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Gastrointestinal Absorption—.
Physicochemical Considerations

Drug absorption is influenced by many physio-
logic factors, but it also depends on the solubility,

particle size, chemical form, and other physico-
chemical characteristics of the drug itself. Clini-
cally significant differences in the absorption of
closely related drugs such as hncomycin and din-
damycin. ampicillin and pivampicillin, or seco-

barbital and sodium secuhzirhital are the result of
differences in physicochcniical properties.

, SRPTION OF DRUGS FROM SOLUTION

/,/The dissociation constant and Iipd solubility of
a drug, as well as the 1)11 at the absorption sue,
dictate the absorption characteristics of a drug from
solution. The interrelationship among these param-
eters is known as the p11-partition theory of drug
ahsorptionyhiS theory has been advanced by ex-
tensive investigations in laboratory animals' 5 and
in njan, 6 and provides it basic framework for the
understanding of drug absorption from the gastro-
intestinal tract and drug transport across biologic
barriers in the body.

The pH-partition theory 
of 

drug absorption is
based on the assumption that the gastrointestinal
tract is a simple lipid barrier to the transport of
drugs and chemicals. Accordingly, the nonionized
form of an acid or basic drug, if sufficiently lipid
soluble, is absorbed but the ionized form is not.
The larger the fraction of drug in the nonionized
form at a specific absorption site, the faster is the
absorption. Acid and neutral drugs may bu ab-
sorbed front the stomach but basic drugs are not.
The rate of absorption is related to t he oil-water
partition coefficient of a drug the more Ii pupli ii iC

the Compound, the faster is its absorption.

D^u^Ka and Gastrointestinal pH

The fraction of drug in solution that exists in the
nonionized form is9 function of both the disso-
ciation constant of the drug and the p1-1 of the so-
lution. The dissociation constant is often expressed
for both acidsand bases as a pKa (the negative
logarithm of the acidic dissociation constant. The
pKa values of several drugs and the relative acid
or base strengths of these compounds are shown
in Figure 4-1. The relationship between pH and
pKa. and the extent 01 ionization is given by the
Flenderson-Hasselhalch eqliation,

for an acid

pKa -- pH = log (fu/fi)

and for a base

pKa - phi = log (Ii.fu)

sshere fu and fi are the fractions of the drug present

in the tin-ionized and ionized forms, respectively.
Most acid drugs are predominantly tin-ionized

at the low pH of gastric fluids and may be absorbed
from the stomach as scell as front the intestines.
The pit range found in the gastrointestinal tract
from the stomach to the colon is about I to 8. Very
weak acids (pKa > 8) such as phenytoin. theo-
phylfine, or glutethimide are essentially un-ionized
throughout the gastrointestinal tract. The ionization
of weak acids with pKa values ranging from about

2.5 to 7.5 is Sensitive to changes in p11. More than
99 of the weak acid aspirin (pKa 3.5) exist

M Lin - ionized drug in gastric fluids at p11 I . On the
other hand, only about 0. I of aspirin is un-ion -
ied at p11 6.5 in the fluids of the small intestine.
Despite this seemingly unfavorable ratio of non-
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Acids	 Bases	 Table 4-2. Comparison of Intestinal Absorption in
pKa	 Weak	 the Rat at Several p11 Vittiics

Cromogtycic
Acid

PenicillinS -...
Salicylic Acid-
Acetylsalicylic -

Acid

Warfarin -
Tolbutamide -

Suliadiryietho xine

Acetazotamide
Phenobarbital

Thiopental -
Phenytoin -

Theophylline -
GI1teIhin,ide -

Nitrarepam

Oxazepam

Caffeine

Strong

Fig. 4-1. The pKa values of certain acidic and basic
drugs. Those drugs denoted with an asterisk' are ampho-
1eric. (F'vn Rooland, lit., and Tozer, T.N.t)

ionized to ionized dru g , aspirin and most weak

acids are well, absorbed itt the small intestine. A

large surface area and a relatively long residence
time in the small intestine are contributing factors.
These factors minimize the need for a lar ge fraction

of the drug to be in an un-ionized form in the small
intestine. Strong acids (e.g., cromolyn) are ionized
throughout the gastrointestinal tract and are poorly

absorbed.

Table 4-1. Comparison of Gastric Absorption at ph

I and pH 8 in the Rat*

Aborbed	 Absorbed
pEa	 aipHI	 al pit 8

Acids
5-Sutfosatic)tic	 <2.0
5-Nitrosahcylic	 2.3
salicylic	 3.0
Thiopental	 7.6

Bases
Aniline	 4.6
1 .Tøtüidiflc	 5.3
Quinine	 8.4
Dexirotircihorphan 	 9.2

4 Data frsrin Scliarsl.cr, L.S., si al.i

'S ,\hsort,ed at

-	 _•'i	
tiEs	 !'_	

pit5	 pit 1	 pit8

Acids
- 5 . rn;ilic	 ic	 2.3	 .10

Salicslic	 311	 64

Acct ls;iticsl Ic	 3,5	 tI
Benz mc 	 .1.2	 62

tta'cs
-MThne	 1 6 40

Anudnpy nrc	 5.0	 2
p- roindine	 5.3	 30
Quinine	 8.4	 9

, Data front Sctiankcr. L.S.. ci at.'

Most weak bases are poorly absorbed, if at all,
in the stomach since they are largely ionized at low
p1-1. Codeine a weak base with a pKa of about 8
will have only I of every million molecules in the
nonionized form in gastric fluid at pH 1. The pH
range of the intestines from the duodenum to the

colon is abo ut 5 to 'akly basic dru g s (pKa <

5), such as dap.sone, diazcpam, or chlordiazcpox-
ide, are essentially un-ionized throughout the in-
testines. Strong bases, those with pKa values of 5
to II, show pH-dependent absorption. Stronger
bases, such as mecain) lamine or guancthidine, are
ionized throughout the gastrointestinal tract and
tend to he poortyabsorbed.

Convincing evidence of the importance of dis-
sociation in drug absorption is found in the results
of studies in which the pH at the absorption site is
changed. According to the Henderson . Hassel bate ll

equations, an increase in the pH of the stomach
should retard the absorption of weak acids but pro-
mote the absorption of weak bases; this is evident
in Table 4—I. A clinical study has found similar
results in healthy subjects. The gastric absorption
of aspirin is considerably reduced when the drug
is given in a buffered solution (gastric pH about
5) compared to the results following administration
of aspirin in an unbuffered solution (gastric pH
about 2). The data in Table 4-2 permit a coinpar-
ison of the intestinal absorption of several drugs
from buffered solutions ranging front pH 4 to pH
8. These results are consistent with p11-partition

theory.

\jI.SeftThiIity
Certain drugs may he poorly absorbed after oral

administration even though they are largely un-
ionized in the sin all intestine: low lipid solubility

Caffeine
- Dapsofle

Oxazepam

Nitrazepam
-Diazepam
Quinidifle, Quinine
ChtordiazePOxide 

^

- Propoxyphefle
Reserpine
Kanamycin

- Lidocaine
Quinidine, Quinine
- Meperidine
- Procainamide

Ephedrine
—Amphetamine

-TolazoIine
Meoamytamine
GuanethidiflO

0	 0

52	 16

61	 13

46	 34

6	 56
0	 37

0	 tS
0	 16

27	 C)	 0

35	 30	 tO

36	 35	 5

40	 58	 61

35	 48	 52
.i'	 65	 64
II	 41	 54
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of the uncharged molecule may be the reason. A
guide to the lipophilic nature of a drug is its par-
tition coefficient between a fat-like solvent, such
as chloroform or butanoL and water or an aqueous
buffer. The effecrof lipid solubility on the absorp-
tion of a series of barbituric acid derivatives is
shown in Table 4-3. Each compound has about
the same pKa. In this case, an almost perfect rank
correlation exists between partition coefficient and
extent of absorption.

The critical rule of lipid solubility in drug ab-
sorption is a guiding principle in drug develop-
ment. Polar molecules such as gentamicin, ccl-

triaxone, heparin, and stre ptok i nase are poorly
absorbed after oral administration and must he

given by injection. Lipid soluble dru g s with fa-
vorable partition coefficients are usuall y well ab-
sorbed after oral administration. The selection of
a more lipid soluble compound from a series of
research compounds often results in improved

pharmacologic activity.
Occasionally. the structure of an existing drug

can be modified to develop a similar compound
with improved absorption. The development of
clindamycin, which diffcrsfrom lincomycin by the
single substitution of a chloride for a hydroxyl
group, is an example. Even slight molecular mod-
ification, however, nins the risk of also changing
the efficacy and safety profile of the drug. For this
reason, medicinal chemists prefer the development
of lipid soluble prodrugs i,f i: drug v.i:h pur era!
absorption characteristics.

A prodrug is a chemical modification, ficqucntly
àh ester, of an existing drug that reverts back to
the parent compound because of uietabolisrii or
chemical reaction in the body. An ideal prodrug is

not found in the sys temic circulation a id has 110

intrinsic biologic activity. Proulmuigs are developed
to overcome one or more undesirable characteris-
tics of the parent drug. i.e., hitter taste, poor sol-
ubility, pain on injection, poor distribution, or poor

absorption.
Prodrugs designed to improve permeability and

oral absorption are more lipid soluble than the par-
ettt drug and should be rapidly converted to the
parent compound during absorption, in the gut wall
or the liver. Pivampicillin, the pivaloyloxymethyl
ester of ampicillin, is more lipid soluble and effi-
ciently absorbed than the parent compound. The
ester appears to undergo rapid and essentially com-
plete hydrolysis to ampicillin during absorption.

