

each compound were prepared at concentrations of 50, 100 and 150 ug/ml 

respectively. One hundred microliters of each of these solutions was
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Table 3. Retention Times and Composition of Mobile Phase for Analysis 

of Xanthines Using Reverse Phase Partition Chromatography «—  
The retention times for various xanthines using a C]_g reverse 
phase column with a flow rate of 3»0 ml/min and the solvent 
systems indicated.

Retention Time
Compound % CEgCN . % h 2o % HOAc (Min)

Xanthine 0 99 1 3.54

3-Methylxanthine 5 94 1 2.94

Theobromine 10 89 1 2.34
Theophylline 10 89 1 2.94

Caffeine 15 84 1 2.94
8-Chloro-theophylline 20 79 1 2.10
7-(2-Chloroethy1)- 
theophylline

25 74 1 2.94
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diluted to 1 ml with the appropriate buffer* yielding final concentra
tions of 5 * 10 and 15 yg/ml* respectively. Blanks consisted of the 

appropriate buffer without any compound added. Twenty-five microliters 
of each standard was injected into the. liquid chromatograph. The 

resultant peak heights were measured by drawing a line across the base 

of the peak and measuring, the distance from that line to the top of the 

peak.
Figure 2 illustrates a typical standard curve obtained by 

plotting peak height (cm) vs. concentration (yg/ml). Standard curves 
constructed before the analysis of each experiment were subjected to 

linear regression analysis. Unknown sample concentrations were derived 

using the equation for the "best-fit” regression line.

33-0-Methyl-(D-glticose-l- H) Assay

The transport of tritiated 3-0-methyl-D-glucose (specific 
activity 2 Ci/mmol) was determined using liquid scintillation counting. 
One hundred microliters of 3-0-methyl-D-glucose (1 mCi/ml) was added to 

200 ml of buffer. This solution was used as the mucosal buffer for each 

of the two intestinal segments (100 ml each). The serosal and mucosal 

concentrations of 3-0-methyl-D-glucose were measured by placing 1 ml 

aliquots of buffer into liquid scintillation counting vials, adding 10 
10 ml of liquid scintillation cocktail (Beckman Gf®) and counting in a 

liquid scintillation counter (Beckman LS-3133P) for 10 minutes. 
Intestinal tissue concentrations were measured by,accurately weighing 

approximately 100 mg of intestine after rinsing and blotting with 
absorbant tissue. The sample was digested in a counting vial by the
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Figure 2. Standard Curve for the Analysis of Theophylline —  The peak 
height in cm for a given concentration of theophylline is 
presented. Each data point represents the mean of 9 values 
+S.D. The regression equation and correlation coefficient 
for this line are, respectively, X = 1.052 y - 0.054; 
r = 0.9999.
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addition of 0.5 ml of 0.6N NaOH. Ten milliliters of cocktail and 1 ml 
of E^O were then added and the vial counted for 10 minutes. Counting 

efficiencies were determined by the External Standard-Channels Ratio 

Method for Quench Calibration (Beckman Instruments Inc., 1976). Tissue 

radioactivity was expressed as disintegrations per minute per mg of wet 
tissue weight (dpm/mg) divided by the mucosal concentration of 3-0- 
methyl-D-glucose (dpm/ml).

D-glucose was measured enzymatically using glucose oxidase in 

an automated glucose analyzer (Beckman).

Preparation of Tissue Samples 
for Histological Evaluation

Histology was performed on proximal or distal intestinal 

segments immediately after eversion (t-G min.) and after 60 min. of 

incubation in a pH 7.4 phosphate buffer (t=60 min.). Specimens for 

light microscopy were fixed in 10% buffered formalin, paraffin sec
tioned, and stained with haemotyxylin and eosin. Specimens for 

scanning electron microscopy (SEM) were fixed in isotonic Karnofsky's 

solution and stained with 1% osmium tetrdxide after critical point 
drying from acetone. These specimens were sputter coated with gold to 

a thickness of 300 A. An ETEC autoscan SEM was used to.examine the

completed specimens.
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Determination of the pKq of 

_8-chlorothebphylline ■

The titration of a known concentration of 8-chlorotheophylline 
with NaOH was performed in order to determine its dissociation constant 

(Ka). One hundred and seven milligrams of 8-chlorotheophylline were 
accurately weighed on an analytical balance (Ainsworth) then added to a 
50 ml volumetric flask. A 25% solution of acetonitrile in distilled 

water was added to the flask which was shaken until all of the 

8-chlorotheophylline was in solution. The final concentration was 

0.01 M. Twenty milliliters of this solution were titrated with 

0.1023N NaOH at 27°C while monitoring the pH with a digital pH meter 

(Markson Electromark^). After each addition of titrant, the pH was 

determined. This information was recorded on computer cards and the Ka 

was determined from a computer generated Gran plot program (Seymour and 

Fernando9 1977). The resultant Ka for 8-chlorotheophylline as deter
mined in 25% CHgCN/HgO by this program was 3.614 x 10  ̂ (pKa = 5.44).

Preparation of the 2:1 
Theophylline-Phenobarbital Complex

A theophylline phenobarbital complex was prepared by the method 

of Higgins and Dunker (1944). One gram of sodium phenobarbital dis

solved in 10 ml of H^O was added to 50 ml of hot ethanol containing 

1.55 g of theophylline. The solution was cooled and the crystals 

filtered off. After one recrystallization from alcohol the crystals 

had an uncorrected melting point of 253°C (reported 250.7-251.7°C). •
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Determination of the Distribution Ratios (D) 

of the Various Xanthines at pH 7.4
-3Solutions of each xanthine at 10 M were prepared in 0.1 M

phosphate buffer, pH 7.4, that was previously saturated with chloroform. 

Into 15 ml screw-capped,culture tubes, 5 ml of each solution was 

pipetted. Then, 5 ml of chloroform previously saturated with pH 7.4 

buffer was added to each tube arid the tubes were capped. Triplicate 
samples of each compound were shaken in an Eberbach Shaker (Eberbach 

Corporation, Ann Arbor, Mich.) at low speed for 5 hours. After equili

bration, the layers were separated by centrifugation. The concentration 

of xanthines in the equilibrated, and control (non-equilibrated) buffer 

were determined by UV spectroscopy at their absorption.maxima versus 

appropriate blanks. The distribution ratio (D) was calculated for each 

compound using the following expression:

where = Original concentration of compound in buffer.

C-2 = Equilibrium concentration of compound in buffer.

Pretreatment of Rats With a 
10% Intravenous Fat Emulsion (Intralipid(jy 10%)

Jugular cannulas were implanted in Sprague-Dawley rats by the

method of Brown and Hedge (1972) for the i.v. administration of

IntralipicF^. Experimental rats were maintained for 5 days on a constant

Normal Saline at a rate equivalent to that of the experimental rats.

