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The interactions between B-adrenoceptor antagonists and bile saits
were investigated by microcalorimetry. Nadolol and oxprenolol in-
teractions with dihydroxy salts could be described by a 1:1 interac-
tion model with the thermodynamic parameters indicating that the
drugs were incorporated within the bile salt aggregates. This weak
interaction was primarily hydrophobic although electrostatic attrac-
tion also played a role. Atenolol and metoprolol did not interact with
the dihydroxy salts. None of the compounds interacted with trihy-
droxy bile salts or with salts below their aggregation concentration.
Phase separation resulted when propranolol and alprenolol were
present in dihydroxy salt solutions above a certain concentration
with the interaction being of a hydrophobic and electrostatic nature.
The implications of these results on in-vivo drug absorption are dis-
cussed.

KEY WORDS: microcalorimetry; calorimetry; bile; association;
drugs.

INTRODUCTION

Bile principally consists of different bile salts, choles-
terol, phosphatidylcholine and bilirubin. The bile salts con-
tain a rigid ring system which is hydrophilic on the a-face
and hydrophobic on the B-face. As a result they are surface
active and above a certain concentration form aggregates (1).
At low concentrations and salt contents, bile salts form pri-
mary aggregates of low aggregation numbers. Aggregation
occurs since it is thermodynamically favorable to remove the
non-polar parts of the bile salts from the aqueous environ-
ment by virtue of the hydrophobic interaction. Increasing
the bile or salt concentration results in stepwise aggregation
until at high concentrations of both species secondary aggre-
gates are formed by association between the primary aggre-
gates. The forces involved in this association are thought to
be due to a combination of hydrogen bonding (1) and hydro-
phobic interaction (2) between the a-faces of the molecules.

There have been a number of studies as to the effect of
surfactants, including bile salts, on G.I. drug absorption. Hy-
drophobic drugs have been shown to be absorbed more
readily due to an increased solubility (3). Absorption of
drugs can also be increased by a direct effect of bile salts on
membrane permeability (4). On the contrary reduced absorp-
tion of drugs has been shown (5-9) which was thought to be
due to the formation of a ‘‘stable’’ association complex with
bile salts and loss of thermodynamic drug activity. We have
investigated the effect of bile salts on ionized molecules us-
ing the B-adrenoceptor antagonists as model substances, to
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obtain information on the molecular characteristics neces-
sary for such an interaction. Previous studies on this class of
compounds (6,9) have shown that in general their in-vivo
absorption has been reduced in the presence of bile although
the opposite effect has been shown (11). Microcalorimetry
has been used to measure this interaction, being a suitable
technique since it does not disturb the equilibrium or intro-
duce experimental artifacts.

MATERIALS AND METHODS

The B-adrenoceptor antagonists atenolol, nadolol hy-
drochloride and metoprolol tartrate were standard reference
materials from Astra Héssle. Propranolol, alprenolol and ox-
prenolol hydrochlorides were purchased from Sigma Chem-
ical Co., St Louis, USA. Their physicochemical character-
istics are given in Table I. The bile salts were purchased from
Sigma Chemical Co. as the sodium salts: taurochenodeoxy-
colate (TCD), glycochenodeoxycholate (GCD), deoxycho-
late (DC), taurocholate (TC) and glycocholate (GC). They
were dried under vacuum at 25°C and stored over dried silica
gel prior to use. Solutions of the bile salts and B-adrenocep-
tor antagonists were made in pH 6.5 10 mM phosphate
buffer.