Another prodrug of ampicillin, bacampicillin, a
seniisynthetic carbonate ester of ampicillin, has
also been introduced in the United States. it is
rapidly and completely absorbed after oraL admin-
istration, and completely hydrolyzed to ampicillin;
nc bacampiciflin is detected in blood or 'issues.
Peak blood levels of ampicillin after oral admin-
istration of the prodrug are reached more quickly
and are twice those found after an equivalent oral
dose of the parent drug. 9 The poor oral absorption
of carhenicillin has also been overcome to some
degree by synthesizing a lipid-soluble indanyl ester
that, once absorbed, is said to be rapidly hydro-
lyzed to the parent drug.'°

Cefuroxinie axetil is all form of the second-
generation parenteral cephalospori cc furoximc.
The oral absorption of ccfuroxiine is negligible.
The axetil form of the drug, an acetoxethrl ester
of cefuroxinie. has increased lipid solubility, better
gastrointestinal absorption, and sufficient oral bio-
availability to be clinically useful. Bioavailability
has varied from 35 to 50 1/c. After absorption, it is
hydrolyzed to cefuroxime.

Factors affectin the absorption of lipid-soluble
prodrugs have been studied by Sommers, ci al.
who specifically examined the effect of food and
of all gastric pH oil the bioavailability of
bacampicillin and cefuroxime axetil. in one study,
healthy subjects received each of the profug.s
alone and after treatment with raniticline and so-
dium bicarbonate to elevate gastric p}-l.

Reduced gastric acidity dramatically decreased
the hioavailabilitY of bacanipicillin (as atnpicillin)
and cefuroxirne axetil (as cefuroxime). The area
under the curve (AUC) for serum levels of ccfu-
roximc decreased from 36 (control) to 13 mg-hr/L
(after ranitidinc and bicarbonate administration)
and urinary recovery decreased from 40 to12% of
the dose. The authors indicated that the most likely

Table 4-3. Coi1'arkon of Baibiluraic Absorption in
Rat Colon and Partition Coefficient (Ch toroforiii
Water) of Undicsociatcd Drug*

Partition
Barbiturate	 cocfliieI	 Absnrbc4

Barbital	 0.7	 12
Aprobuhitil	 4.9	 17
Phnobarbi1at	 4.8	 20
Altytharbiiuric acid	 10.5	 23
Buiihal	 11.7	 24
(:ycloharhital 	 13.9	 24
Pentobarbital	 28.0	 30
Secoharbital	 50.7	 40
Hexethat	 >100	 44

Data from Sciiaiiker. LS-3
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explanation of the results with bacampicillin is that

the ester becomes partially hydrblyzed before ab-

sorption when the gastric acidity is reduced by pre-

treatment with an 11 2-receptor blocker and antacid.

In the case of cefuroxime axetil, the authors suggest

that optimum absorption of the prodrug requires a

sufficiently low pH level in the stomach to allow

the drug to dissolve in gastric juice.
Food also decreased the bicavailability of bac-

ampicitlin. In contrast • the gastrointestinal absorp-

tion of cefuroxime axetil was enhanced when the

produig was taken after breakfast. The investiga-

tors suggested that the findings with cefuroxirflc

axetil may be rationalized in terms of delayed gas-
tric emptying and gastrointestinal transit allowing

more complete dissolution or prolonged residence

at optimal absorption sites in the small intestine.

The oral absorption of terbutaline may be im-

proved considerably by administering it in the form

of the dibutyrl ester) 2 !evodopa can be used to

deliver dopamine in the treatment of heart failure.°

We are familiar with the use of levodopa in Par-

kinson ' s disease, where levodopa crosses the

blood-brain barrier and delivers dopamine to the

central nervous system A large amount of dopa-

mine is also formed outside the CNS. Levels are

sufficiently high and sustained to produce improve-

ments in cardiac function in patients with severe

heart failure.
Enalapnlat is a potent angiotcnsiflCOnVertiflg

enzyme (ACE) inhibitor, effective in the treatment

of hypertension but its use is restricted to iv ad-

,-'ministrt,tion. It is a diacid, fully ionized in the sma'i

intestine and poorly absorbed. Enalapril, its inac-

tive prodrug, has one carboxyl group esteri fled and

is well-absorbed after oral administration and con-

verted in the liver to enalaprilat.

yIPJ1ONS FROH.RARTtTtON
RY

The pH-partition theory provides a basic frame-

work for understanding drug absorption, but it is

ovcrsin^ffification antoreprocess

For example, theo ry-4dicates that the relationship

between pH and permeation or absorption rate is

described by an S-shaped curve corresponding to

the dissociation curse of the drug (see Fig. 4-2).

For a simple acid or base, the inflection point of

the p11-absorption curve should occur at a p1-1 equal

to the pKa of the drug. This is rarely observed
experimentally. In general, p11-absorption curves

are less steep than expected and are shifted to

too1'

sic
S

50	 eiThedr.r'

higher pH values for acids and to lower pH values

for bases. The pH-absorption curves for salicylic

acid (a weak acid with a pKa of about 3) and for

ephedrine (a weak base with a pKa of about 9.5)

have inflection points at about pU 8 and pH 6.5,

respec t ively. i Theory predicts little absorption of

salicylic acid at pH 8 because at this pH the drug

would be almost completely ionized; in fact, the

absorption rate of salicylate across the small intes-

tine at p11 8 is about 50% of the maximum ab-

sorption rate.
Many investigators have attempted to rationalize

the experimental deviations from the unmodified

p11-partition theory and there is no lack of sug-

gestions. Several of the more interesting factors

that may contribute to the deviations are absorption

of the ionized form of the drug, the presence of an

unstirred diffusion layer adjacent to the cell Mem-

brane, and a difference between lunienal pH and

the pH at the surface of the cell membrane.

Absorption of the Ionized Form of a Drug

Certain quaternary ammonium drugs elicit sys-

temic pharmacologic effects after oral administra-

tion, suggesting that the restriction to ionized forms

of a drug by the gastrointestinal barrier may not be

absolute. Several in situ and in vivo studies support

this idea. It is conceded today that absorption of

organic anions and cations does take place in the

small intestine but at a much slower rate than the

 

0i
1 2 f 4 5 6 7 8 9t1011

pKa	 PKa

Fig. 4-2. Relationship between absorption rates of sali-
cylic acid and ephedrine and bulk phase ph in the rat small
intestine in 5150. Dashed lines indicate curves predicted by
he pH-partition theory in the absence of an unstirred layer.
IFrom Winne, D.'I
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corresponding ui-i on zed form of the drug. ('rout -

lianiel ci al have estimated that the permeability

ratio of tui-ionized to ionized drug across the rat

small intestine is about 3 for barbital and about 5.5

for sulfaethidole, but these estimates may be low

because they do not take into account the presence

of a stagnant aqueous diffusion layer or a difference

between lumenal and microclimate pH. Hogerle

and Winne,' using a more comprehensive absorp-

tion model, suggest a ratio of about 190 for benzoic

acid. The absorption of ionized forms of a drug

would cause the pH-absorption curve to shift to the

right for a weak acid and to the left for a weak

base; the extent of the shift depends on the relative

permeability of the ionized form of the drug.

Mucosal Unstirred Layer
The aqueous stagnant layer is now a well-rec-

ognized component of the gastrointestinal barrier

to drug absorption (see Fig. 4--3). It is found at

the villous surface of the mucosa. The thickness

of the layer in the small intestine has been estimated

at several hundred micrometers. The unstirred layer

is particularly important for drugs that penetrate

the barrier rapidly; its role in absorption also varies

directly a ith the effective molecular weight of the

drug. The unstirred layer is the rate-limitin g barrier

for the intestinal absorption of lipids from micellar

solutions."
The thickness of the unstirred layer can he re-

duced by. in effect, stirring the drug solution in

the intestinal lumen. The absorption rate of huts-

niol, antipYrine, salicylic acid, and urea from at

jcjunal loops perfused in vivo is increased si g nif-

icantiv if the intraluminal solution is mixed more

efficiently by the simultaneous perfusion of air.'

The increased absorption rate is mainly the result

of reducing the effective thickness of the unstirred

layer.

The net effect of the unstirred layer on the pH-

absorption profile of a weak electrolyte is a reduc-

tion in absorption rate, particularly and perhaps

exclusively with respect to the un-ionized form of

the drug, and a shift in the inflection point of the

curve to the right for acids and to the left for

bases.
A similar unstirred layer over the gastric mu-

cosa, estimated to be 800 to 1000 pnr thick, may

protect the stomach against injury from certain

drugs and chemicals. Duane et al. have specifi-

cally considered the role of the unstirred layer in

protecting the gastric mucosa from bile salt arising

from reflux of duodenal contents into the stomach.

Some believe that this reflux is a factor in certain
forms of gastritis.

Damage to the gastric rnucosa by bile salts re-

stilts from dissolution of mucosal membrane lipids

by lumenal micelles. This damage is associated

with increased back-diffusion of hydrogen ions.

Duane et al. propose that "the presence of an Un-

stirred water layer on the surface of the gastric

mucosa could protect against bite salt injury either

h> creating a concentration gradient of bile salt

from lumen to mueosal surface or by slowing dif-

fusion of lipid-laden mixed micelles away from the

mucosal surface."