(Eq. 1)

infusion of 2 gm/kg body wt/day Control rats received
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The animals had free access to food and water during the course of the 

infusion. After 5 days the animals were anesthetized with ether and 
intestinal segments were prepared as previously described above.



MATERIALS

The S-chlorotheophylline, 7~(2^chloroethyl) theophylline, and 

3-methylxanthine were obtained from Aldrich Chemical Company, Theoph
ylline, theobromine, sodium phenobarbital, and phloridizin were 

obtained from Sigma Chemical Company. Strophanthin^K was supplied by 

Burroughs-Wellcome and mono-sodium xanthine was obtained from Schwarz 

Laboratories, Caffeine was obtained from Merck Inc, Allopufinol was 

supplied by Calbiochem, Amersham Radiochemical supplied the 3-O-methyl- 

(D-glucose-l-^H), Dichloromethane (CB.2^ 2  ̂ an<̂  acetonitrile (CH^CN) 
were purchased from Burdick and Jackson Labs, The 2,4-dinitrophenol 

(2,4-*DNP) ob'tarnecl. ■ frbiir- Sigma Chemical Company was purified by convert 

sion to sodium-2,4-DNF by reacting it with an excess of 6N NaOH 
followed by recrystallization from 95% ethanol. All other chemicals 

were reagent grade or better.
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RESULTS AND DISCUSSION

Viability and Histological Evaluation 
of the Everted Rat Intestine

Before considering the results obtained from the xanthine trans 

fer experiments? the evaluation of the viability of the everted rat 

intestinal preparation will be discussed since this is of critical 

importance to the proper analysis of the subsequent data (Levine and 

Pelikan, 1964). Both the structural and functional integrity were 

investigated in order to estimate the overall viability of this prepara 
tion. The structural morphology of the intestine was examined by light 

microscopy and scanning electron microscopy SEM). Studies were per

formed immediately after eversion (T=0 min*) and after 60 minutes 

(T-60 min*) of incubation in an isotonic pH 7,4 phosphate buffer. This 

was used to assess the degree of structural deterioration that took 

place over the course of an experiment. The functional integrity of 

the preparation was estimated by measuring the active transport of 

glucose across the intestinal segment over the time period of the 

experiments.

At T=Q9 paraffin sections examined indicated good cytoplasmic 
and nuclear detail, and good detail in the submucosal structures 

(Figs. 3, 4). Examination by SEM showed a normal surface morphology 

with well-defined, well-separated villi and no evidence of gross 

damage (Fig. 5).

30



Figure 3. Intestinal tissue segment showing normal structure after post eversion 
manipulation (T=0)— Magnification x 400. u>H
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Figure 4. Villus detail after eversion of the intestinal 
segment (T=0)— Magnification x 800.
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Figure 5. Scanning electron micrograph showing surface detail of 
everted intestine (T=0).
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After 60 minutes of incubation9 however9 the villi were 

stripped of much of their epithelium and in some cases the basement 

membrane was separated from the lamina propria (Fig. 6). Vacuolization 

within the lamina propria and a loss of distinct cellular details were 

also present. Scanning electron micrographs of intestinal specimens 

taken after the 60 minutes incubation (Fig. 7) show nearly all of the 
villi intact with respect to the muscularis externa. This, along with 

the light micrographs indicate that the damage seen after 60 minutes is 

localized in the mucosa with minimal distortion of the submucosa and 

muscle layers.

Similar findings were reported by Levine et al. (1970) after 

their extensive histological examination of the everted intestine.

They found, however, that intestinal segments taken from animals 

anesthetized with ether or sodium pentobarbital showed little evidence . 

of destruction over the 60 minute period with only 10-15% of the 

epithelium disrupted. Fischer and Millburn (1970) also reported only 

a slight loss in the structural integrity of everted intestinal sacs 

over a period of 90 minutes, and virtually no change in their functional 

ability to glucuronidate stilbesterol. Even though the segments used 

in this study were taken from animals while under ether anesthesia, 

tissue destruction appeared prominent.

In the present study the functional integrity of the intestinal 

membrane was determined by measuring the active transport of glucose 

and a glucose analog, 3-0-methylglucose from the mucosal to the serosal 
surface of the preparation. The fact that glucose is actively
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r

Figure 6. Appearance of villus after 60 min. incubation (37° C) 
in pH 7.4 phosphate buffer— Magnification x 800.
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Figure 7. Scanning electron micrograph of intestinal segment after 
60 min. incubation (37°C) at pH 7.4.
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transported by the small intestine in vitro was demonstrated as early 

as 1949 (Fischer and Parsons, 1949). It has since been shown that 

intact, functioning, intestinal epithelial cells are essential for any 

transport to take place (Crane and Mandelstam, 1960). Therefore, the 

rate of appearance of glucose on the serosal side of the preparation 
over the 60 minute incubation period should reflect both the biochemical 
and structural state of the epithelium. These data, when combined with 

histological examination of the tissue, would allow the discrimination 

between the biochemical and structural state of the preparation.

The intestinal transport of glucose as measured from several 

experiments conducted at pH 7.4 is shown in Fig. 8. The amount of 

glucose appearing in the fluid on the serosal side of the membrane 

rises from an initial basal value at T=Q min. to a maximum at 30 

minutes, then declines back to the basal value by 60 minutes. This 

coincides with the findings of Porteus and Pritchard (1972), who 

found the rates of glucose absorption by the intact intestine to 

increase linearly to 30 minutes, then slowly decrease to zero by 60 

minutes. Crane and Mandelstam (1960) found that with villi and intact 

intestinal strips, sugar accumulation fell off with time and the extent 

of accumulation was maximal in about 15-20 minutes. Even though there 

was a concentration gradient present in the direction of transport 

(i.e., mucosal to serosal) .it is of little consequence, since, in vitro, 

the small intestine actively transports glucose 10-20 times faster than 
the rate of diffusion (Wilson, 1962b), and at concentrations of 500 mg%
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Proximal Control

Distal Control
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Figure 8. The active transport (mucosal to serosal) of glucose across 
segments of everted rat jejunum in the presence and absence 
of the specific glucose inhibitor phloridizin —  Values 
represent the mean ± S.D. of 3 segments (n=3), except those 
in which phloridizin was present where one was used (n=l). 
Experiments were conducted at pH 7.4 and 37°C.
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or less, the rate of transport up or down a concentration gradient is 

of the same order of magnitude (Wilson and Vincent, 1955),

The biphasio response of glucose transfer seen (Fig. 8) was 
felt to be related to a functioning transport system. This is sup

ported by the fact that transport was eliminated when the specific 
inhibitor phloridizin was added to the mucosal solution. The rates of 

glucose transfer in the presence of phloridizin seen in Fig. 9 can be 
considered to be those maximally obtainable by diffusion alone. Since . 

there is no increase in transfer from time 0 to 60 minutes, it was 
concluded that the integrity of the intestinal membrane is not compro

mised to the extent of becoming "leaky" to the relatively small 

(MW-180), hydrophilic glucose molecule.
In order to examine the role of any metabolic utilization and/or

transport of endogenous glucose stores by the intestine, two experiments

were conducted to measure the transport of 3-0-methylglueose (3-0-MG).
This glucose analog is actively transported by the same system that

transports glucose across the intestine, but it is not utilized by the

intestine as is glucose (Wilson and Vincent, 1955). One hundred micro
'scuries of tritiated 3-0-methyl-D-(glucose-1- H) with a specific 

activity of 2 Ci/mmol was added to the mucosal bathing solutions of four 

intestinal segments, two with phloridizin present and two without.