Surface tension measurements of the bile salts and -
adrenoceptor antagonists were carried out using the ring
method (Kruss tensiometer K6, Kruss GmbH, Hamberg).
Measurements were made at 295 + 1K in phosphate buffer.
The interaction was investigated using a microcalorimeter
(model 2277, Thermometric AB, Jarfilla, Sweden). 3 = 0.01
ml aliquots of the buffered bile salt solutions were added to
the ampoules of the perfusion/titration units. The buffered
B-adrenoceptor antagonist solutions were injected into the
ampoules at pre-determined intervals using the precision sy-
ringe injector. For comparative purposes 90 mM solutions of
the B-adrenoceptor antagonists were used when the bile salts
were above their aggregation onset concentration (AOC).
The concentrations of bile salt solutions used were 5 mM
(TCD, TD, GCD), 12 mM (TC) and 15 mM (GC). Heats of
dilution of the bile salt and B-adrenoceptor antagonists were
determined and accounted for.

THEORY
The interaction can be represented by
D + BS & DBS )

where D is the B-adrenoceptor antagonist and BS is the bile
salt existing as an aggregate. Eq. (1) describes a 1:1 interac-
tion and assumes that there is no interaction between the
drug and bile salt monomer. It has been found to satisfacto-
rily describe the data obtained in this study without the need
to resort to higher interaction orders. It does not assume any
particular stoichiometry for the complex.
The equilibrium constant K is defined by

[DBS]}
([D}. — [DBSJX[BS]; — [DBS])

2

where [DBS] is the complex concentration and [D], and [BS],
are the total antagonist and bile salt aggregate concentra-
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Table I. Physicochemical Characteristics of the
B-Adrenoceptor Antagonists®

Drug M pKa Log P
Atenolol 266.3 93 0.23
Nadolol 309.4 9.7 0.71
Metoprolol 278.3 9.7 2.15
Oxprenolol 265.3 9.6 2.18
Alprenolol 249.3 9.6 2.61
Propranolol 259.3 9.5 3.65

% M is the molecular weight of the amine bases.

tions. The cumulative heat flow due to complex formation,
Q, is given by Eq. (3)

- AH [DBS]

where AH is the reaction enthalpy. Elimination of [DBS]
from Eq. (3), using Eq. (2) leads to

Q=

1 1\2
D) + [BS], + X _<<[D]t + [BS]; + E) _4[D]I[BS]t) ‘/z) AH

2[BS},
C))

Eq. (4) can be solved for the heat resulting from a series of
injections by non-linear least-squares regression to yield val-
ues for the enthalpy and equilibrium constant.

RESULTS AND DISCUSSION

The AOC values from Table II were used in Eq. (4) to
determine the bile salt monomer concentration present as
aggregates. Aggregation numbers of 2 for GC and TC and 6
for the dihydroxy bile salts were used (1). Measurement of
the surface tension of nadolol and propranolol showed that
both compounds were weakly surface active. Whilst nadolol
showed no self-association at concentrations up to 100 mM,
propranolol formed aggregates at 80 mM. This value com-
pared with 95 mM (water) (11) and 98 mM (30 mM salt, pH
4.5) (12). In addition metoprolol and oxprenolol are surface
active (11). Thus all these B-adrenoceptor antagonists con-
tain both hydrophobic and hydrophilic regions which if they
are sufficiently large and separate would indicate that an
interaction with bile salt aggregates could occur.

Atenolol was not incorporated into the aggregates of
either the di- or tri-hydroxy bile salt aggregates as evidenced
by a constant endothermic enthalpy per injection. This result
was as expected since atenolol was the most hydrophilic
B-adrenoceptor antagonist and would have a stronger ten-
dency to remain within the aqueous phase than the hydro-
phobic environment of the bile salt aggregates. In addition
the group at the aromatic ring 1-position is strongly hydro-
philic and appeared to prevent insertion of the molecule
within the aggregate, as also observed for metoprolol.