To support this hypothesis, Duane et al. incas-

ured the back-diffusion of hydrogen ions across the

rat gastric mueosa before and after exposure to a

bile salt solution that was either unmixed or mixed

by continuous withdrawal and iiijectiun. Continu-

ous mixing of gastric contents decreased the thick-

ness of the unstirred water layer by 45 1/c, from 880

to 448 urn. Mixing also increased back-diffusion

of hydrogen ions by about 6017c and nearly doubled

the efflux of mucosaf phospholipid and cholesterol

in the bile salt solution. These findings provide

unstirred	 mucosal
lumen	 layer	 cell

C 	 c2- 	 C3	
—4-

Fig. 4-3. Schematic representation of barriers to gastrointestinal absorption
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evidenCe that the unstirred water layer helps protect

the gastric mUCOSa from bile-salt injury.

Drug-related gastric injury probably involves

mechanisms different from those associated, with

bile-salt damage. Nevertheless, there is merit in

considering the role of the unstirred layer in local

adverse effects of drugs. One could imagine that
a steep concentration gradient across an unstirred

layer could lower drug concentration at the niucosal

surface and reduce toxicity.

Microclimate pH
Another factor that can contribute to the devia-

tion of pH-absorption curves from those predicted

by the unmodified pH-pirtition theory is a differ-

ence between the lurnenal pH and the inoclimate

or virtual pH at the cell membrane. The niicrocli-
mate-pH hypothesis is supported by the fact that

H ions are secreted into the intestinal lumen.
1-10gerle and Winne" attempted to characterize

the microclimate directly by measurin g the p11 at'

the surface of the jejilnal mucosa in vivo. The pH

of the lumenal solutions was varied over a pH range

of 4 to 10.8. In all cases, after towering the pH

electrode down to the tips of the silli, the pl-1 shifted

towards neutral. At a lumenal p11 of 7. the micro-

climate pH o as 0.4. dicrocliniate pIT varied rel-

atively little 'a ith changes in lumenal pH, ranging

from about 5.7 to 7.4 over the entire lumenal p1-1

range. The authors proposed the following rela-

tionship between microclimate pH and lunaenal pH:

MpH = A + 'B (LpH - 7)

-t- C (1-p11 - 7)3,	 (4—I)

where MpH is the microclimate ph. LpH is the

lomenal pH, A = 6.36, B = 12.2 x 10_2, and C

= 10.3 X 10. The authors also proposed that a

microclimate pH must be invoked to adequately

explain the pH-absorption profile for benzoic acid

in the rat jejunum.

where C is drug concentration in the lumen. A is

the absorptive surface area. T is tile thickness of

the unstirred layer, D is the diffusion coefficient

of the drug, fit and Ji are the fractions of the un-

ionized and ionized forms of the drug, and Pu and

Pi are the permeability coefficients for the tin-ion-

ized and ionized forms of the drug.

The extent of dissociation is a function of the

pKa of the drug md inicrochi mate p11: fu and Ji are

calculated from the Hcndersoti-HasselhalCh equa-

tion. For a weak acid.

pKa - MpH - log (fu/fi)	 (4-3)

and for a weak base.

-	 pKa - MpH = log (fi/fu)	 (4-4)

The microclimate p11 (MpH) is a function of lu-

menal p11 (Lpl-i). according to Equation 4-1.
Equation 4-2 has been used to describe the pH-

absorption rate profiles for benzoic acid and ami-
nopyrine under stirred and unstirred conditions.

The extension of the pH-partition theory to incor-

porate the effects of the uristirred layer and micro-

climate p1-1 provides a far more satisfactory ration-

alization of the experimental data.

ORPTlON OF DRUGS FROM SOLID
DOSAGE FORMS AND SUSPENSIONS

When a drug is given orally in the form of a

tablet, capsule, or suspnsion, the rate of absorp-

tion is often controlled by how fast the drug dis-

solves in the fluids at the absorption site. In other

words, dissolution rate is often the rare-limiting
(slowest) step in the sequence,

Solid drug	 Dissolution

Drug its
Drug in solution Absorption 	 5)StUIIIC
at absorption site	 circulation

A Unifying Hypothesis

Hogerle and Winne' 3 have developed a model

for intestinal absorption that accounts for the fac-
tors discussed above. According to this model, the

absorption rate of a drug may be described by the

following equation:

absorption rate	 (C x A) ; I (FiD)

+ i/Pt(Jh + fi x PuPa) 1 (4-2)

When dissolution is the controlling step in the over-

all process, absorption is said to be dissolution rate
limited. An example of dissolution rate-limited ab-

sorption is shown in Figure 4-4, which depicts the

absorption of aspirin in man from solution and from

two different types of tablets. 22 Absorption from

solution proceeds more rapidly than front tablets.

Whenever a drug is more rapidly absorbed from

solution than from a solid dosage form, it is likely

that absorption is rate-limited by dissolution.
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Fig. 4-4. Absorption of aspirin after oral administration
of a 650-mg dose in solution (0), in buffered tablets (Li).

•or in regular tablets (•). (Data from Levy, G., Leonards,
JR., and Proctcrial, J.A.22)

A general relationship describing the dissolution
process was first observed by Noyes arid Whitney.
The Noyes-WhitnCY equation states that:

dC/dt = kS (C, - C) (4-5)

v. here dCidt is the dissolution rate k is a constant,
S is the surface area of the dissolving solid. C, is
the -solubility of the drug or chemical in the solvent,
and C is the concentration of the material in the
solvent at time t. The constant k has been shown
to be equal to D!h, vheie D is the diffusion co-
efficient of the dissolving material, and ii is the

thickness of the dffusioo lover. The diffusion layer,
like the unstirred water layer in the intestine, is a

thin, stationary fi lm of solution adjacent to the sur-
face of the solid. The layer is saturated with drug;
drug concentration in the layer is equal to C,. The
term (C - C) in Equation 4--5 represents the con-
centration gradient between the diffusion layer and
the bulk solution. If absorption is dissolution rate-
limited, C is negligible compared to C,. Under
these conditions, Equation 4-5 may be written as;

dC/di = DSC,/h	 (4-6)

of the dynamics of dissolution; nevertheless, it is
qualitatively useful and penilits a consideration of
the effects of certain important factors on disso-
lution rate. The solubility (C,) of many drugs in-
creases with increasing temperature. Therefore,
dissolution is temperature-dependent. TFic diffu-
sion coefficient (D) is inversely related to vitcosity;
dissolution rate decreases as the viscosity of the
solvent increases. The degree of agitation or stir-
ring of the solvent can affect the thickness of the
diffusion layer (h). The greater the agitation, the
thinner is the layer and the more rapid is tile dis-
solution. Changes in the characteristics of the sol-
vent, such as pH, that affect the solubility of the
'drug affect the dissolution rate accordingly. Simi-
larly, the use of different salts, or other chemical
or physical forms of a drug, which have a solubility
or effective solubility different from that of the
parent drug, usually affect dissolution rate. In-
creasing the surface area (S) of drug exposed to
the dissolution medium, by reducing the particle

size or by attaining more effecti ve wetting of the
solid by the solvent, usually increases the disso-
lution rate. In the discussion that follows, some of
the more important factors affecting dissolution are
considered in greater detail.

.pJseftiOfl and pH
The solubility of a weak acid or base can change

considerably as a function of pH. Therefore, dif-

ferences in dissolution rate are expected in different
regions of the gastrointestinal tract.

The total solubility (C) of a weak acid is given

by:

C, = (HAl -F [Al	 (4-7)

where [HA) is the intrinsic solubility of the non-
ionized acid (denoted as C,) and [Al is the con-
centration of its anion, which is 'infinitely soluble.
The concentration of the anion can be expressed
in terms of the dissociation constant, Ka, and C0:

that is,

S

-1	
1

Equation 4-6 describes a diffusion-controlled dis-

solution process.
It is envisioned that when the solid is introduced

to the dissolution medium, 'the drug rapidly satu-
rates the diffusion layer. Drug molecules diffuse
from the saturated layer to the bulk (tile slow Step
in the dissolu tion process) but are immediately re-

placed in the diffusion layer from time sold surface.

Equation 4-6 is a ll oversimplified representation

C, = C. +	 (4-8)

In a similar manner, the solubility of a weak

base is given by:

(111'
C =C,* :—	(4-9)

Ku

By substituting Equations 4-8 and 4-9 into
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and for a weak base

--
dC  

= K'C0 [l +	 (4-12)
dt

L
	KaJ

where K' is equal to DSh.
Equations 4-11 and 4-12 indicate that the dis-

solution rate of weak acids increases with increas-
ing pH (i.e., decreasing [Fl]), whereas the dis-
solution rate of weak bases decreases with
increasing pH. The dissolution rate of weak bases
is at a maximum in gastric fluids but that of weak
acids is at a minimum. The dissolution-rate of a
weak acid increases as the undissolved drug par-
ticles are transported to the more alkaline regions
of the gastrointestinal tract. Dissolution rates of
some weak acids as a function of p11 are shown in

Figure 4-5.
It is important for poorly soluble weakly basic

drugs to dissolve rapidly in the stomach, since the

dissolution rate of undissolved drug in the small
intestine may be too low to permit complete ab-
sorption. Ketoconazole, a systemic antifungal
agent, is a weak base that requires acidity for dis-
solution and absorption. Patients also being treated
with antacids, antichotinergiCS, or F12-blockers,
which reduce gastric acidity, should take these
drugs at least two hours after ketoconazole. This
also applies to diazepant and dipyridamole. We are
usually less concerned with prompt dissolution of
weakly acid drugs in gastric fluids because both
dissolution and absorption proceed efficiently in the
small intestine.