These data are summarized in Fig. 10 and parallel those found for 

glucose transport over the 60 minute period. After 60 minutes a 1 cm 

length of intestine was cut from the central portion of each segment in 

order to determine the tissue concentration of 3-0-MG. After correcting
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Figure 9. The active transport (mucosal to serosal) of tritiated 3-0- 
methyl-D-glucose across segments of everted rat jejunum in 
the presence and absence of the specific glucose inhibitor 
phloridizin —  Data represents the results from one 
experiment each. Experiments were conducted at pH 7.4 and 
37°C.
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Figure 10. The effect of 2,4-DNP on the transfer of theophylline across
the everted rat jejunum —  2,4-DNP was added to the mucosal
solution at a final concentration of ImM. Data points
represent the mean ± S.E. of 6 segments.
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for the mucosal concentration, it was found that the tissue concentre-

\

tion of 3-0-MG when phloridizin is present was seven times lower on the 

average than when no inhibitor was added to the bath (Table 4). The 

tissue concentration of 3-0-MG in the presence of phloridizin was con

sidered the maximum obtainable by diffusion alone• Metabolism of 

glucose by the intestinal segment was ruled out in explaining the 

phasic nature of the glucose transport seen since 3-0^MG transport 

follows the same pattern. Another possible explanation is that from 
time zero to approximately 30 minutes, the everted rat intestine is bio
chemically and structurally intact enough to transport glucose into the 

epithelial cells where it concentrates and then diffuses through the 

underlying tissue into the serosal medium. After thirty minutes, this 

active uptake ceases either because of an exhaustion of energy stores 

or disruption of the epithelial barrier. After 30 minutes the glucose 

that remains in the tissue diffuses serosally without being replaced, 

and by 60 minutes the tissue glucose stores are depleted and the 

serosal concentration of glucose returns to its basal value. The 

measurement of 3-0-MG tissue concentrations at various times could 

have ruled out this possibility, but they were not performed.

Even though histological sections were not obtained at 30 

minutes, the glucose transport experiments indicate that at least up to 

30 minutes, the everted intestine is basically structurally and func

tionally intact. By 60 minutes, however, there were definite signs of 

both structural and functional disintegration.
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Table 4. Comparison of the Intestinal Tissue Concentration of 3-0- 

methyl Glucose After 60 Min. Incubation With and Without 
Phloridizin

(dpm/mg/mucosal dpm) x 10

Without phloridizin
Distal Segment 2.75
Proximal Segment 4.00

With Phloridizin
Distal Segment 0.45
Proximal Segment 0.55
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Loss of structural integrity«> if present at any stage of the 

proposed transfer experiments, but especially at the early time points 

would raise serious questions about the data collected (Levine et al., 
1970; Benet et al., 1971). The results presented here indicate that 

for at least 30 minutes, the functional integrity of the everted 

intestine can be considered intact, but by 60 minutes the structural 

changes in the intestine make it difficult to accurately, evaluate 

transfer data.

Effect of .Various Biochemical Inhibitors 
on the Intestinal Transfer of Theophylline

In an attempt to rule out transport of theophylline across the 

intestinal membrane by an active process, experiments were performed 

using inhibitors to disrupt various biochemical functions of the 
intestine. Active transport is defined as the uni-directional uphill 

movement of material against a concentration gradient. This is 

accomplished by the expenditure of metabolic energy derived from 

cellular processes. Measurement of transfer after inhibition of 

energy requiring reactions is one method of determining whether the 
translocation of a substance across a membrane occurs by an active 

process (Wilson, 1962a). In one set of experiments, the sodium salt 

of 2,4-dinitrophenol (2,4-DNP), a potent uncoupler of oxidative phos

phorylation was added to the mucosal bathing solution at a concent 

concentration (1 mM) sufficient to inhibit metabolic processes (Berlin 

and Hawkins, 1968b; Coupar and McColl, 1975). The results of these 
experiments are presented in Figure 10. The plot of cumulative
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theophylline transfer for the segments in which 2,4-DNP was included 

is essentially identical to that of the control segments•

Recent evidence suggests that the in vitro intestinal trans

port of some drugs may be related to a sodium-ion coupled transport 

(Turner, Mehta, and Benet, 1970; Benet et al., 1971) such as that 

known to exist for sugars and amino acids (Mayersohn and Gibaldi, 1969; 

Coupar and McColl, 1975)* In this system nutrients and possibly drugs
-j-enter the mucosal cell with Na by receptors on the microvillus

membraneo They are then transported across the cell and extruded
4- +  4*with Na » This process its controlled by. a Na -K ATPase TTpumpn which

can be specifically inhibited by the cardiac glycoside strophanthin-K,

To investigate whether this process might play a role in theophylline

transfer across the intestine experiments were performed in the

presence of strophanthin-K.

Strophanthin-K (1 mM) was added to the serosal side of two

intestinal segments and to the mucosal side of another two segments

in order to determine on which side it might exert its maximal effect.
+It is assumed the Na -pump is located on or near the basal end of the 

epithelial cells mainly because the cardiac glycosides are more
4-potent inhibitors of active Na ion and nutrient transport when 

exposed to the serosal membrane than the mucosal surface (Coupar and 

McColl, 1975). The results of these experiments are present in 
Figure 11. Regardless of which side of the intestinal segment was 

exposed to strophanthin-K, no change in theophylline transfer from 

control levels was found. This is in accord with observations of
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Mucosal 4- Strophanthin-k

Serosal + Strophanthin-k

Control

Time(min.)

Figure 11. The effect of the Na -K ATPase inhibitor, strophanthin-K, 
on the transfer of theophylline across the everted rat 
jejunum — Strophanthin-K was added to either the mucosal 
side (closed circles) or to the serosal side (open circles) 
at a final concentration of 1 mM. Data points represent 
the mean + S.E. of 4 segments.
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Mayersohn and Gibaldi (1969) who found no difference in the transfer 

rate of several water soluble drugs (ionized and unionized) across the 
everted rat intestine in the presence of ouabain (10 ^M). These data 

support the conclusion that the transfer of theophylline across the 

everted rat intestine is a passive process. Sanvordeker (1978) 

further substantiated this conclusion by determining the concentration 
dependency of theophylline transfer across the everted intestine over 
a 10 fold concentration range.

