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SUMMARY

ME1sNER, HERMAN (1977) Displacement of free fatty acids from albumin by chloro-
phenoxyisobutyrate. Mol. Pharmacol., 13, 224-231.

A two-phase hexane-aqueous salts buffer, pH 7.45, has been used as a model system to
study the displacement of strongly bound long-chain free fatty acids (FFA) from bovine
serum albumin by a more weakly binding drug, chlorophenoxyisobutyrate, that is
insoluble in the organic phase. The hydrophobic phase serves to trap unbound FFA,
thereby reducing the bound ligand concentration, but does not solvate the more hydro-
philic drug. At equilibrium chlorophenoxyisobutyrate displaces ['*C]JFFA from albumin,
in the order stearate > palmitate > myristate. A drug to albumin molar ratio of 2.2
reduces the binding of [*C]palmitate to albumin by only 2%, but increases the organic
concentration by 50%. The binding curve of [**Clpalmitate-albumin is shifted to the
right by 1 mM chlorophenoxyisobutyrate, indicating competitive displacement. At a
constant ratio of total drug to bound FFA, a greater fraction of FFA is displaced from
albumin at higher FFA to albumin ratios, suggesting that FFA bound to lower-affinity
sites are removed more readily. Thus, in a two-phase system, a ligand which binds
weakly to albumin can competitively displace a tightly bound ligand that partitions
favorably in the hydrophobic phase. The model may have general applications in
explaining the mechanism of action of albumin-bound drugs that reduce circulating
FFA levels.

INTRODUCTION

constants as occupancy of the sites be-
The association of amphiphilic ligands,

comes greater. From the last characteris-

such as long-chain fatty acids, with albu-
min has been extensively studied (1-6).
This association is characterized by (a) a
requirement for both electrostatic and hy-
drophobic interactions (7-9), (b) high equi-
librium association constants, on the order
of 108-108 (3, 6), (c) a constant increment in
free energy of transfer (5AF,_,,) per meth-
ylene group from lipid to aqueous phase as
a function of free fatty acid chain length
(5), and (d) multiple albumin binding sites
having progressively lower association
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tic, it follows that the binding of FFA! to
albumin is best described in terms of a
continuous range of equilibrium con-
stants, rather than distinct classes of bind-
ing sites (6).

Serum albumin also binds many drugs,
some of which show association constants
between 10* and 10° (10). The displacement
of these drugs from albumin by FFA has
been examined in aqueous monophasic
systems, with variable results. For exam-
ple, Rudman et al. (11) found that palmi-

! The abbreviations used are: FFA, free fatty
acid(s); CPIB, chlorophenoxyisobutyrate; BSA, bo-
vine serum albumin.
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tate displaces salicylate, sulfadiazine, and
diphenylhydantoin, but only at FFA to al-
bumin ratios greater than 3.5, and con-
cluded from this that physiological
changes in FFA levels have little effect on
drug binding. However, others have
shown that thyroxine (12), indole ana-
logues (13), salicylates (14), 2,4-(4'-hydrox-
yphenylazo)benzoic acid (15), diphenylhy-
dantoin (16), and chlorophenoxyisobutyr-
ate (17) are displaced at more physiological
FFA to albumin molar ratios. Clinically,
such displacement may be important only
if the fraction of bound drug is quite high
(more than 90%); otherwise the unbound
concentration will not increase signifi-
cantly (18, 19).

The possibility that more weakly bound
drugs like chlorophenoxyisobutyrate (17)
can displace stearate or other tightly
bound hydrophobic ligands from albumin
has not been seriously considered. How-
ever, by using a two-phase hexane-salts
partitioning system, we have presented
preliminary evidence (20) that CPIB can
displace sizable amounts of ['*C]palmitate
from albumin, despite the fact that the
equilibrium association constant of palmi-
tate-albumin is 10 > K, of CPIB-albumin
(14, 15). The ability of CPIB to displace
FFA depends on the presence of a hydro-
phobic phase, which, by trapping unbound
nonpolar ligands, reduces bound ligand
concentration. Thus the effectiveness of
the more weakly bound drug is enhanced,
provided it is insoluble in the low dielectric
phase.