The relatively poor dissolution of weak acids at
the pH of gastric fluids diminishes further the im-
portance of the stomach as a drug absorption site.
Although gastric absorption of weak acids may
occur from solutions, it is unlikely that much drug
dissolves and is absorbed during the limited resi-
dence of a solid dosage form in the stomach. Dis-
solution and gastrointestinal absorption studies
with a series of sulfonamides (weak acids) suggest
that the importance of gastric absorption is a func-
tion of drug solubility at gastric PH .24 The inves-

tigators proposed that the critical value of solubility
that distinguishes acid drugs according to their ab-
sorption site, stomach or intestine, is about 3mg/mi
in 0.1 N HCI, when I g of the drug is given orally
to fasted subjects. If the solubility of the drug is
less than 3 mg/nil, virtually no absorption occurs

in the stomach.
Changes in gastric pH alter the solubility of cer-

tain drugs and may affect dissolution and absorp-
tion rate. Patients with achlorhydria have a dis-
tinctly higher gastric pH and absorb aspirin (pKa
= 3.5) more rapidly than healthy subjects. 25 No

differences between normal subjects and patients
with achlorhydria were found with respect to the
absorption rate of acetaminophen, a much weaker
acid (pKa = 9.5), whose solubility would be un-

affected by changes in gastric pH.
Defective absorption of calcium has been

thought to exist in patients with achiorhydria. This
has been documented with calcium carbonate.15
Based on serum and urine levels of calcium, only
about 25% of the dose of calcium carbonate was
absorbed in patients with achiorhydria compared
with that observed in healthy subjects. Curiously,
calcium absorption after calcium citrate was twice
as effective in patients with achiorhydria than in
normal subjects. Both calcium carbonate and cit-
rate were equally well absorbed in nonnal subjects.

I 2 3 4 5 6 7.8 9 10 II
pH

Fig. 4-5. pH-Dependent dissolution of salicylic acid (C),

benzoic acid (C), and phenobarbital (S).

Equation 4-6 (the modified Noyes-Whitney rela-
tionship), the following dissolution rate equations

are obtained:

for a weak acid

dc 
= K' [c,. ±KaC.]
	

(4-10)

or

LIC =K'C[l+l	 (4-11)
dt	 L	

[H*]]
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Malabsorption of calcium due to achlorhydria

may affect a large population because acid output
decreases considerably after the age of 60 years,
and calcium carbonate is the most widely used sup-
plement and prophylactic for osteoporosis. For-tu
nately, the absorption defect is largely overcome
when calcium carbonate is given with breakfast.

Differences in gastric and intestinal pH between
man and dog have raised questions as to the suit-

ability of a canine model for studying hioavail-
ability. One study found that fasting gastric pH in
the dog was significantly higher than in humans
(1.8 versus 1.1), and that fasting intestinal pH in
dogs was consistently higher than in humans (7.3

versus 60).2
The pH profiles suggest that absorption of certain

drigs would vary between (log and man as a result
of H differences. For example, ehiorothiazide (a
weak acid, pKa 6.7)is more efficiently absorbed

in the dog than in human subjects. The lower bio-
availability in humans may be due to their lower
intestinal pH. leading to incomplete dissolution at

pH values below the pKa.
Another area of concern in using dogs as an

absorption model is the release of drug from co-
terie-coated products. The polymers used for co-
terie coating have highly pit-dependent dissolution
profiles. An increase in pH of I or 2 units could
change rapid dissolution to virtually no dissolution.
Controlled-release dosage forms sometimes exhibit

pH-dependett T release profiles, so their perform-
ance may also change under different conditions

of GI pH.

layer at 'a given bulk pi  may be approximated by

determinin g the pH of an appropriate aqueous buf-

fer solution saturated with the drug. A saturated
solution of a weak acid, like that found in the
diffusion layer, tends to depress the neutral pH of
the intestinal fluids, whereas a saturated solution
of a weak base tends to elevate the low ph I of gastric

fluid.
These differences are probably of limited im-

portance for the absorption of weakly acidic or
basic drugs administered as such, but they are im-
portant when drugs are given in the form of salts.

Diffusion Layer pH
The relationships that have been described be-

tween dissolution rate and hydrogen ion concen-
tration (Eqs. 4— 11 and 4-12) are approximations
because they do not fully account for the influence
of the unstirred diffusion layer. These equations
tend to overpredict the dissolution rate of weak-

acids in the small intestine and the dissolution rate
of weak bases in the stomach. Strictly speaking

the hydrogen i01i concentratIon of the bulk, [H

is not equal to the hydrogen ion concentration of

the diffusion layer, (H' ], In general:

(HL > (H 1, for weak acids

and

I H * l < [1-1 . for weak bases

The hydrogen ion concentration of the diffusion

The dissolution rate of a particular salt is usually
different from that of the parent compound. So-
dium or potassium salts of weak acids dissolve
more rapidly than the free acids, regardless of the
phi of the dissolution medium." The same is true
of the HCI or other strong acid salts of weak bases.
Comparative dissolution rates of sonic weak acids
and their sodium salts as a function of pi  are shown

in Table 4-4.
The effect of salt formation on dissolution rate

cannot be explained in terms of solubility and hulk
pH. but requires a consideration of the pH of the
diffusion layer. At a fixed pH, a drug will have a
fixed solubility, irrespective of whether the ,fre
acid (or base) or its salt is dissolving. Thus, clas-
sical solution theory (see Eqs. 4-8 and 4-9) does
not predict the rapid dissolution of salt forms of a
drug. In this case, the concept of a diffusion layer

becomes helpful.
The pit the diffusion layer at any given hulk

pH is always greater for the sodium or potassium
salt of a weak acid than for the corresponding free
acid. On the other hand, the pH of the diffusion
layer of an HO or other strong acid salt of a weak
base is always smaller than the diffusion layer pH
of the corresponding free base. It has been noted

that the pH of the diffusion layer may be apprOx-
imated by determining the pit of an appropriate
aqueous buffer saturated with either the drug or its

salt. A solution of0.l N HCI saturated with sodium
salicylatc will have a higher pitthan the same
solution saturated with salicylic acid. It follows that

the effective solubility and, therefore, the dtsso-

lution rate of a soluble salt is always greater than

its corresponding free acid or base.
Many examples of the effects of soluble salts on

drug absorption can he found. Sonic studies also
report significant differences in clinical response.



(;as(roinitinaI ,Itsorption—I'h3sicocheruical Crmtctvratiuns
	

49

fable 4-4. Dissolution Rate of Weak Acids and Their Sodium Salts9

Dissolution rate
tmgit ()0 Irin1un')

0.1 51 l'hosphate	 0.1 51 Borate

	

p it 6.8	 phI 9.0

	

4	 28

	

770	 ttsOO

	

.2	 22

	

520	 1410

	

27	 53

	

2500	 2420

	

0.5	 5.5
	1110	 1500

(LI N ltd
Compound	 pKa	 pit 1.5

Benzoic acid
	

42
	

2.1
Sodium 1311
	 950

Phe nobarbi tat
	

7.4
	

0.24
Sodium salt	 - 200
Sa!ilic acid
	

30
	

7
Sodium salt
	 1870

Sulfaihiazoll
	 13
	

<0 I
Sodium salt
	

550

'Data from Nelson. E.'

Marked differences have been observed in the rate

and extent of absorption of novobiocin, a weak

acid, when administered as such or in the form of

a salt. 19 The bioavailability of the drug after oral

administration of the sodium salt was twice that of

the calcium salt and 50 times that of the free acid.

The potassium salt of penicillin V yields higher

peak concentrations of antibiotic in plasma than

does the free acid. Oral adminisitation of the cal-

cium salt yields peak plasma levels intermediary

to those of the sodium salt and free acid. Differ-

ences in absorption rates are consistent with dif-

furcnccs in the dissolution rates of the three forms

of the drug.tm

An example of the difference in pharmacologic

response that may result from administering two

different chemical forms of the same drug is found

in tudics with tolbutamide and its sodium sal t.31

Th dissolution rate of lolbutamid sodium in 0.1

N ITC] is about 5000 times greater than that of the

free acid. At pH 7.2 the dissolution rate of the

sodium salt is about 275 times greater than that of

to]bbtaniide. Oral administration of the sod iunt salt

results in a rapid and pronounced reduction in blood

glucose to about 65 to 70% of control levels. The

response is comparable to that observed after in-

travenous administration. The more slowly dis-

solving free acid produces a gradual decrease in

blood sugar to about 80% of control levels, which

is observed about 5 hr after administration. It has

been suggested that the sodium salt of tolbutamide

would produce an undesirable degree of hypogly-

cemia and tlat the free acid is the more useful form

of the drug for treatment of diabetes.
Barbiturates are often available in the fonit of

sodium salts to achieve a rapid onset of sedation.

The findings of several studies support this prac-

tice. For example, the average sleep induction

limes in dogs after oral administration of equivalent

doses of secobarbital or secobarbital sodium were

23 mitt and 8 mm, respectively. The sodium salt

not only produced a more rapid onset of sleep but

its effects were also more predictable. The range

of induction times in 6 dogs given the sodium salt

was 7.5 to 8.5 mm, whereas the range 
in 

dogsdogs

given secobarbital was 12 to 45 mm. Peak drug

concentrations in the blood were found within 10

mitt following administration of secobarbital so-

chuni but not until about 80 min after administration

of the free acid.°

In a double-blind study of 41 healthy subjects,

the sodium salts of phenobarbital and secobarbital

were found to produce more rapid and more pro-

found impairment of performance on a variety of

tests than the corresponding acid forms." The basis

for the observed differences between acids and salts

in speed of action is presumably more rapid ab-

sorption of the salt form from the gastrointestinal

'tract. Comparison of heptabarbital and heptabar-

bital sodium in healthy subjects indicates more

rapid absorption after giving the salt form of the

drug.tm

The nonsteroidal anti-inflammatory drug na-

proxen was originally marketed as the free acid for

the treatment of rheumatoid- and osteoarthritis.