Effects' oh pH on the. Transfer -of.. - 
Theophylline across the Everted Rat Intestine

. According to HOgben et al. (1958), the absorption of most weak 

electrolytes should be favored by a change in pH that increases the 

proportion of the. unionized form present in solution. Since theophyl

line is a weak acid (pKa=8.5) its rate of transfer across the intestinal 

membrane should decrease as the pH increases. Furthermore, this 

change in transfer rate should be proportional to the fraction of 

unionized drug in solution. Experiments were conducted to measure 

theophylline transfer across the everted rat jejunum at various 

hydrogen ion concentrations.

Experiments were conducted at pH 5.5, 7.4, 8.0, and 10.0 at a 

constant mucosal theophylline concentration of 50 pg/ml. Using the 

Henderson-Hasselbalch equation the theoretical degree of ionization of 

theophylline at these various pH values was calculated. The theoretical 

ratio of ionized/unionized species at these pH values ranged from 

0.001:1 at pH 5.5 to 32.1, at pH 10.0. This was considered to be a
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large enough range to produce measurable changes in transfer rate if 
they existed.

The transfer of theophylline across the everted intestine was 

expressed as cumulative mucosal-to-serosal clearances (mis) and 

calculated from Eq. 2.

n  = cumulative amount transferred (yg) (Eq. 2)
mucosal concentration (ug/ml)

Table 5 lists the average clearances (ml i S.D.) at each 10 minute 

interval throughout the course of the 60 minute experiments for the 
various pH values tested. Each value represents the mean of 6 seg
ments (proximal and distal combined) except at pH 7.4 where eight 

segments were used. These data were subjected to a one-way analysis 

of variance (ANOVA) in order to detect, any significant differences in 

clearances between the various pH values at a given time interval.

The level of significance was p <0.05 for all analyses. The Tukey 

test (Winer, 1962) was employed as a post hoc test in order to deter

mine where the pair wise differences between means existed. At the 

significance level used, only those clearances measured at 10 through 
40 minutes were found to be significantly different. At the 50 and 

60 minute sampling time, the intestinal clearance of theophylline was 

not significantly different at any pH tested.

After ranking the pH values from the lowest to the highest 

(a prerequisite for the post hoc analysis), post hoc analysis of the 

data showed statistically significant differences at T=20, 30, and 40 
minutes were between the non-adjacent pH values (see Table 5).
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Table 5 * Average Cumulative Theophylline Transfer Across the Everted 

Rat Jejunum at Various pH Values —  Values represent the 
cumulative micrograms, of theophylline transferred per unit 
mucosal concentration ± S*D. All values represent the mean 
of 6 segments (proximal and distal combined) except at pH 7.4 
where 8 segments were used. A one-way analysis of variance 
was performed on the data in order to test for significant 
differences between groups. Bars enclosing values indicate 
means are not significantly different (p<0.Q5). Means not 
connected are significantly different (p>0»05) from each 
other.

pH
Time 5.5 7.4 8.0 10.0

10 0.126+.037 0.0991.047 0.0711.016 0.0521.016t
20 0.2921.034 0.2561.065i 1 0.1871.034 ! 1 0.1481.012

,

30 0.5 00±.069 0.4431,097 0.3351.062 1 1 0.2641.076

40 0.7081.105 0.6531.128 0.5021.0831 t 0 ».446± o 084

50 0.8961.159 0.8791.160 0.6951.102 0.6681.093

60 1.09 .207 1.10 .199 0.898 .130 0.910 .107
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Differences existed between pH 5.5 and 8.0 and 10.0, and between 

pH 7.4 and 10.0, but not between pH 5.5 and 7.4 or between pH 8.0 and 

10.0. In addition, at T=10 minutes the clearance measured at pH 5.5 

was significantly different from that at all of the other pH values.

Plotting the mean cumulative clearances as a function of time 

on rectilinear coordinates yielded the curves presented in Figure 12. 

Unexpectedly these data produced a curvilinear relationship for which 

no one straight line could be drawn through all of the points. 
Regression analysis performed on these data revealed that the "best 

fit" line for each of the four experiments was represented by a power 

curve or log-log relationship. The general form of this type of 

relationship is given by the equation:

y = afk (Eq. 3)
which can be linearized to

log y = log a + blog t (Eq. 4)

where a is the intercept, b is the slope, t is the time in minutes, 

and y is the clearance in mis. The regression lines corresponding to 

Eq. 3 are shown in Figure 13. Plotting these data in this fashion 
helps to illustrate the decrease in theophylline clearance at the 

early time points that occurs as the pH increases.

Due to the non-linearity of theophylline clearance over the 

60 minute time course of these experiments it was not possible to 

obtain the clearance rates for each experimental pH from the slopes of 

the regression equations. However, examination of Figure 12 revealed 

that the slope of the clearance curve began to increase after 30
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O—* • 1 * •
pE = 7.4

pH = 8.0

pH = 10.0

Time(min.)

Figure 12. The cumulative transfer of theophylline across the everted 
rat jejunum at various pH values as a function of time —
All values are the mean of 6 segments (distal and proximal 
combined) except at pH 7.4 where 8 segments were used.
Error bars are deleted for clarity. Table 5 lists the 
means ± S.D. for each point plus the significant differences 
between pH values.
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--  -O pHa— •
/ /  / — — -O pH =o  —

- O  pH =
S o.io o pH^ S 0.09= 0.08 j-

40 50 60
Time(min.)

Figure 13. The clearance data from Figure 12 plotted on log-log 
coordinates —  Regression equations and coefficient 
coefficients for each experiment are listed in Table 6.
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minutes for all-experiments. Up until this time, the clearance of 

theophylline at all the pH values tested was judged to be sufficiently 

linear to derive a clearance rate constant. Therefore, the 

instantaneous clearance rate for all experiments were derived from the 

cumulative clearance of theophylline obtained at 30 minutes (Table 6). 
This use of only the early time points for the determination of 
clearance rates has been used by other authors who recognized the 
phenomenon of increasing clearance over time. Gibaldi and 

Grundhofer (1972), while assessing the functional integrity of the 

everted intestine preparation determined that the clearance rates of a 

number of different compounds were relatively constant over the first 

30 minutes. The assumption that the early transfer rates are a more 

appropriate measure of drug transfer across the everted intestine . 

than the total amount of solute transferred was reached independently 

by Benet et al. (1971). This is also in agreement with the assessment 

of the everted intestine made by Levine et al. (1970) as well as the 

present study.

The correlation between the intestinal transfer of theophylline 

and its degree of ionization was determined by plotting the 30 minute 

theophylline clearance rates (ml/min) at each of the pH values as a 

function of pH-^pK .