Yamaguchi (9) showed that 50 and 250 mM sodium
cholate had no effect on the absorption of atenolol in an in
situ rat study. It has, however, been shown (6) that the ab-
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Table IL. Aggregation Onset Concentrations of Dif-
ferent Bile Salts in pH 6.5 10 mM Phosphate Buffer
at 295 K

Aggregation onset

Bile salit concentration (mM)
Taurochenodeoxycholate 0.3
Glycochenodeoxycholate 1.4
Taurodeoxycholate 2.8
Taurocholate 8
Glycocholate 9

sorption of atenolol was reduced by 30% when co-admin-
istered with bile acids. As a consequence of our result, in
which no interaction was found, the above result suggests
that the reduced absorption could have occurred by an indi-
rect mechanism with bile salts either releasing a third com-
ponent which interacted with atenolol or altering the luminal/
microvilli environment such that the formation of ionized
atenolol was suppressed.

The cumulative heat flows for the interactions between
nadolol and dihydroxy bile salts are illustrated in Fig 1. The
experimental data were fitted to Eq. (4) with the resultant
thermodynamic parameters being given in Table III. The un-
certainties of the fitting parameters were obtained from the
diagonal of the error matrix. As the molar ratio of drug:bile
salt was increased, the number of available interaction sites
decreased, which resulted in a reduced exothermic enthalpy
per injection. The observed enthalpy was considered to be
due to changes in hydrogen bonding and van der Waals’
forces. The entropy increase was thought to be due to two
effects; the release of counterions, initially more or less as-
sociated with the charged aggregates, from the environment
of the tonized molecules into the bulk and the release of
hydration water around the charged species and non-polar
regions.

Whereas the interaction with TCD and GCD at 298K
and pH 6.5 was both enthalpically and entropically favorable
that with TD was only enthalpically driven. There were clear
trends in the enthalpy and entropy values resulting from the
interaction which followed the hydrophobicity of the bile
salts. However AG was negative and of a similar magnitude
for the three salts indicating a common interaction mecha-
nism and its enthalpy-entropy compensation (13,14). The

*TD

TCD

- Cumulative heat flow (mJ)

{Nadoiol] (mM)

Fig 1. Cumulative Heat of Interaction between Nadolol and Dihy-
droxy Bile Salts (solid line is data fit to equation (4)).
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Table III. Apparent Thermodynamic Data for the Interaction Between Nadolol and Dihydroxy Bile Salts®

Bile Salt pH T (K) —AH (kJmol ™ 1) KM™h) —AG (kJmol™ Y AS (JK " 'mol ™)
TCD 6.5 298 5.75 £ 0.24 146 = 10 12.35 = 0.16 22.16 = 0.28
5.93 £ 0.25 130+ 9 12.06 = 0.17 20.58 + 0.26

5.09 = 0.11 137 £ 5 12.19 = 0.09 23.83 + 0.07

TCD 10% 298 29.25 = 0.80 191+ 9 13.01 = 0.11 —54.50 + 2.31
24.90 = 1.37 193 + 18 13.04 £ 0.22 —-39.80 + 4.61

TCD 6.5 310 21.35 = 0.28 83+ 2 11.39 = 0.06 —32.12 £ 0.71
23.65 = 0.28 72+ 1 11.02 = 0.04 —40.73 + 0.76

GCD 6.5 298 7.39 = 0.10 84 = 2 10.98 + 0.06 12.05 = 0.14
6.46 = 0.08 96 + 2 11.31 = 0.05 16.28 + 0.11

6.78 = 0.12 RN+ 2 11.20 = 0.06 14.83 = 0.20

TD 6.5 298 23.10 = 0.70 105 5 11.53 = 0.12 —38.81 = 1.93
21.02 = 0.12 118 + 6 11.82 = 0.12 —30.89 + 0.01

26.47 = 0.59 89+ 3 11.12 '+ 0.08 -51.50 = 1.71

% 10 mM phosphate buffer.
% 10 mM carbonate buffer.

reason for the unfavorable entropy decrease for TD was un-
clear although it was the most hydrophilic of the dihydroxy
bile salts and other cases exist where an interaction is solely
enthalpy driven (14). The magnitude of the equilibrium con-
stant was similar for both TD and GCD, although a stronger
interaction was indicated with TCD. These results were also
broadly in line with the bile salt hydrophobicities (Table II).