New indications of the drug for the treatment of

mild to moderate pain, including dysmenorrhea,

prompted the development of naproxen. sodium.

The sodium salt is absorbed faster and is more

effective in postpartum pain than the free acid."

Certain salts have a lower solubility and disso-

lution rate than the parent drug, e.g.. the aluminum

salts of weak acids, and the pamoate salts of weak

bases. In these particular examples, insoluble films

of either aluminum hydroxide or patnoic acid ap-

pear to form over the dissolving solids when the
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salts are CXpOSCd to an alkaline .	 --

ment respectively. These insoluble films further

reduce the rate of dissolution.
Use of the relatively insoluble aluminum salt of

aspirin has been considered for chewable tablets to
minimize the taste of the drug, but aluminum as-
pirin is more slowly absorbed and less available

than aspirin after oral administration.
In general, poorly soluble salts delay the onset

of drug effect. Studies with a series of salts of
benzphetamifle and etryptamine have shown that

the median lethal time of death (LT50) of mice

following a lethal dose and the median lethal dose
(LD) are inversely related to the dissolution rates
of the salts at pH The experimental data

suggest that salt formation is a potentially useful
means of obtaining slow absorption and prolonged

effects of certain drugs. The pamoate salt of imip-
ramine has been marketed as a slow-release form

of the drug.
Sometimes, problems with chemical stability

preclude the use of salts of a drug in a dosage form.

Aspirin, for example, is much more prone to hy-

drolysis in the form of sodium acetylsalicylate than

as the free acid. One way to overcome this problem
is to form the salt in situ, during dissolution in the

gastrointestinal tract. If a mixture of a weakly
acidic drug and a nontoxic basic salt is adminis-

tered faster dissolution and absorption may he ob-
tained than if the drug were administered alone.
When the mixture reaches the gastric fluids, the

diffusion layer becomes saturated with both the
drug and the basic salt. Accordingly, the pH of the

diffusion layer is greater than that for the drug
alone. Thus, the solubility of the drug in the dii-

fusion layer and its dissolution rate is increased.
The effects of in situ salt formation on disso-

lotion rate have been demonstrated with benzoic

acid . m The addition of trisodium phosphate to ben-

zoic acid increases the dissolution rate at pH I

about 75 times that observed with benzoic acid

alone. The principle of in Situ salt formation is the
basis for the enhanced dissolution and absorption

of aspirin from buffered tablets (i.e., tablets of
aspirin mixed with small amounts of alkaline ma-

terials)- 39 Since occult gastrointestinal blood loss

produced by therapeutic doses of aspirin is a local
effect of the drug,"' blood losses from aspirin can

be reduced by administering the drug in buffered,

rapidly dissolving tablets .41

Most efforts with prodrugs have been directed
at improving lipid solubility to increase perme-
ability and absorption after oral administration. The
development of a prodrug may also offer all
native for drugs that show incomplete absorption
because of limited water solubility. The minor tran-
quilizer clorazepate is a prodrug of rtordiazepam,
an active metabolite of the widely used benzodi-
azepine diazepam, and is marketed as a dipotas-
sium salt that is freely soluble in water, in contrast
to the poorly soluble nordiazepam. Clorazcpate,
like most prodrugs, has little intrinsic biologic ac-
tivity, but must be converted to nordiazepam. The
prodrug is unstable at low pH; gastric fluid is the

principal site of conversion.
A prodrug of the poorly soluble anticonvulsarit

phenytoin has been described. 42 The sulfate salt of

this compound is 9,000 to 15,000 times more sol-
uble in water than phcnytoin. The prodrug is un-
stable at neutral pH and degrades with a hall-life

of about 7 mm.
A general strategy for using soluble prodrugs to

improve the gastrointestinal absorption of water-
insoluble compounds has been reported. 43 Th.

- prodrug is designed to be 1 substrate for enzymes

in the surface coat of the brush border region of
• the microvillous membrane. Consequently, the

properties of the compound are changed from polar
to nonpolar, just before reaching the membrane.

The incomplete absorption of acyclovir, an anti-
herpes drug, when given orally to patients infected
s ith herpesvirus has prompted efforts to develop

a water-soluble prodrug that would be better ab-
sorbed from the GI tract and then converted to
acyclovir. One such compound, elesciclovir, lacks
the 6-hydroxy group and is also called 6-deoxy-
acyclovir. Although desciclovir lacks appreciable
activity against herpes simplex type I virus in v:tro,
it is readily oxidized in vivo to acyclovir by xai
thine oxidase and is far better absorbed than acy-

clovir after oral administration.-
rats indicate that only about 15% of

an orally administered dose of acyclovir is excreted
in the urine. When the same rats were given equiv-

alent doses of desciclovir, they excreted 66% of
the (lose as acyclovir. The urinary excretion of acy-
clovir in two human volunteers following a 2(X)-
mug oral dose of the prodrug was 65% and 6,
respectively. In comparison, about 12% of the (1(.)s(!
is recovered in the urine after oral administration
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of acyclovir and about 70% after intravenous ad-

ministration of acyciovir.' The area under the acy-

clovir concentration in plasma-versus-time curve

in these two individuals was five to six times greater

after oral desciclovir than after oral acyclovir.

Petty cE al. 45 gave desciclovir 250 mg orally 3

times daily for 10 days to healthy human subjects.
Absorption was at least 75% of the dose and almost

tAo-thirds of the administered dose was recovered

in the urine as acyclovir. The levels of acyclovir

in plasma were of the same magnitude as those

found in subjects given intravenous acyclovir 2.5

mg/kg, and about 10 times higher than levels at-

tained after administration of oral acyclovir 200

ag every 4 hr. The peak ratio of acyclovir to des-

ciclovir in plasma was about 4:1 - The mean half-

life of desciclovir was 0.85 hr., compared with 2.6

hr. for acyclovir, suggesting rapid conversion of

desciciovir to acyclovir.

yrk6e Area and Particle Size

A drug dissohes more rapidly when its surface

area is increased. This is usually accomplished by

reducing the particle size of the drug. Many poorly

soluble, slowly dissolving drugs are marketed in

micronized or microcrystalline form. Particle size

reduction usually results in more rapid and com-

plete absorption.

The problems associated with low water solu-

bility were not fully appreciated when certain drugs

were first introduced. For example, since the orig-

inal marketing of spironolactone, the therapeutic

dose has been reduced twentyfold (from 500 to 2.5

,mg) by reformulation, including micronization of

..-' the drug. A similar situation has occurred with

griseofuivun, The currently marketed formulation,

containing micronized griseofulvin, requires a

daily dose of 0.5 g, which is one half that needed
when the drug was originally marketed.

Particle size may also be an important factor in
the bioavailability of digoxin. 6 'A digaxin powder,
widely used in the United Kingdom for tablet man-

ufacture, was found to have a mean particle size

diameter of 20 to 30 p.m. This material was slowly

and incompletely absorbed, compared with a so-

lution ofdigoxin. Reduction in digoxin particle size

by ball milling to a mean diameter of 3.7 p.m led

to an increase in the rate and extent of absorption
of the drug.

Another study examined the influence of both

particle size and gastrointestinal motility on the
absorption of digoxun. 1 In this study, healthy sub-

jects received 0.5 ing digoxin as standard tablets,

or tablets containing micronized digoxin or large

particle size digoxun. Tablets were given 30 min

after 15 mg propanthclinc (which increases resi-

dence time in the small irtestune), 10 mg mctocho-

praniidc (which decreases residence time in the

small intestine), or placebo, and following all

 fast. The extent of absorption was estimated

by deteruniumung the cumulative urinary excretion of
di goxin over 4 days. Assigning a value of 100%

for the bioavaiiabilimy of digoxin in subjects who

took the micronized tablet. Johnson and associates

calculated that the relative bioavailability of di-

goxun taken with placebo was 94% after the stand-

ard tablets, but only 43% after the large particle
size tablets. 41 Propanuheline improved the absorp-
tion of digoxin from these large particle size tablets

by an average of about 15%, hereas nnetoclo-

praniide further reduced bloavailability from 43%

to 31%. Neither propanthcline nor metochopramide

had an effect on the absorption of digoxun after

standard or micronized tablets. A general principle

derived from these studies is that the bioavailability
Of slowl y dissolving drugs may be sensitive to nor-

mal variation and other changes in gastrointestinal
motility.

The gastrointestinal absorption of medroxypro-

gesterone acetate from tablets containing 10 rug of

either micronized or nonmicronized drug was com-

pared in a crossover fashion in healthy subjects.48

The micronized material had 99.9% of the particles

smaller than 10 p.m. The specific surface areas of
micronized and nonmicronized medroxyprogester-

one acetate were 7.4 M 21g and 1.2 M 2/g, respec-
tively. Micronization led to a twofold increase in

the extent of absorption of the steroid

In a clinical study of pyrvinium pamoate in the

treatment of patients infested with pinworms, the

cure rate for the suspension form of the drug was

significantly higher than the cure rate for the ex-

isting tablet form (100% versus 61%). In further
studies, the efficacy of a new tablet formulation,

with partkles less than 10 p.m in diameter, in con-

trast to the 50 to 90 p.m particles in the original

tablet, was compared with that of the suspension.

Cure rates with both the new tablet and suspension
were similar and exceeded 90%.