Figure 14 demonstrates the relationship between the degree of 

ionization of theophylline and its 30 minute clearance rate. As 

predicted by the pH-partition hypothesis, the transfer rate of
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Table 6. Ionization and Intestinal Clearances for Theophylline at the 

Various pH Values Tested " " Clearances ■£ S.D. were determined 
from the regression equations at T=30 minutes. The degree 
of ionization of theophylline was calculated from the 
Renderson-Hasselbach equation.

pH pH-pKa % Unionized
Clearance Rate 
(ml/min) x 10+

Regression
Equation

5.5 -3.0 99.90 1.67+0.09 y=O.O08t1,216
r-0.9995

7.4 • -1.1 96.93 1.31+0.13 y=0.004t1,348 
r=0.9999

8.0 -0.5 75.97 1.24+0.08 y=0.003t1,418 
r=l.0000

10.0 +1.5 3.07 0.76+0.10 y^O.OOlt1-596 
r=0.9989



55

pH=8.0

g -  0.9

pH - pK

Figure 14. Relationship between the clearance of theophylline across 
the everted rat jejunum and its theoretical degree of 
ionization as expressed by (pH-pKa) —  Clearance values 
were determined from the regression equations at t=30 min. 
Data points represent the mean ± S.E. of 6 segments except 
at pH 7.4 where 8 segments were used. The regression 
equation anc correlation coefficient for this line are: 
Clearance = -2.01 x 10“  ̂ (pH-pKa) - 10.69 x 10“ ;̂ 
r = 0.9955.
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theophylline decreased as the concentration of ionized theophylline in 
solution increased.

It appeared from Figures 12 and 13 that the rate of change of 

theophylline clearance across the intestine (i.e.„ "curvature")- 

increased as the pH increased. In an attempt to relate this curvature 
to the calculated ratios of ionized to unionized theophylline in 

solutiono There was an excellent relationship between the rate of 
change of theophylline clearance (expressed as the slope of the log-log 

curve) and the log of the ratio of ionized to unionized theophylline in 

solution (expressed as pH-pK^) (see Fig. 15). The exact meaning of 

this unusually strong correlation is unclear, but the explanation of 

the phenomenon may relate to the earlier discussion on the viability 

of the preparation.
It was found that after 60 minutes of incubation the everted 

jejunum showed histologic evidence of tissue degradation and a decrease 

in viability after 30-40 minutes as measured by glucose transport. 

Gibaldi and Grundhofer (1972), addressed the problem of the functional 

integrity of the everted intestine by measuring the constancy of 
transfer rates of a number of compounds as a function of time. They 

found two distinct temporal patterns for passive drug transfer. 

Relatively lipid soluble compounds which were initially cleared at 

rates > 1 ml/hr had little or no change in transfer rate over a two- 

hour period. On the other hand, compounds of lower lipid solubility 

which were initially cleared at substantially lower rates showed a 

marked increase in transfer rates over the same time period. In fact.
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2.0 ' -

pH=8.0

pH - pK

Figure 15. Relationship between the rate of change of theophylline 
clearance across the everted rat jejunum at various pH 
values and its theoretical degree of ionization expressed as 
(pH - pKa) —  The slope of the log-log regression equations 
describing the clearance of theophylline depicts this rate 
of change (see Table 6). The regression equation and 
correlation coefficient for this line are: log slope =
0.0264 (pH-pKa) + 0.1621 r = 0.9991.
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the clearance of riboflavin and methyl orange increased by a factor of 
about two after only 30 minutes of incubation in drug free buffer 
solution. These authors related the increase in transfer of methyl 

orange and riboflavin to a loss of structural integrity which led to 
an accumulation of drug in the intestinal tissue* This temporal 

pattern is similar to the one observed for the clearance of theophyl

line across the preparation.
The relationship presented in Figure 15, therefore, was 

believed to be a result of time-dependent degradation of the intestinal 

membrane and the effect of this degradation on the mucosal-to-serosal 

permeability of the ionized solute. Thus as the ionization of theoph

ylline increases (thereby reducing its lipid solubility) its clearance 

increases over time due to a loss of structural integrity of the 

membranes. The clearance of theophylline at all pH values became 

statistically equivalent by 50 minutes. Only the initial clearances 
were pH dependent. Functional and/or structural integrity appeared 

to be necessary to alter the transport of ionized drug . After 30 

minutes functional and possibly structural integrity was destroyed and 

drug transport became equal.

In summary, it has been demonstrated that increasing the 

degree of ionization of theophylline in solution decreases its initial 
(0-30 minutes) clearance (but not its clearance at 60 minutes) across 

the everted intestine. The increase in the rate of clearance with 

time appeared to be consistent with a time dependent degradation of 

some barrier(s) which limits the passage of the ionized form of
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theophylline• The nature of this barrier(s) has not been determined5 

but it has been suggested by Gibaldi and Grundhofer (1972) and 

Benet et al. (1971), that the slight effect that the loss of structural 

integrity has on the transfer rates of nonpolar, lipid-soluble 

compounds means the epithelial border is not the rate limiting barrier 

to transfer of these compounds across the everted rat intestine prepa

ration.

Effect of Complexation with Phenobarbital 
on the Transfer of Theophylline across the Intestine

Bettis et al, (1973) noted that lower serum theophylline 

levels were measured in man after the oral administration of a 2:1 

theophylline-phenobarbital complex than upon the administration of 

theophylline alone. One possible explanation for this is decreased 

intestinal absorption. Decreased intestinal absorption could be due 

to lower solubility or lower lipid solubility of the theophylline- 

phenobarbital complex, Bettis et al. (1973) showed that the dissolu

tion rate of the complex was in fact slower than that of theophylline 

or phenobarbital alone. This experiment was designed to test the 

effect, if any, of complexation with phenobarbital on the transfer of 

theophylline across the everted rat jejunum.

The theophylline phenobarbital complex was prepared according 

to the method of Higgins and Bunker (1944). After one recrystalliza
tion from alcohol the final product had a m.p. of 253°C (reported 

250.7-251.7°C). Transfer experiments were conducted with the mucosal 

bathing solution containing the dissolved complex at a final
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concentration of 50 Tig/ml of theophylline• Control segments were run 

in which the mucosal solution contained an equivalent concentration of 

only theophylline*. The results of these experiments are shown in 

Figure 16 and indicate that the clearance of theophylline across the 

everted intestine from the complex is essentially identical to that of 
theophylline alone * No rigorous testing was done to determine whether 

or not this complex exists as such in solution. However5 these data 

indicate that the presence of phenobarbital in solution or as a complex 

with theophylline in no way affects theophylline transfer across the 

intestine in vitro * This conclusion is supported by the findings of 

Bettis et al* (1973) which show human serum theophylline levels after 

oral administration of a physical:-mixture of theophylline and pheno

barbital (not as a complex) to be identical to those after 

administration of theophylline alone.