The purpose of the present study was to
test the effects of CPIB on equilibrium
partitioning of C,;, C,,, and C,, FFA,
which have progressively increasing solu-
bilities in the aqueous phase. The data
show that as FFA chain length increases,
displacement by CPIB becomes more pro-
nounced, and that CPIB removes a partic-
ular FFA preferentially from lower-affin-
ity binding sites on albumin. The possible
pharmacological importance of the results
is discussed.

METHODS

Defatted BSA (Sigma, fraction V, 96-
99% pure) was prepared according to Chen
(21). The amount of FFA remaining after
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dialysis was measured by the diethyldithi-
ocarbamate method of Ducombe (22), and
found to be less than 0.1 mole/mole of
BSA.

[1-#C]Palmitate, [1-*C]myristate, and
[1-“Clstearate (New England Nuclear)
were repurified by dissolving the salts in
isooctane-acetic acid (1:1), adding 0.1 vol-
ume of water, and discarding the aqueous
phase. Purity was 97-98%, determined by
thin-layer chromatography in hexane-di-
ethyl ether-acetic acid (70:30:1), followed
by scintillation counting of 0.5-cm strips.

Different [“C]JFFA-BSA complexes were
prepared by adding a hexane solution con-
taining [“CJFFA plus carrier to Celite
resin (23), evaporating, and mixing the
[“C]FFA-Celite with an aqueous solution
of BSA. Initial results showed that under
these conditions the length of mixing time
required to transfer defatted FFA from
Celite to BSA increased with FFA chain
length. Accordingly, [**Clpalmitate-Celite
and [“Clmyristate-Celite complexes were
routinely mixed with BSA for 3 hr, and the
[**Clstearate-Celite complex for 24 hr, be-
fore centrifugation and filtering. Final
[“CJFFA levels were calculated from ini-
tial counts per minute per nanomole of
[“CIFFA.

Binding of [“CJFFA to defatted BSA
was measured by equilibrium partitioning
(2, 3), using acid-washed hexane (Fisher,
“spectranalyzed”) as the organic phase.
Generally 1.0 ml of 0.1-0.2 mm BSA in 0.1
M NaCl, 2.5 mM KCl, 1 mm MgCl,, and 25
mM phosphate, pH 7.45, with and without
drug, was incubated with 1.0 ml of hexane.
The FFA was initially introduced into the
aqueous phase as the ['*C]JFFA-BSA com-
plex, or into the organic phase as
[**CIFFA. The reaction was carried out in
5-ml-capacity capped glass minivials (No.
7460B, Rochester Scientific Company) at
37° and 108 oscillations/min. At the FFA
concentrations employed, adsorption of ra-
dioactivity to the sides of the vials was
insignificant. Samples were obtained by
inserting a 200-ul micropipette through
the organic phase while continually expel-
ling air, and removing aliquots from the
lower aqueous layer. For determination of
partition ratios, an aliquot of the organic
phase was first removed, the remaining
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hexane was aspirated, and the aqueous
phase was sampled. This procedure led to
negligible amounts of radioactivity being
trapped in the organic layer.

Scintillation counting was done in glass
minivials containing 3.5 ml of a 2:1 tolu-
ene-Triton solution, 0.4% 2,5-diphenyloxa-
zole, and 0.2 ml of 0.05 M HC1. Background
was about 50 cpm, and efficiency, deter-
mined by the channels-ratio method, var-
ied from 82% to 85%.

Chlorophenoxyisobutyrate (Na*) was a
gift from Ayerst Laboratories, and used
without further purification.