To confirm that the interaction was due to incorporation
within the aggregates rather than on their surface, the inter-
action with TCD was studied at 310K. This resulted in a
solely enthalpy driven reaction with AC, = -1409
JK'mol™'. The negative value indicated the transter of
non-polar groups into a non-aqueous environment (15)
which, in this case, was the aggregate interior. Its magnitude
showed the extremely hydrophobic environment of the inte-
rior since AC,, for the transfer of benzene to B-cyclodextrin
has been determined as only —268 JK ™ 'mol~! (16). The
reduction in equilibrium constant, which resulted from the
relative changes in AH and AS, confirmed the hydrophobic
nature of the interaction. The changes in AG, AS and AC,
were in agreement with other results e.g. transfer of liquid
hydrocarbons to water (17) and incorporation of alkanols
within cyclodextrin cavities (18).

At pH 10 the equilibrium constant increased indicating
the formation of a more ‘‘stable”” complex. At this pH the
hydrophobicity of nadolol was greater than at pH 6.5 due to
suppression of ionization. Since an unionized molecule
could be inserted more completely within the aggregate than
an ionized one, due to the absence of electrostatic attraction
at the surface, a stronger complex would be expected. The
increased equilibrium constant indicated that both hydro-
phobic and electrostatic contributions were important in the
interaction although ionization of nadolol was not essential
for incorporation within the aggregates.

In solutions <AOC a low, constant endothermic enthal-
py per injection resulted indicating a weak interaction prob-
ably of an electrostatic nature such as ion-pair attraction
(19). Nadolol was not solubilised within the trihydroxy bile
salt aggregates as evidenced by a constant endothermic en-
thalpy per injection.

The hydrophobicity of oxprenolol and alprenolol was

intermediate to that of nadolol and propranolol so effects
common to those drugs would be expected (Fig 2). Al-
prenolol exhibited phase separation with the dihydroxy salts
at drug:bile salt ratios of 0.6 (GCD), 0.8 (TCD) and 1.3 (TD)
whilst oxprenolol did not produce separation.

Thermodynamic parameters resulting from the ox-
prenolol interaction are given in Table IV. The most striking
observations were the large exothermic enthalpic contribu-
tion to the free energy term and the unfavourable entropy
change. These values contrasted sharply to those for nadolol
where the interaction was promoted by both entropic and
enthalpic factors. Surprisingly oxprenolol interacted less
strongly with TCD than nadolol since it would be expected
that the more hydrophobic compound would have the great-
est tendency to be incorporated within the aggregate. How-
ever, whilst log P values predict the overall hydrophilic/
hydrophobic balance of a molecule they do not describe the
size of these regions or whether they are sufficiently sepa-
rate for large regions to have different properties. From our
interpretation of the results, the presence of distinct hydro-
philic and hydrophobic regions appeared to be a more im-
portant requirement for incorporation within the aggregates
than the log P value of the molecule. No phase separation or
incorporation was noted for either compound with the trihy-
droxy bile salts.
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Fig 2. Cumulative Heat of Interaction between -Adrenoceptor An-
tagonists and TCD.
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Table IV. Apparent Thermodynamic Data for the Interaction Be-
tween Oxprenolol and TCD at 298K in pH 6.5 Phosphate Buffer

—AH —AS
(kJmol %) KM™ AG (kJmol ™ 1) JK 'mol™ 1
12.66 = 0.51 76 £ 5 10.73 = 0.16 —-6.47 = 1.18
14.15 = 0.65 73 x5 10.63 = 0.16 —11.83 = 1.65

Metoprolol was not incorporated within either the di- or
trihydroxy bile salt aggregates as shown by the constant en-
dothermic enthalpy. In addition no phase separation oc-
curred. Metoprolol has a similar log P value to oxprenolol
which, however, exhibited phase separation in a TCD solu-
tion >AOQC. Clearly attachment of the group at the aromatic
ring 1-position prevented incorporation since it produced
steric hindrance and a hydrophilic area within the hydropho-
bic region.