Effects of Pretreatment with• '
a 10% Intravenous Fat Emulsion (Intralipio^) >
on the Intestinal Transfer of Theophylline

Significant alterations in the fatty acid content of the rat 
intestine have been observed after long term administration of a 10% 

Intravenous fat emulsion (IntralipicP^ 10%) (Walson9 Revsin and 

Morrow9 1978), This experiment tested the hypothesis that these 

induced changes in the lipid composition of the intestinal membrane 

might alter the passive transfer of theophylline across this lipoidal 

barrier*
(§>IntralipicP 10% fat emulsion is comprised of 10% soybean oil, 

1.2% egg yolk phospholipids, and 2.25% glycerin in pyrogen-free water.
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-9 Theophylline

■Q Theophylline-Phenobarbital 
Complex

c u 0.8

Time(min.)

Figure 16. The cumulative transfer of theophylline derived from a 2:1
theophylline:phenobarbital complex —  The final mucosal con
centration of theophylline in both experiments was 50 mg/1. 
Values represent the mean ± S.E. of n-6 segments.
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The soybean oil consists of a mixture of neutral triglycerides of pre

dominantly unsaturated fatty acids. The major component fatty acids 

are linoleic (54%), oleic (26%), palmitic (9%) and linolenic (8%).

The total fatty acid pattern of soybean oil arid phospholipids is 
presented in Table 7.

The cumulative cleararice of theophylline across everted 
intestinal segments obtained from rats pretreated for 5 days with 10% 

Intralipii^ is shown in Figure 17. Even though the average clearance 

at 30 minutes was 25% greater than control the differences in theophyl
line clearance were not significant (p <0.05) due to the large 

variances present within the experiments and the small number of seg
ments tested. The slight increase in theophylline transfer seen here 

after Intralipic^ pretreatmerit may prove to be significant if a larger 

experimental group is studied. Further work in this area is necessary 

to evaluate fully the effect of the fat emulsion on the." lipid composi

tion of the gastrointestinal membranes and the effects of any changes 

on the rate or extent of drug absorption.

Effect of Magnesium.~Ion and Hypertonicity 
On the Intestinal Transfer of Theophylline

Although generally considered innocuous, antacids can affect 

the absorption and pharmacologic effects of other orally administered 
drugs. Interactions have been documented where antacids chelated, 

complexed with, or altered the dissolution or ionization of drugs 

through direct interactions, pH shifts, or changes in gastrointestinal 
function (Hurwitz, 1974). Magnesium hydroxide, one of the most common
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Table 7 Fatty Acid Composition of Commercial Intralipi

Soybean Oil Phospholipids 
% %

Myristic acid C14 0.035 0.090

Palmitic acid C16 ■ 9.18 32.51

Palmitoleic acid C16:l 0.026 0.37

Stearic acid C18 2.87 15.69

Oleic acid C18:l 26.41 32.03

Linoleic acid C18:2 54.27 11.33

Linolenic acid C18:3 7.81 0.297

Arachidic acid G20 0.12 0.132

Arachidonic acid G20:4 “  . 0.15

Behenic acid C22 0.059 3.41

Unidentified acids 0.222
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Intralipid Pretreatment

O  Control

Time(min.)

Figure 17. The transfer of theophylline across everted jejunal segments 
obtained from rats pretreated with a 10% intravenous fat 
emulsion (Intralipid®) —  Data points represent the mean 
± S.E. of 6 segments. Treatment values are not significant 
(p <0.05) compared to control.
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ingredients in antacids has been shown to depress the gastrointestinal 
absorption in vivo of pentobarbital, sulfadiazine, and quinine by- 

altering the pH of the gastrointestinal environment (Hurwitz and 
Sheehan, 1971; Hurwitz, 1974).

The effect of pH on the transfer of theophylline across the

everted intestine has been presented• These experiments were designed
||to examine the effect of Mg " ion on the transfer of theophylline

across the intestine in vitro. All experiments were performed with a

mucosal theophylline concentration of 50 yg/ml and a pH of 5.5 in
++order to keep the Mg ion in solution. At pH values above 6.5 the 

■*)-* )■■solubility of Mg is reduced due to the formation of the relatively 

insoluble salt9 magnesium hydroxide [Mg(OH)2].
Mucosal buffers containing 120 mM magnesium chloride (MgC^)

I"' |were used to test the effect of Mg ion on the intestinal transfer 

of theophyllineo This concentration of MgCl^ increased the osmolality 

of the buffer to 600 mOsM, twice that of the normal buffer solution. 

Therefore, to eliminate the presence of an osmotic gradient the 

osmolality of the serosal buffer was increased to equal that of the 

mucosal buffer by the addition of NaCl (9.6 g/L). Control experiments 

were run in which an iso-osmolar amount of NaCl replaced the mucosal 

MgC^o Theophylline transfer measured under these conditions were 
compared to the transfer of theophylline under isotonic conditions. 

Figure 18 summarizes these data. A one way ANOVA performed on the 

clearance values obtained at the 30 min. time intervals, detected no 

significant differences (p <0.05) between any of the groups (Table 8).
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Na 300 mOsic Serosal and Mucosal

Ka 600 mOsic Serosal and Mucosal

Mg' ' 600 mOsm Mucosal 
Na"7" 600 mOsm Serosal

« £ 0.8

Time(min.)

Figure 18. The effect of Mg ion and hypertonicity on the transfer of 
theophylline across the everted rat jejunum —  All 
experiments were conducted at pH 5.5 due to the poor 
solubility of Mg++ at higher pH values. All values repre
sent the mean ± S.E. of 6 segments each.
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Table 8, Intestinal Clearance of Theophylline Under Hypertonic
Conditions and in the Presence of Mg++’ Ion —  Clearances 
±S.D. were determined from the regression equations at 
T=30 minutes.

Intestinal
Compartment

Osmolality
(mOsm) Salt

Clearance 
(mis/min) 
xlQ2 *S.D.

Regression
Equation

Correlation
Coefficient

Mucosal 300 NaCl 1„48+0.24 y=0.005t1*314 r=.9990
Serosal 300 NaCl
Mucosal 600 NaCl 1.56+0.18 y=0.004t1 *490 r=.9995
Serosal 600 NaCl

Mucosal 600 MgCl2 1.20+0.18 y=0.003tX *408 r=.9999
Serosal 600 NaCl



In accord with the results of these experiments., Hurwitz and 
Sheehan (1971) found that salts of magnesium other than the hydroxide 
had no effect on the in vitro intestinal absorption of pentobarbital in 
the rat.