RESULTS

The partitioning of FFA between hex-
ane and the aqueous phase in the absence
of albumin is depicted in Fig. 1. The parti-
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Fi1G. 1. Partition ratios of FFA between hexane
and phosphate buffer

Partition ratio is defined as the ratio of the con-
centrations of fatty acid distributed between the
organic and aqueous phases. Equilibration times
were 16 hr (myristate) or 24 hr (palmitate and stear-
ate). Symbols represent the means + standard er-
rors of three or four samples. For myristate, the
standard errors are less than the areas of the sym-
bols. The inclusion of 2 mm CPIB had no effect on
partition ratios, and the data are included in the
control samples.
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tion ratios (concentration of FFA organic/
FFA aqueous) found here are intermediate
between those reported by others (5, 6, 24),
all of whom used n-heptane as the organic
phase. As described in Fig. 1, addition of 2
mM CPIB has no effect on partition ratios
for the three FFA. Although not shown
here, it should be pointed out that the drug
is not soluble in the hexane phase.

The rate of approach to equilibrium in
the two-phase system containing 0.2 mm
BSA in phosphate buffer, pH 7.45, and 0.4
mM [“CJFFA in the hexane phase is
shown in Fig. 2. At 37° the rate of ['‘*C]JFFA
binding to BSA decreases in the order
myristate > palmitate > stearate.

The ability of 2 mm CPIB to interfere
with the rate at which ['“C]JFFA added to
the organic phase is bound to albumin is
shown in Fig. 3. The data are plotted as a
percentage of the FFA:BSA molar ratio
(V) in the aqueous phase obtained without
drug, as in Fig. 1. In the case of [*C]-
myristate, the drug is most effective
initially, but after 16 hr it reduces binding
by only 1%. The binding of ['*C]palmitate
is depressed to a relatively constant extent
(15-20%), while that of [*Clstearate is in-
creasingly prevented as equilibrium is ap-
proached. Thus the pattern of long-chain
FFA displacement by CPIB depends upon
whether the measurements are performed
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F1c. 2. Rate of equilibrium partitioning of FFA to
BSA

The hexane phase contained 0.4 mm [*C]JFFA in 1
ml, and partitioning was initiated with 1 ml of 0.2
mm BSA in salts-phosphate buffer, pH 7.45. V is the
molar ratio of FFA to BSA in the aqueous phase.
The data represent means of four duplicate samples;
standard errors are less than the areas of the sym-
bols. Temperature, 37°, ®, myristate (M); A, palmi-
tate (P); O, stearate (S).
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Fi16. 3. Effect of CPIB on rate of partitioning of FFA in the presence of BSA
Controls are shown in Fig. 2. The concentration of CPIB was 2 mm.

under non- or equilibrium conditions. Con-
sequently this variable was eliminated
from further experiments by carrying
them out at equilibrium.

The effect of CPIB on displacement of
[“CIFFA from high-affinity binding sites
on BSA (V = 0.3) is shown in Fig. 4. The
drug is most effective against stearate,

and causes a significant decrease in FFA
binding at 0.4 mm CPIB. The drug is pro-
gressively less effective in removing FFA
from the ['“Clpalmitate-BSA and [**Clmy-
ristate-BSA complexes.

It may be argued that FFA displacement
by CPIB described in this study is of little
importance in vivo, where CPIB:BSA ra-
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Fic. 4. Displacement of FFA from high-affinity binding sites on BSA by CPIB
Initially the aqueous phase contained 0.1 mm BSA as a [*C]JFFA-BSA complex, V = 0.35 (myristate), 0.34
(palmitate), 0.25 (stearate). Incubation times were 7 hr (myristate), 16 hr (palmitate), and 24 hr (stearate).
In the absence of CPIB, final V values were unchanged.
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tios of about unity are found (25). In Fig. 5,
drug to albumin ratios between 0.5 and 3.0
were employed, and the total amount of
palmitate and myristate was examined in
both phases at equilibrium. The decrease
of FFA in the aqueous phase caused by
CPIB is small, but statistically significant,
at all drug concentrations. For example, at
a drug to BSA molar ratio of 1.5, myristate
is displaced 0.75% =+ 0.015%, and palmi-
tate, 1.57% =+ 0.044%. When measured as a
change of FFA in the organic phase, how-
ever, total myristate increases from 1.79 to
2.81 nmoles, and palmitate, from 3.94 to
6.28 nmoles, equivalent to a 50% increase
at a drug to BSA ratio of 2.2. The greater
percentage change of FFA in the organic
phase, which reflects unbound aqueous
FFA, is typical of ligands that are tightly
bound to proteins. Thus, although the con-
centrations of CPIB used here are high, in
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order to observe significant shifts in FFA
bound to albumin, it is clear that effects
can be observed at low drug levels if un-
bound FFA is measured.