The bhoavailability of benoxaprofen, an anti-in-

flammatory agent withdrawn from the market be-

cause of serious side effects, was determined in

healthy subjects after oral administration of two

capsule formulations containing 200 mg of drug in
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tion with bile drained through a T-tuhe found that	 r
the AUG over a dosing interval was only 5.2 ng-
hr/mI; blood levels peaked at about 250 ng/ml.
Some time Later, when bile was returned to the
small intestine, AUG was 15.8 ng-hr/trd and peak

concentrations exceeded 1500 ng/nsl. 53 Bile way

increase ltc solubility of cyclosporine by means of

niicellar solubilization.
There are instances in which particle size re-

duction fails to increase the absorption rate of a
drug. One reason may be that dissolution is not the
rate-limiting step in the absorption process. Weak
bases dissolve readily in the acidic gastric fluid;
gastric emptying, rather than dissolution, is the
slow step in the absorption of these drugs.

Micronization sometimes increases the tendency
of a drug powder to aggregate, which may lead to
a decrease in effective surface area. This problem
may be overcome by adding a wetting agent or

other excipients to the formulation.
Another approach to deaglomeration is to inti-

inately mix the hydrophobic drug with an excess
of a hydrophillic carrier. This is sometimes called
an ordered mixture because we strive to have the
fine drug particles distributed fairly evenly on

course carrier particles. Micronized griseofulvin
mixed with sodiuml chloride crystals dissolves

much more rapidly than micronized griseofulvin

alone. 54 Extremely rapid dissolution has also been

observed when micronized griseofulvin was mixed

with Ia L:tose. 15 Under these conditions, drug ap-

pears to he delivered as free, well-dispersed pri-
mary particles after rapid dissolution of the carrier.
Mixing griseofulvin with a hydrophobic carrier
(paraffin) results in poorer dissolution than with

griseofulvin alone.
The advantages to be derived from the use of

nsicronized particles may be reduced or even elim
itsated by compaction of the particles during tablet
compression. For example. the effect of particle
size reduction on the absorption of griseofulvirt is

much greater when the micronized drug is given

in a suspension rather than as a tablet.55
Certain drugs such as penicillin 0 and erythro-

mycin are unstable in gastric fluids. Chemical deg
radation is minimized if the drug does not dissolve?
readily in the stomach. Particle size reduction andi

the attendant increase in dissolution rate may resul
its more extensive degradation of the drug. It lsa.
been shown that the addition of it wetting agent
a formulation of erythromycin propionate resuP
in considerably lower drug levels in the blood.

Table 4-5. Maximum plasma Phenacelin
Concentrations and Urinary Recovery of Phenacetin
Metabolites Following Oral Adnsiisi stration of

Different Suspensions Each Containing 1.5 g
Plicnacctin to 6 Healthy Subjects*

Average masinrum
plasma phenacelin

concentration	 Urtnar

Prcpnra(ino	 .	 (1.og'nhl)	 recovervt

Fin suspension ith
poly	 wsorbate 80	 3.5	 75

	

9.6	 51Fine suspension
Medium suspension	 3.3	 57

Cruise supenSiOfl	 L4	 48

t)?ita from Prescott, L.F., Steel, R P. and Fecrier. W.R.'
tArnount recovered in 24 hr, expressed as percent of dose.

the form of either small crystals (mean = 18.5
p.m) or large crystals (tean = 610 p.m) 5° The

percent absorbed relative to an aqueous solution

svtis found to be 94 to 98 17c for the small crystals

and 39 to 43 for the large crystals. A higher dose
of the large crystal formulation resulted in still

lower b i oavailability; an $00 tog dose was only

22	 hioavailahle.
The effectise surface area of hydrophobic drug

particles may be increased b) the addition of a
wetting agent to the formulation. In one investi-

gation. 6 -v olunteers received 1.5 g of phenacetin
as a fine suspension (particle sue less than 75 p.m)
with and without polysorhate 80 (a wetting agent).
as a rnediuns suspension (particle size 150 to ISO
im), and as a coarse suspension (particle size

greater than 250 1.1.01) 5 Drug absorption was as-
sessed by determining phertacetin concentrations

in the plasma and urinary excretion of drug mc-
tabolites. The rnaxiilltins phenacetiri concentrations
in the plasma and the urinary recovery of phenac-
cOn metabolites, after administration of the differ-
ent forms of the drug, are presented its Table 4-5.
The importance of particle size in phenacetits ab-
sorption is evident. Polysorbate 80 significantly en-
hances the rate and extent of absorptii.s'.pf plie-
naCetils, probably by increasing the wetting and
solvent penetration of the particles and by mini-
nu7ing aggregation of the suspended particles.
Physiologic surface active agents, like bile salts
and lysolecithin, probably facilitate the dissolution

and absorption of poorly water-soluble drugs in the

small intestine 52

Effective absorption of cyclosporinc appears to
require the presence of bile in the small intestine.
Absorption studies shortly alter liver transplanta
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apparently owing to increased dissolution and deg-
radation of the antibiotic in gas'tric fluids.°

arporm

Many drugs can exist in more than one crystal-

line form a property known as polymorphism. The

drug molecules exhibit different space-lattice ar-
rangements in the crystal from one polyinorph to
another. 'Although the drug is chemically indistin-
guishable in each form, polytnorphs may differ
substantially with respect to physical properties
such as density, melting point, solubility, and dis-
solution rate. At any one temperature and pressure

only one crystal form will be stable. Any other
polymorph found under these conditions is meta-

stable and will eventually convert to the stable
form, but the conversion may be slow. The meta-
stable polymorph is a higher energy form of the
drug and usually has a lower melting point, greater
solubility, and greater dissolution rate than the sta-
ble crystal form. Accordingly. the absorption rate
and clinical efficacy of a drug may depend on which

crystalforifl is administered.
Some drugs also occur in an amorphous form

showing little crystallinity. The energy required for
a dnie molecule to transfer from the lattice of a
crystalline solid to a solvated state is much greater
than that required from an amorphous solid. For
this reason, the amorphous fonu of a drug is always
more soluble than the corresponding crystalline

forms.
Two polymorphs of tiovobiocin have been iden-

tified, one of which is crystalline and the other

amorphous. The amorphous material is at least 10
times more soluble than the crystalline form. Stud-
ies in dogs fail to detect any absorption of novo-
biocin after oral administration of the crystalline
solid, whereas the amorphous form is rapidly ab-

sorbed.
Chlorarnphctiicol palinitate exists in four poly-

inorphs: three crystalline forms (A, B, and C)4nd
an amorphous one. Aqueous suspensions of poly-
morphs A and B yielded average peak chloram-
phenicol concentrations in blood of 3 and 22 p.g/
iii, respectively, on oral administration. Similar
lifferences were noted with respect to the extent

if absorption of the two polyniorphs.19
Studies with sulfamctcr have indicated the oc-

irrence of six polymorphs. Crystalline form 11 is
out twice as soluble as crystalline form 111. Stud-

in normal hutnan subjects show that the rate
and extent of absorption of the sulfoitainide are

about 40% greater after administration of form II

than after administration of form Ill
MacGregor et al!" prepared and evaluated tab-

lets of amorphous chlorthalidone stabilized by the
addition of polyvinylpyrollidorie (PVP). Studies in
the clog indicated that these experimental tablets
were hiocquivalelit in both rate and extent of ab-
sorption to in oral solution of the thiazide-related
diuretic, and more rapidly and efficiently absorbed
than the standard commercial tablet. These dil'fer-
ences were also seen in hioavailability studies with
normal healthy subjects!' The tablet with arnor-
phous chlorthaldone appeared to deliver all the
drug, whereas the commercial tablet delivered 8017c

of the drug.
Vardan ci al. 3 compared the efficacy of a 15-

mg tablet containing amorphous chlorthalidorte
with that of a 25-mg commercial tablet in a double-
blind placebo-controlled trial in patients with mild
hypertension. At the end of 12 weeks, a decrease
in standing diastolic blood pressure from baseline
of at least 5 mm Hg was seen in 61% of the patients
on the 15-tog experimental tablet, 72% of the pa-
tients on the 25-mg commercial tablet, and 31%
of the patients on placebo. Both active drug groups
were significantly different from the placebo group

but not from each other.
Fewer adverse events were reported in the pla-

cebo and 15-tog groups than in the 25-mg group.
The decline in potassium was significantly greater
its the 25-rug group than in the 15-mg group. At
12 weeks there were four patients with potassium
levels below 3 meq/L in the 25-mg group but none
in the 15-mg group. The results demonstrate that-
15-mg chiorthalidone administered in a superbio-
available dosage form was as effective as the 25-

mg commercial tablet in lowering systolic blood
pressure; this was accomplished with a reduced

incidence of hypokalemia.
Many drugs can associate with solvents to pro-

duce crystalline forms called solvates. When the

solvent is water, the crystal is termed a hydrate.

Consistent with theory, the anhydrous forms of
caffeine, theophyllinc, and glutethimide dissolve

,-mre rapidly in water than do the hydrous forms
of these dRts. The anhydrous form of ampicillin
is about 25% more soluble than is the tnhydrate.
A similar difference has been found with respect
to the extent of absorption of anipicillin from the
two forms of the drug in nian!