The lack of effect of hyperosmolar solutions on the transfer of 

theophylline across the everted gut was interesting since Mayersohn and 

Gibaldi (1969) claimed that the transfer of salicylate, riboflavin and 

sulfanilamide across the everted rat intestine from hypertonic solu

tions (500 mOsm) was increased over control values. However, only 
riboflavin showed a statistically significant increase. In addition, 

they showed that the transfer of these substances from hypotonic solu

tions (100 mOsm) was significantly reduced compared to controls. They 

attributed this inhibition of drug transfer by hypertonic solutions to 

an,increase in the intracellular volume of the intestinal tissue with 

a concomitant decrease in the intercellular space. Altered drug 
transfer as a result of contraction and expansion of the intestinal 

cellular compartments would be consistent with the so-called pore 

route theory (Levine, 1961; Wilson, 1962a) for solute movement across 

biological membranes. Data which support this pore hypothesis were 

presented by Azarnoff and Hurwitz (Walson et ali, 1978)* Who 

demonstrated that the completely ionized compound pyridine^2-aldoxime 
(2-PAM) is transferred across the everted rat intestine from hyper

tonic mucosal solutions (600 mOsm) at a rate twice that of control 

(isotonic) mucosal solutions.

68
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Assuming that certain compounds cross the everted rat intestine 

via the pore route, and that the tonicity of the mucosal solution 
affects this route, it can be assumed that theophylline under the 
hyperosmotic conditions and pH of the experiments presented here, 

preferentially crosses the intestinal membrane via the cellular lipoid 

barrier rather than the pore route„

Intestinal Transfer of 
a Number of Xanthine Homologs

The intestinal clearance of theophylline and six other xanthine 

derivatives was compared in order to determine the relationship, if 

any, between the degree of N-alkyl substitution of the xanthine moiety 

and the clearance across the everted rat jejunum* The compounds 

chosen for Investigation differed only in their alkyl1-substitution at 

the N-l, N-3, and N-7 positions except 8-chlorotheophylline which, 

besides the N-methylation at N-l and N-3, has a chlorine atom at C-8.

In all but one compoune [7-(2-chloroethyl)theophylline] the sub

stituents were methyl groups.

Except for xanthine itself all transfer experiments were 

conducted under identical conditions of pH 7.4, 370C, and a mucosal 

drug concentration of 50 yg/ml. In order to examine the transfer of 

xanthine across the intestinal membrane, the enzyme xanthine oxidase 

(xanthine:02 oxidoreductase EC 1*2*3*2), which exists in high concentra

tions in the columnar epithelial cells of the intestine, had to be 

inhibited (Berlin and Hawkins, 1968a). This enzyme catalyzes the 

oxidation of xanthine to uric acid. It was confirmed that unless
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xanthine oxidase activity was blocked, accurate measurements of 

xanthine transfer across the intestinal membrane are impossible. 
Inhibition of this enzyme was achieved by orally pretreating rats with 
allopurinol at a dose of 250 mg/kg at least three hours prior to 

sacrifice, and by the addition of allopurinol to the mucosal bathing 

solution (final concentration 1 mg/ml). Neither allopurinol nor uric 

acid interfered with the HPLC used.

Figures 19 through 25 illustrate the cumulative clearance with 

respect to time for the seven xanthine derivatives tested. Clearance 
rates (Cr) were determined for each compound at t=30 min from the log- 

log regression equations generated for each set of transfer experiments 

(see discussion on pages 50^53).

The theoretical degree of ionization at pH 7*4 of this series 

of compounds was calculated from their pK values using the Henderson- 

Hasslebalch equation. The lipid solubilities of these compounds at 

pH 7,4 were estimated by determining their distribution ratios (D) 

between an aqueous phosphate buffer at pH 7,4 (see pg, 27) and chloro

form, Table 9 summarizes these data along with the clearance rates, 

regression equations, and pK^ values of this series of xanthine 
derivatives.

It can be seen that increasing the N-substitution of the 

xanthine moiety results in a large increase in the relative lipid 

solubility. Methylation at positions N-l, N-2, and N-3 (as in 

caffeine) results in a D value nearly 20,000 times greater than that 

of xanthine and 60 times greater than theophylline* Replacement of the
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1.1 r
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0.7 -
0.6 -

Time(min.)

Figure 19. The cumulative transfer of xanthine across the everted rat
jejunum at pH 7.4 —  Data points represent the mean * S.E. 
of 6 segments.
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^ S 0.5

Time(min.)

Figure 20. The cumulative transfer of 3-methylxanthine across the
everted rat jejunum at pH 7.4 —  Data points represent the
mean ± S.E. of 6 segments.
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Time(min.)

Figure 21. The cumulative transfer of theobromine across the
everted rat jejunum at pH 7.4 —  Data points represent 
the mean ± S.E. of 6 segments.
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S £ 0.8

i—< 0.6

i 0.3

Time(min.)

Figure 22. The cumulative transfer of theophylline across the
everted rat jejunum at pH 7.4 —  Data points represent the
mean ± S.E. of 8 segments.
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ZH 0.5

c 0.3

Time(min.)

Figure 23. The cumulative transfer of caffeine across the everted
rat jejunum at pH 7.4 —  Data points represent the mean
i: S.E. of 6 segments.



76

u 0.9

0.6 -

0. 1 -

Time(min.)

Figure 24. The cumulative transfer of 8-chlorotheophylline across the 
everted rat jejunum at pH 7.4 —  Data points represent the 
mean ± S.E. of 6 segments.
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1.8 -

Time(min.)

Figure 25. The cumulative transfer of 7-(2-chloroethyl)-theophylline 
across the everted rat jejunum at pH 7.4 —  Data points 
represent the mean + S.E. of 6 segments.



Table 9• Correlation of Physical Properties of Some Xanthines and Their Clearance Across the
Everted Rat Intestine —  The distribution ratio (D) of the unionized moiety was determined 
from a chloroform/pH 7.4 phosphate buffer system. The "effective distribution ratio" (Ê ) 
was arrived at by multiplying the distribution ratio by the fraction unionized at pH 7.4. 
Clearance rates (Cr) were calculated based on the 30 minute time point.

Clearance
Fraction rate, Cr Regression Equation Correlation

Compound pKa Unionized 
at pH 7.4

D V (ml/min) 
xl03 ±s.D,

for log-log plot Coefficient

Xanthine 9.92 0.9970 . 0.001 0.001 11.4+2.3 y=2.5xl0~3t1 ‘447 r=0.9999

3-MeXanthine 8.5 0.9264 0.013 0.014 4.0+1.2 y=9.4xl0“5t2 *104 r=0.9998

Theobromine 9.95 0.9972 0.600 0.602 7.3+2.5 y ^ . O x l O - V ' 583 ' r=0.9998

Theophylline 8.5 0.9264 0.325 0.351 13.1+3.2 y ^ . O x l O - 3! 1 -348 r=0.9999

Caffeine 14.0 1.000 20.10 20.100 23.3±3.2 y = 7 .9xl0~3t1 “319 r=0.9987

8~Cl-Theophylline 5.44 0.0108 0.039 3.596 4.3±0.8 y = l .09xl0~4t2 ’078 r=0.9985

7-(2-chloroethyl) 14.0 1.000 53.90 53.900 24.1-7.7 y = 8 .3xl0-3t1 *313 r=0.9989
theophylline
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N-7 methyl group of caffeine with a 2-chloroethyl group increases the 

lipid solubility to about 3 times that of caffeine. In contrast, 

substituting a chlorine atom at the 8- position of theophylline reduces 

the distribution ratio more than 8 times with respect to theophylline. 