Phase separation occurred between propranolol and the
bile salts at molar ratios given in Table V. The ratios followed
the bile salt hydrophobicities indicating that a hydrophobic
phase could be formed. Once the aqueous solubility of this
phase had been exceeded, phase separation resulted. Addi-
tion of salt increased the molar ratio, probably by reducing
the interaction between the charged groups through electro-
static screening. Increasing the pH to 8.3 produced a similar
result by reducing the concentration of ionized species. It
appeared that the interaction was initiated by electrostatic
attraction between propranolol cations and bile salt anions
with the hydrophobic effect being responsible for the subse-
quent phase separation.

For these systems Eqs. (1)-(4) were no longer applica-
ble so that the data could not be interpreted in terms of the
entropy and equilibrium constant. The plateau region of the
cumulative heat flow curves (Fig 3) corresponded to the oc-
cupation of all interaction sites and occurred at similar pro-
pranolol concentrations for all bile salts indicating that the
hydrophobicity of propranolol masked differences between
the bile salt hydrophobicities. The interaction with GCD was
less enthalpy driven than with TCD or TD, although it was
unknown whether this would be compensated by an in-
creased entropic contribution. The interaction heat flows
were, however, ~10 times those observed for nadolol and

Table V. Molar Ratio of Propranol:Bile Salt Re-
quired for Phase Separation in pH 6.5 Phos-
phate Buffer

Ionic Strength Molar

Bile Salt (mM) Ratio
TCD 10 0.34
60¢ 0.46
110° 0.57
160° 0.62
10° 0.63
GCD 10 0.32
TD 10 0.50
TC 10 1.14
GC 10 1.20

< buffer + 50, 100, 150 mM salit.
® pH 8.3 buffer.
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Fig 3. Cumulative Heat of Interaction between Propranolol and Di-

hydroxy Bile Salts.

were due to the growth in hydrophobic regions which would
be expected to continue beyond the phase boundary. Com-
parison of Figs 1 and 3 showed that the plateau region oc-
curred at a lower concentration of propranolol than nadolol.
This indicated that incorporation of propranolol within the
aggregates was favoured more than nadolol presumably due
to its strongly hydrophobic aromatic ring system.

This behaviour is typical of more general surfactant-
surfactant systems in which oppositely charged species are
present (20). In such systems at low salt concentrations,
associative phase separation occurs which can be reduced or
eliminated by increasing the salt content. Addition of an ex-
cess of either surfactant will lead to re-solubilization of the
complex. This re-solubilization behaviour has not been ob-
served for propranolol since its AOC is high and aggregation
number low (12).

CONCLUSIONS

In the absence of an interaction, excluding that of an
ion-pair nature, we suggest that bile salts would have no
direct effects on the in-vivo absorption of $-adrenoceptor
antagonists. Thus the absorption of atenolol and metoprolol
should be unaffected by bile salts. However whilst nadolol
and oxprenolol were incorporated into the dihydroxy aggre-
gates it is unlikely that their absorption would be reduced
since the complexes were weak and should dissociate fast
enough to allow the free concentration of drug to be main-
tained during longitudinal transport in the intestine. A de-
creased absorption of propranolol and alprenolol, however,
would be expected in the presence of bile if the molar ratio
at which phase separation occurred was achieved. We sug-
gest that whilst the first pass effect is the primary cause of
the low bioavailability of propranolol the interaction with
bile may also exert an influence on its absorption under such
conditions.

It is our view that other basic drugs, if they contain a
hydrophobic region sufficiently large and separate from a
hydrophilic one, will interact with bile salts, particularly the
dihydroxy ones, in a similar way. The strength of this asso-
ciation will determine whether the drug’s in-vivo absorption
is reduced.
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