Figure 6 represents a curve for binding
of [**Clpalmitate to BSA as a function of
the molar concentration of free (unbound)
palmitate in the aqueous phase. The drug
was added either at 1 mM or at a constant
molar ratio of total drug to bound palmi-
tate of 10. Addition of 1 mm CPIB causes a
parallel shift of the binding curve to the
right, suggesting a competitive type of dis-
placement of palmitate by the drug. This
is verified in Fig. 7 by a double-reciprocal
plot of the same data, showing that the
drug competitively removes palmitate
from the first two binding sites on albu-
min, i.e., V-1 = 0.5. The equilibrium asso-
ciation constant (K,) for palmitate is 2.4 x
107, a value similar to that generated by
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Fi1G. 5. Effect of CPIB on partitioning of FFA

Initially 200 nmoles of BSA were present in 1.6 ml of aqueous phase, plus CPIB as indicated. The organic
phase contained 100 nmoles of ['*Clmyristate or ['*Clpalmitate in a total volume of 0.4 ml of hexane. The
ordinate indicates the ratio of total FFA in the absence of CPIB to total FFA in the presence of CPIB. A ratio
higher than 1.0 represents an increase of FFA in the organic phase, and less than 1.0 is a decrease in FFA in
the aqueous phase by CPIB. Without drug, the aqueous phase contained, at equilibrium, 98.21 nmoles of
myristate and 96.06 nmoles of palmitate. O, myristate; ®, palmitate. In the aqueous phase, for six samples,
the values for myristate and palmitate are significantly different (p < 0.001) at all drug levels.
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F16. 6. Extent of binding of palmitate to BSA asa
function of concentration of unbound FFA. The
aqueous phase initially contained 200 nmoles of
defatted BSA (O) plus, when indicated, CPIB at 1
mu (@) or at 10 times the equilibrium concentration
of bound palmitate (A). To the hexane phase was
added 0.04-2.0 mu [**Clpalmitate. Ordinate, minus
log free palmitate molar concentration.

Ashbrook et al. (6) for human serum albu-
min, assuming no aqueous phase dimeri-
zation. Beyond V = 2-2.5, however, both
curves become steeper (not shown), as ex-
pected of lower-affinity FFA binding sites.
If the drug to bound FFA molar ratio is not
changed, while the concentration of palmi-
tate is increased, a nonparallel shift of the
[“Clpalmitate binding curve is obtained
(Fig. 6, triangles). At V = 0.5, a 10-fold
molar excess of drug to bound palmitate
displaces 40% ['*Clpalmitate, whereas at
V = 4.0, 57% is removed. Similar data, not
shown here, have been obtained with de-
fatted human serum albumin. Thus the
same ratio of CPIB to bound FFA displaces
more palmitate from albumin as the
amount of bound palmitate increases.

DISCUSSION

This study has demonstrated that a
weakly bound but hydrophilic drug (chlo-
rophenoxyisobutyrate) can displace from
albumin a tightly bound hydrophobic li-
gand (long-chain FFA) that partitions fa-
vorably in the nonpolar phase. Although
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the experiments were carried out with
chlorophenoxyisobutyrate, it is suggested
that the model may be applicable to other
drugs exhibiting similar partitioning char-
acteristics and albumin binding affinities.
For example, Dawkins et al. (14) have
shown that salicylate, which is known to
reduce circulating FFA in vivo (26, 27),
displaces albumin-bound FFA in a two-
phase partitioning system. Thus, in a
monophasic system, only the more weakly
bound ligand (drug) can be displaced,
whereas in a biphasic system, the more
tightly bound, hydrophobic ligand (FFA)
can be removed as well.