Several reports suggest that solvate forms of a
drug with organic solvents may dissolve faster than

the nonsolvatcd fonn. This has been observed with
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the n-pentanol and ethyl acetate solvates of fludro-
cortisone, and with the n-pentanol solvate of sue-
ciny1sulfathiazole. Studies in man indicate that
the rate and extent of absorption of griseofulvin
were significantly increased after administration of
the chloroform solvate compared to that observed
after administration of the nonsolvated form of the
drug. These findings are consistent with the greater
solubility and dissolution rate of the solvate in sim-
ulated intestinal fluid.61

bRUGSTABILITY AND HYDROLYSIS IN
THE GASTROINTESTINAL TRACT

Acid and enzymatic hydrolysis of drugs in the
gastrointestinal tract is sometimes the reason for
poor bioavailability. The hydrolysis and inactiva-
tion of penicillin C in the stomach is one example.
The half-life of degradation of penicillin G is less
than 1 min at pH 1 and about 9 min at pH 2. The
stability of methicillin is equally poor. Other pen-
icillins, notably ainpicillin, are considerably more
resistant to acid hydrolysis. The degradation rate
of penicillin C decreases sharply with increasing

1)11; the drug is essentially stable in the small in-
testine. Chemical inactivation in the stomach is
responsible in part for the relatively low biouvail-
ability of penicillin C and methiçillin.

The absorption of digoxin is less than complete
after oral administration even when the drug is
given in solution. Studies indicate that hydrolysis
of digoxin in gastric fluid to digoxigenin and its
mono- and bis-digitoxosidcS contributes to the bio-

availability problem .' 7° Hydrolysis of digoxin at
37°C and 1)FI 3 is minimal after 90 ruin of incu-
bation but increases with increasing acidity; more
than 70% is hydrolyzed at p11 1.2 after 30 miii and
more than 96% after 90 ruin incubation .61 Ixtensive

intragastric hydrolysis and reduced bioavailability
of digoxin may occur in man under conditions of
maximum acid output.

When a drug is unstable in gastric fluids, rapid
dissolution may reduce bioavailability. Investiga-

tions with a series of erythromycin esters, unstable
in the stomach, have shown that bioavailahility is
inversely proportional to dissolution rate in simu-
lated gastric fluid (p11 1). The propionyl ester is
absorbed to the greatest extent but dissolves most
slowly at pH 1. With such drugs it is desirable to
have minimal dissolution in the stomach and rapid
dissolution in the small intestine.7'

Certain prodrugs must be hydrolyzed to the par-

ent drug in gastrointestinal fluids to produce clin-

ical effects. Clorazepate is rapidly converted to the
anxiolytic nordiazepani at low pH. The only site
for effective conversion is gastric fluid. Failure to
achieve complete conversion results in absorption
of the prodrug itself which has little, if any, tran-
quilizer activity. Some reports have ssfggestcd that
the absorption of clorazepate could be adversely
affected by giving the drug with antacids, which
elevate gastric ph I and reduce the rate of conversion

to nordiazepam. 7 - 73 Clinical studics with single
oral (loses of clorazepate and single or multiple
doses of a commercial aluminum-magnesium ant-
acid indicate that although antacids reduce the rate
of appearance of nordiazepam in plasm-a, they have
no effect on the extent of conversion of clorazepate
to nordiazepam.74

Cloramphenicol is sometimes given as th! pal-
rnitatc or stearate ester, particularly in pediatric
practice. The low water solubility of the esters min-
imizes the objectionable taste of the drug and fa-
cilitates its use in oral suspensions. However, the
esters are poorly absorbed; adequate drug absorp-
tion requires conversion of the prodrug to chioram-
phenicol in the small intestine2 Clinical studies in
children with serious bacterial infections, who were
given the palinitate ester, suggest that conversion
is about 70% complete, oil average, and results
in satisfactory serum levels of chloramphenicol.7

Failure to effectively convert it to parent
drug in the gastrointestinal fluids, gut wall, or liver
during absorption results in the prodrug reaching
the systemic circulation in relatively large amounts.
Chemical or enzymatic conversion of the prodrug
to parent drug in blood or tissues may be limited
and the prodrug may he metabolized or excreted
unchanged. Since the prodrug ordinarily has little
or no clinical activity, the net result of these events
may be inadequate bioavailability with respect to

active drug.
This problem is evident with prodrugs of cryth-

romyein. Erythromycin base is unstable in gastric
fluid, which leads to poor binavailability when the
drug is given as such. Various esters of erythro-
mycin have been investigated to find compounds
with a low dissolution rate in gastric fluid and high
acid stability and lipid solubility. Two prodrugs
with these characteristics, the lauryl sulfate salt of
the propionate ester of arythromycin(CrYthtOmYctn
estolate) and the ethylsuccinate ester of crythro-
niycin, are marketed in the United States. Iluw-
ever, both prodrugs are absorbed directly into the
bloodstream; conversion to erythromycin  in the
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blood and tissues is incomplete. High blood levels
of total drug, particularly after the estolate, are
misleading because the esters have little antibac-
terial activity. Certain microbiologiC assays for es-
timating antibacterial activity are misleading, be-
cause the assay procedure permits in vitro
conversion of the ester to erythromycin during in-
cubation. Despite the incomplete conversion lo

erythromycin, these prodrugs are clinically effec-

tive.
A second important problem that may be en-

countered when prodrugs reach the systemic cir-
culation in relatively large amounts is the appear-
ance of toxicity distinct from that observed with
the parent drug. in general, the safety record of
the erythromycins has been good; the only major
advefe effect of erythromycin therapy is hepato-
toxicity, more frequently associated with the es-
tolate and ethylsucciriate forms of the drug.77

Alteriuives to ester prodrugs of erythromycin
include erythromycin stearate, a salt form of the

drug, and coterie-coated products of cry thromycin
base. The stearate is more resistant to acid deg-
radation than the free base. Prolonged retention in
the stomach however may result in breakdown of
the drug. Food reduces the bioavaitability of eryth-
romyrin stearate by more than 50%; when used in
this form, the drug should be given 1 hr before or
2 hr after meals to obtain maximum bioavaitabilit)
Enteric-coated products of erythromycin base do
not dissolve in the stomach but alloss rapid ab-
sorption of the drug in the small intestine. Admin
istration of these products with meals has no effect

on bioavailability.

final (01) absorption focused on penucahility and
demonstrated that when drugs were administered
in aqueous solution, absorption potential was a
function of the p1-I of 01 fluids as well as the pK

and partition coefficient of the drug. These prin-
ciples remain conceptually useful but cannot he
applied directly because most drugs are given in
solid dosage forms, and dissolution and aqueous
solubility play an important role in determining
absorption. More recent efforts at predicting drug
absorption have attempted to relate in vitro dis-
solution with in vivo absorption characteristics, as-
suming that dissolution in the 01 fluids is the rate-
limiting step in drug absorption. These approaches
permit differentiation of dosage forms from which
a given drug is absorbed at different rates but are

less useful for predicting the extent of absorption
of a drug. Dressman et a1.' have developed an
equation for calculating absorption potential that
for the first time takes both intestinal permeability
and drug solubility into account. The strength of
their method of prediction lies in its simplicity; the
paradigm is based entirely on easily obtained phys-

ical-chemical data.
The investigators assumed that the absorption

potential of a drug is a function of the membrane-
water partition coefficient, which can be corielatc'd
to the octanol'water partition coefficient, P. tti
intrinsic solubility (i.e., the water solubility of the
rtonionizcd species at 37), S: the dose, L>.
the fraction in nonionized form at pH 6.5. .1; ani

the volume of the lumenal contents, V. Absorption
potential, AP, is defined as follows:

AP = log (PJSVJD)	 (4-13)

PHYSICAL-CHEMICAL MODELS OF DRUG
ABSORPTION

Clinical effectiveness after oral administration is
a decided advantage in the developimflt of new
drugs. Principal reasons for inadequate bioavail-
ability are low aqueous solubility, poor lipid sot-

uhility, drug degradation in the gut lumen, or
presysteinic metabolism, and dosage form char-
acteristics that limit the dissolution or release rate
of the drug. Dissolution rate considerations are im-
portant for poorly water soluble drugs. whereas
intestinal wall pe mieabihty may be rate controlling
for polar drugs. Dosage form characteristics may
he Important for drugs with low aqueous solubility
and for delayed-release and prolonged-rClease
preparations.

1 he cartiest quantitative studies on gastrOintes-

Several drugs covering a wide range of absoip-
tion characteristics were selected to evaluate the
ability of the estimated absorption potential to pre-
dict bioavailabilitY. The drugs varied widely in
their physical-chemical characteristics. Partition

coeflicients covered the range from 0.018 (acyclo-
vir) to 295 (phcnytoin). Acyclovir was aho the
most soluble (1.3 mg/ml), whereas griseofulviii
and phcnytuin were the least soluble (< 0.02 rug!
ml). Griscofulvin, prednisolone and digoxin arc
nonionizahie; pKa values for acyclovir, chloro-
thiazide, hydrochlorothiaz.ide, and piienytUil niigC

from 6.7 to 9.5. The lumenal volume was set at

250 nil for all compounds.
The correlation between absorption potential and

fraction of the (lose ahsorbc.d was excellent and

indicates for the compounds chosen that absorption
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potential is  good predictor of bioavatlability. Neg-

ative AP values (acyclovir and hydrochlorothia-

zide) suggest poor drug absorption; values of 1.0

or above (phenytoin, prednisolone, and digoxin in

solution) suggest nearly complete absorption

Compounds with intermediate AP values (micron-
ized griseofulvin and hydrochlorothiazidc) show

intermediate bioavatlability.
Predictions of percent absorption, however, will

not correlate with the bioavailability of compounds

subject to substantial first-pass metabolism in the

intestinal epithelium or liver or degradation in the

gut lumen. Under these conditions, the'absorption

potential may be considerably greater than systemic

availability. For example, propranolol is com-

pletely absorbed, but bioavailability is less than

30% after a single oral dose.