This is a result of the chlorine atom's strong electron withdrawing 

effect which stabilizes the adjacent nitrogen at N-7, thus increasing 
the lability of the dissociable hydrogen at this position.

A relationship, developed by Sanvordeker, Pophristov, and 
Christensen (1977) correlating the cumulative clearance rate of a 

compound across everted intestinal sacs and partition coefficients was 

utilized in the present study in order to correlate the clearance rates 

of the various xanthine derivatives with their distribution ratios.

The equation expressing this relationship is:

. ' * log Cr = M log D + log k (Eq. 5)

where Cr equals the cumulative clearance rate of a compound, k is the 

clearance rate constant,, D is the observed distribution ratio, and M 

is an exponential term referring to the chloroform buffer (pH 7.4) 

system. Plotting log Cr versus log D should result in a straight line 

with slope M and intercept log k, a constant.

Figure 26 illustrates this relationship for all of the 

xanthines tested except for xanthine which appeared to deviate from 

this relationship. Regression analysis of the observed data yields a 

correlation coefficient (r) value, of 0.9474. An equation which best 

describes this relationship for the xanthine derivatives included is:

log Cr = 0.2287 log D + 1.0315 (Eq. 6)
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Cf #

3  0.5
# 8-Clip3-mX

log Distribution Ratio (D)

Figure 26. Relationship between the clearance rate (Cf) and the
distribution ratio (D) of the various xanthines tested —  
Open circle indicates compound was not included in the 
regression analysis (see text for equation). Each data 
point represents the average Cf from 6 intestinal segments. 
Standard errors are too small to be shown in the figure. 
Xn=xanthine, 3-mX=3-methyl xanthine, 8-ClTp=8-chloro- 
theophylline, Tp=theophylline, Tb=theobromine, Cf=caffeine, 
7,2(2-ClEt)Tp=7-(2-chloroethyl)theophylline.
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The unusually large clearance rate of xanthine, which excludes 

it from the clearance rate/distribution ratio relationship, can not be 
explained by examining the physical or chemical data on this compound„ 
Even though its pK^ indicates that at pH 7.4 it is 99.7% unionized 

its lipid-solubility is so low that it should be transferred the 

slowest of all the xanthine derivatives. In fact its cumulative 

transfer is not significantly different from that of theobromine and 

theophylline, both of which are considerably more lipid soluble than 

xanthine. Schanker and Tocco (1960) concluded from their investiga

tions on the intestinal transport of two naturally occurring pyrimi

dines, thymine and uracil, that these compounds cross the intestinal 

membrane both by active and passive processes, which accounts for their 

large intestinal absorption despite their low lipid solubility. It has 

been suggested by Berlin and Hawkins (1968a,b) but not proven (Khan, 

Wilson, and Cranhall, 1975) that a similar transport mechanism might 

exist for the oxypurines —  xanthine, hypoxanthine, and uric acid. No 

attempts were made in this particular study to examine this possibility 

even though no active transport processes were found for theophylline. 

It is also possible that allopurinol altered the membrane character

istics of the intestinal epithelium in addition to blocking xanthine 

oxidase.

It was demonstrated in the section dealing with the intestinal 

transfer of theophylline at various pH values, that as the pH 

increased, the rate of change in the cumulative clearance also 

increased. This was attributed to a combination of altered ionization 

ratios and decreased membrane integrity.
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An obvious clearance rate change was also observed among all of 

the xanthine homologs tested except caffeine and 7-(chloroethyl)- 

theophylline. The slope of the log-log regression equations were 

inversely proportional to the transfer rate of the individual xanthine 

homolog. The two compounds with the least obvious change or smallest 
slopes (close to unity) were, caffeine and 7-(2^chloroethy1)theophylline5 

both of which are very lipophilic and essentially unionized at pH 7.4. 

The highest slopes (greater than 2,0) were observed for 3-methyl- 

xanthine and 8-chlorotheophylline, The 3-methyIxanthine is transferred 

slowly due to its low lipophilicity while 8-chlorotheophyllineTs low 

rate is presumably due to its high degree of ionization at pH 7.4,

This observation supports the conclusion presented by Benet 

et al, (1971) and Gibaldi and Grundhofer (1972) that this rate of 

change of cumulative transfer is due to some time dependent alteration 

in the in vitro intestinal membrane that affects only those compounds 

that are poorly lipid-soluble.



Histological evaluation of the everted rat jejunum after 

incubation in a pH 7.4 phosphate buffer at 37°C indicated that after 

60 minutes extensive degradation of the membrane was evident. Glucose 
transport across the everted intestine under these conditions, as a 

measure of the membranes! functionality, was found to increase to a 

maximum at 30 minutes then decrease to baseline levels by 60 minutes 

indicating intact intestinal functionality for the first 30 minutes of 

the incubation.
The metabolic inhibitor 2,4-DNP and the Na+-K ATPase inhibitor 

strophanthin-K had no demonstrable effect on the intestinal transfer 

of theophylline indicating that the transfer of theophylline across 

the everted rat jejunum is a passive process.
The transfer of theophylline across/the everted intestine over 

the pH range (5.5 to 10.0) studied was inversely proportional to its 

degree of ionization, thus supporting the pH-partition hypothesis. 

Increasing the ionization of theophylline in solution caused an

increase in the rate of change of theophylline clearance. The slopes
/

of the log-log regression equations, which these data fit best are 

directly proportional to the degree of ionization of theophylline in 

solution.

CONCLUSIONS '

83
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The intestinal transfer of theoohylline from a 2:1 

theophylline:phenobarbital complex was shown to be identical to that of 

theophylline alone.

Theophylline transfer across intestinal segments taken from 

rats pretreated with 10% Intralipic^ showed a slight but statistically 

insignificant increase in clearance rate compared to controls.

Neither magnesium ion, Mg**, at a concentration of 120 mbi, nor 

hyper tonicity (600 mOsm) affect the in vitro intestinal transfer of 

theophylline at. pH 5.5.
The clearance rates of all of the xanthine homologs, except for 

xanthine, were related to their chloroform/pH 7.4 phosphate buffer 

distribution ratios. Xanthine?s deviation from this relationship may 

be due to some active or facilitated type of transfer, or due to a 

possible membrane alteration produced by allopurinol.
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