The importance of FFA partitioning can
be seen by comparing the actual results
obtained in this study of drug effectiveness
with known FFA-albumin association con-
stants. Despite the linear increase in log
K, values with FFA chain length (5), CPIB
is most effective against stearate, rather
than myristate, at equilibrium. Only dur-
ing the initial redistribution of FFA be-
tween both phases (Fig. 3) is the order of
drug effectiveness proportional to the asso-
ciation constant. Therefore, at equilib-
rium, it is suggested that the dominant
factor determining the relative effective-
ness of CPIB in displacing FFA of different
chain lengths must be the organic to
aqueous FFA distribution ratio, rather

100 4 200
uM paimitate
F1c. 7. Double-reciprocal plot of palmitate bind-
ing vs. unbound palmitate concentration
The curves were generated from data presented
in Fig. 6. O, controls; A, 1 mm CPIB.
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than the degree of FFA-albumin associa-
tion. However, inspection of FFA partition
ratios obtained here (Fig. 1) and elsewhere
(5, 24) yields results that are not of suffi-
cient magnitude to overcome the high
FFA-albumin association constants, and
therefore does not predict relative orders of
drug effectiveness in displacing FFA from
albumin. Provided that the monomer dis-
tribution determines the extent of associa-
tion of FFA to albumin, a likely explana-
tion is that partition ratios do not measure
monomer distribution, and that other fac-
tors, such as aqueous phase dimerization,
must be invoked. Such aqueous associa-
tions have been pointed out (5, 6), but only
in a qualitative sense. Data of Schrier et
al. (28) and the review of Leo et al. (29)
suggest that oligomerization is consider-
ably more important than generally real-
ized. Thus the monomer FFA concentra-
tion in the aqueous phase may be consider-
;‘me lower, particularly for long-chain
A.

The weaker binding of FFA to albumin
at higher V (3, 6) provides a satisfactory
explanation for a corresponding increase
in drug effectiveness with increasing FFA
(Fig. 6) (14, 15, 17), provided that the
CPIB:BSA molar ratio remains constant.
Spector and Soboroff (30) have shown simi-
lar effects of CPIB in a model system in-
volving the incorporation of FFA into Ehr-
lich ascites cells from the ['“Clpalmitate-
albumin complex. They concluded that
palmitate was displaced more easily from
weaker than from stronger binding sites
on albumin. Failure to take into consider-
ation the drug to FFA molar ratio, or drug
to albumin molar ratio if FFA is constant,
has contributed to conclusions dealing
with the interaction of CPIB with albumin
and tissues (31-33) that may be incorrect.

The mechanism by which CPIB, and
presumably other amphiphilic anions used
as hypolipidemic drugs, reduces serum
FFA (31, 34, 35) and triglyceride (36, 37)
levels remains controversial. Thorp origi-
nally proposed (38, 39) that the hypolipi-
demic effect of CPIB, which is 96% bound
to serum albumin (40), could be explained
by displacement of thyroxine from albu-
min binding sites, followed by subsequent
redistribution of the hormone. A prevalent
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theory is that the drug decreases mobiliza-
tion of FFA from adipose tissue (34, 41)
either directly, by inhibiting cyclic AMP
formation (32, 41, 42), or indirectly,
through reduction in acetyl-CoA carboxyl-
ase (43) or sn-glycerol phosphate acyl-
transferase (44). However, it is thermo-
dynamically possible, from the results pre-
sented here, that the initiating event in-
volves FFA displacement from albumin by
the drug, an idea originally proposed by
Thorp (38).
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