Absorption potential as described by Dressman

et al. is likely to be a useful tool in drug devel-

opment so long as it is understood that the param-

eter is exdusively concerned with the physical-

chemical characteristics of the drug and that it cart-

rOt be used as the sole indicator of bioayatlability.

Furthermore, the dissolution rate of a drug but not

its solubility is affected by characteristics of the
dosage form such as particle size; this distinction

may be a significant factor in determining the frac-
tion absorbed when drug solubility is in the jig/ml

range. Dressman et al. note that for these cases,

the absorption potential is an indicator of how well

the drug might be absorbed provided dissolution

rate limitations are circumvented by micronizing

the drug (griseofulvin), using a sol:'i solution for-

mulation, or giving a solution of the drug in a soft

gelatin capsule (digoxin).

More recently, Dressman and Fleisher79 have in-

vestigated the role of dissolution in the absorption

of very poorly soluble drugs. They simulated ab-

sorption profiles based on a theoretical mixing tank

model that takes into account dissolution, absorp-

tion, and residence time in the small intestine (as-

sunned to be the site of absorption).

Griseofulvin (G) and digoxin (D) were chosen

as examples of drugs that exhibit 4issolution rate

controlled absorption. Both compounds have low

aqueous solubilities (G = 15 jig/nil, D = 25 jig/

ml) and high partition coefficients (0 = 151,

D	 56).
Despite the similar physical-chemical character-

istics of griscofulvin and digoxin, estimates of their

absorption potential (0 0. 36, D 3.1) indicate

that digoxin is potentially completely absorbed,

whereas griscolulvin is not. This difference is con-

sistent with the results of hioavailahility studies in

human subjects and is probably related to the mark-

edly different doses of these drugs (G 500 mg,.

D = 0.25 rug). There is a 3000-fold difference
between gnseofulvin and di-oxin in terms of the

ratio of dose to solubility.
The simulations predict that about 40% of a 500-

rug dose of micronized griscofulviri (particles 4 p.m

in diamete:) will be absorbed over a 5-hr period,

whereas about 20 </c of the same dose of ''regular"

griseofuls in (30 tim mean diameter) will be ab-

sorbed over the same period. These estimates are
in good agreement with values in the literature from

studies in human subjects. The results indicate that

even with small particles, the absorption of gris-

eofutvin does not approach 100%. "This suggests

that the dose-to-solubility ratio as well as the dis-

solution ra:c is a significant limitation to griseo-

fulvin absorption.
The mc'Jcl also predicts that the absorption of

micronized griseofulvin is dose-dependent. The

fracUori absorbed incteases from about 40 to 80%

as the dose is decreased from 500 to tOO mg. This

finding implies that small doses of micronized gris-

eofulvin gisen more frequently may result in higher

drug levels in blood and greater effectiveness.
In summary, the model adequately simulates the

gastrointestinal absorption of gnseofulvin over a

wide range of particle sizes and other conditions.

The results indicate that the large dose-to-solubility

ratio for this drug restricts the fraction absorbed,

even when disso!utr rate effects are minimized

by administering very fine particles of the drug.
'At usual doses of griseofulvin, reducing the par-

ticle size below the compendial requirement for the
micronized form is not predicted to result in sig-

nificantly better bioavailabtlity.' '

Simulations of digoxin absorption present a dif-

ferent picture, principally because of the much

smaller doses that are required. As with griseoful-

y in, the absorption of digoxin is strongly dependent

on particle size, but the model predicts that a par-

ticle diameter of 5 p.m or less will result in com-

plete absorption.
Mean residence time in the small intestine also

has a substantial effect on digoxin absorption. With

the usual range of residence times (10010250 mm),

the percentage absorbed call from 60 to 90%.
These predictions are consistent with the effects of

netoclopramide and propantheline, drugs that

modify gastric emptying and intestinal transit, on
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the bioavailability of digosin front certain prepa-
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rationS
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phcnobrbital from tablets containing this poiyo1

Dressiflan et al.'5 '9 are a substantial contribution 	 are markedly reduced.84

to our understanding of drug absorption from the 	
Drug complexes usually differ appreciably from

gastrointestinal tract. It appears tht quantitatis'e 	
the free drug with respect to water solubility and
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acteristics of the gut. These advances, however, 	
more permeable by focusing lipid-soluble corn-

do not minimize the need for continued improve- 	
plexes. For example, certain dialkylarnideS can en-

merits in our ability to predict drug absorption after 	
hance the intestinal absorption of prednisone in the

oral administration of solid dosage forms, panic-	
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tion of certain drugs may be seriously limited by
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of absorption. The complexing agent may be a	
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creases rapidly and enhanced absorption of the drug
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and dihydrostreptornycin .6 ' This binding may con- 	
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to the extent of absorption." Relative to an intra-
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venous injection of digoxin, the bioavailability of
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have a much higher molecular weight and are usu- 	 0qc.
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nately, litost conpiexes are freely soluble in the 	 ministered drugs. T his often leads to poor

	

fluids of the gastrointestinal tract and dissociate 	
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in man are illustrative.
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on pronsazine absorption 
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Attapulgite is used as an active component in an-

	

Amphetamine interacts with carboxymethylccllu-	
fidiarrheal mixtures. Charcoal has been used for

-	 lose in form a poorly solublc ciinspfe that leads	
various gastrointestinal disorders and is considered

n efficient antidote in drug intoxication.

	

to reduced absorption of the elriig.° Phenobarbilat 	 to be a 
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I 5 rornaiinc was administered to healthy subjects as

a solution in water or as a mixture containing either

charcoal or attapulgite. About 80% of the drug was
adsorbed initially in the attapulgite preparation and

about 50% in the charcoal pnparation. Attapulgite

decreased the rate but not the extent of absorption
of promaiine. Charcoal significantly reduced both

the rate and extent of drug absorption. In vitro

studies indicated that the promazine-charcoal ad-

sorbate had little tendency to dissociate. Appar-

ently, only the fraction of the dose that is initially

unadsorhed in the mixture is available for absorp-

tion. On the other hand, dissociation of drug from

the proillal.inc-attapulgitc adsorbate is rapid.
Therefore, the extent of adsorption in a dosage

form may not he related directly to the effect on

absorption. The case with which the adsorbate dis-

sociates may be the more important factor.59

In another investigation, serum concentrations

and urinary excretion of lincomycin were deter-

mined under the following conditions: (I) 0.5 gin

a capsule taken orally with 3 11 ox of water; (2) 3
11 coz of a commercial kaolin-pectin mixture taken

2 hr before the capsule; (3) 3 fl oz 'of the anti-

diarrheal mixture taken 2 hr after the capsule: and

(4) 3 II oz of the mixture taken with the capsule.

The relative bioavailahilities were 1.00. 0.71.

0.59. and 0.20 for conditions (1), (2), (3). and (4),

rcspectivcly.° Parallel in vitro studies showed that
the mixture strongly binds lincomycin. The effect

of the antidiarrheal mixture on lincoinycin absorp-

tion is reduced by administering the drug and the

mixture several hours apart.
Cholestyramine and colestipol are insoluble an-

ionic exchange resins used to lower serum choles-

terol levels in patients with hyperc hole sterolemia.

These agents bind cholesterol metabolites and bile

salt.s in the intestinal lutncn and prevent entero-

hepatic cycling. They also bind and reduce the

absorption of many dntgs.
Clinical studies show that fecal radioactivity

after oral administration of thyroxine 1-131 is mark-

edly increased in patients receiving cholestyra-

mine. Absorption, as determined by whole-hotly

retention and cumulative urinary radioactivity, is

correspondingly reduced. If a 4- to 5-hr period

exists between the ingestion of cholestyramine and

the ingestion of thyroxine, the absorption of the

hormone approaches normal in most subjects- Hy-

pothyroid patients receiving thyroxine and choles-

tyratnine, at the same time, should be examined

periodically for evidence of lack of efficacy. Ad-

justments in thyroxine close and in the time interval

between the two drugs should be made, if appro-

priate.'

Single-dos-c studies 
in 

adultadult subjects have shown

that cholestyratninC significantly reduces the ab-

sorption of the anticoagulants warfarin" and phcn-

procouiiion Choi estyraminc also affects the bio-

availability of digoxin.
Brown ci a].' , studied the effect of continuoti

treatment sx ith cholestyramine oil lev-

els of digoxin resulting from either two 0.25-mg
digoxin tablets or two 0.2-tog digoxin capsules

(containin g a solution of the drug) once a day for

2 weeks. Bioavailability was determined from the
steady-state 24-hr area tinder the serum concentra-

tion-time curve (AUC, ng x hr/ml).

The AUC values for tablets alone and with the

resin were 28 and 22.4, a decrease of about 32%.
For the capsules alone and with cholestyramine,

AUC salues were 31.7 and 24.7, a decrease of

about 22 17. The results chow that the 0.2-mg cap-

sule of di goxin is hioequivalent to the 0.25-mg

tablet with respect to AUC. The results also suggest

that chulcscyrartiirie may have a greater effect on
the more slowly dissolving tablets than on the cap-

sules of dioxin.
Unlike cholestyramine, colestipol had no appar-

ent effect on phenprocoumon :ihsorption. 55 On the

other hand, colestipol has been found to decrease

chlorothiazidc absorption by 50% even when the

drug was taken I hr after the rcsin. 1 Doses of

cholestyramine (8 g) and colestipol (10 g), equief-

fective in lipid lowering, prbduce similar reduc-

tions in the bioavailability of propranolel when

given with the drug. 9 ' Additional examples of drug-

drug interactions affecting absorption are described

in Chapter 14.
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