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Summary. In studies by continuous flow electrophoresis the coumarin anti-
coagulant drug warfarin sodium was found to be bound solely to the albumin
fraction of the plasma proteins. The interaction was studied in detail by
equilibrium dialysis of solutions of crystalline human plasma albumin and
warfarin sodium. Analysis of the data showed that albumin possesses a
single strong binding site for warfarin with an association constant of 154,-
000 at 30 C and secondary classes of several sites with a much lower affinity.
The free energy of binding for the first anion determined at 3° and 370 C was
-6.54 and -7.01 kcal per mole, respectively. The standard enthalpy change
for the interaction was -3.48 kcal per mole, and the entropy change was
+11.2 U.

The negative enthalpy change was surprisingly large and the positive en-
tropy change small for an anion-albumin interaction, suggesting significant
nonionic binding. The inability to saturate the albumin binding sites, even
when high concentrations of warfarin were used, is consistent with a re-
versible configurational alteration of the albumin molecule during the binding
process. The thermodynamic data indicate that the albumin binding sites
for warfarin sodium are formed during the process of binding, rather than
being preformed as in antigen-antibody reactions. The strength of the bind-
ing process suggests that many of the pharmacodynamic characteristics of
warfarin sodium in man are determined by its strong interaction with plasma
albumin. Such correlations of the physicochemical interactions and biologic
effects of the coumarin anticoagulant drugs should lead to a better under-
standing of their mechanisms of action.

Introduction

In previous studies of the pharmacodynamics of
the coumarin anticoagulant drug warfarin sodium
in man (1), the drug was found to be almost
wholly bound to the plasma proteins. When
normal human plasma containing "4C-labeled war-
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farin was subjected to paper electrophoresis, the
radioactivity appeared to be confined to the al-
bumin band. These studies, however, left two
unresolved problems. First, because of the lim-
ited capacity of the electrophoretic system and
the relatively low specific activity of warfarin,
significant binding to the faster moving globulin
fractions could not be ruled out. Second, many
of the pharmacodynamic findings could be ex-
plained only if the interaction between warfarin
and the plasma proteins were strong.

In the present investigation both in vitro and
in vivo binding of warfarin sodium was deter-
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mined by continuous flow electrophoresis. The
finding that warfarin was bound exclusively to
the plasma albumin fraction led to further study
of the binding process. The recent availability
of crystalline preparations of human plasma al-
bumin and warfarin sodium made it possible to
examine their interaction by equilibrium dialysis.
The results obtained in these experiments al-
lowed calculation of the binding strength, the
number and classes of binding sites, the free
energy of binding, and the standard enthalpy and
entropy changes. Based on these data, hypoth-
eses are presented for the molecular basis of the
warfarin-albumin interaction and for the pharma-
codynamic characteristics of the drug.

Methods

Continuous flow electrophoresis 1

Determination of in vitro binding of warfarin to plasma
albumin. Crystalline warfarin sodium was added to
pooled normal human plasma to achieve a concentration
of 200 mg per ml. The plasma-warfarin mixture was fed
to a continuous flow electrophoretic apparatus at a rate
of 1.4 ml per hour (2). It was applied to the top of
the curtain about one-third of the distance from the
cathode toward the anode. Electrochromatography was
then carried out at 1,900 v and 60 ma at 2.40 C in 0.0065
M ammonium acetate buffer at pH 6.9 for 21 hours. A
total of 3.5 ml of plasma was used. Thirty-one fractions
were collected in tubes at the bottom of the curtain.
Each fraction was divided in half. One half was sub-
jected to cellulose acetate electrophoresis and stained for
protein; this technique will detect as little as 0.01 g of
protein per 100 ml. The other half was analyzed for
warfarin content (3).

Determination of in vivo binding of warfarin to plasma
albumin. Plasma was obtained from a subject with he-
reditary resistance to coumarin anticoagulant drugs (4).
At the time of study, the patient was receiving a mainte-
nance dose of 145 mg of warfarin daily, and the concen-
tration of warfarin in his plasma averaged 55 mg per L.
The plasma disposition of warfarin in this patient is
identical to that in normal subjects, both in the form of
the drug present (unchanged warfarin) and the quantity
bound to protein (97%o) (5). The plasma was added to
a continuous flow electrophoretic apparatus at a rate of
1.4 ml per hour as described previously. Electrochro-
matography was carried out at 1,900 v and 85 ma at
3.20 C in 0.0065 M ammonium acetate buffer at pH 6.9.
The procedure required 3J hours, and a total of 4.9 ml of
plasma was used. The fractions were then collected, di-
vided, and analyzed as before.

1 Dr. Arthur Karler kindly performed the electrochro-
matographic studies.

Equilibrium dialysis

Methods. Human plasma albumin,2 prepared by re-
peated crystallization from Cohn Fraction V, was used in
all experiments. By cellulose acetate electrophoretic
analysis, the albumin was 100% pure. The water con-
tent of the albumin, evaluated by heating a small sample
in an oven at 1100 C until a constant weight was obtained,
was found repeatedly to be less than 1%; therefore, no
correction for water content was required. The albumin
was prepared in phosphate buffer, 0.067 mole per L, pH
7.4, in concentrations ranging from 0.1 to 5%.

Two forms of warfarin sodium were used: a clath-
rate prepared by repeated crystallization of amorphous
warfarin sodium from isopropyl alcohol (91.2%o warfarin
sodium), and an amorphous powder prepared by com-
mercial methods (97.0%o warfarin sodium, with 3.15%
loss on drying to a constant weight) (6).8 The con-
centration of warfarin sodium in 0.067 M phosphate buf-
fer, pH -7.4, was varied over a 400-fold range (6.10 to
2,420 ,tmoles per L). When corrected for the difference
in warfarin sodium content, the results obtained with the
two forms of the drug did not vary significantly.

Dialysis bags were made from Visking cellophane cas-
ing (H9 inch). The casings were cleaned by continuous
rinsing in a recycling bath of deionized water for 8 hours
and could then be stored up to 10 days in deionized water
at 40 C. Just before use the bags were washed repeat-
edly with deionized water, followed by the phosphate
buffer; they were not allowed to dry. With this tech-
nique the optical density of blank buffer carried through
a run at the maximal wavelength of warfarin was always
less than 0.005.

Experimental. Ten ml of albumin-buffer solution was
added inside the dialysis bag, and 15 ml of warfarin-
buffer solution was added outside. To ensure efficient
mixing, we prepared the bags with an enclosed air bubble
and without tension. Dialysis was carried out in 50-ml
glass tubes covered with Parafilm caps. The tubes were
placed on a horizontal wrist-action shaker with a capacity
of 24 tubes and rocked through a 50 arc at a frequency at
150 cpm. All experiments were conducted at pH 7.4 with
0.067 Mphosphate buffer; no detectable change in pH oc-
curred at equilibrium. The ionic strength (0.17) was high
enough to render the Donnan correction negligible, since
no measurable change in fluid volume inside the dialysis
bag could be detected at equilibrium. Equilibrium con-
trols, consisting of warfarin-buffer solution outside and
buffer solution inside the dialysis bags, were included in
all experiments. To rule out leakage of albumin, we
routinely tested the fluid outside the dialysis bags with 3%
sulfosalicylic acid; in no instance was protein found
outside the bags. Since warfarin, like most ligands, is
adsorbed to some extent by the dialysis bags, calculation
of the amount of warfarin actually bound by albumin re-
quires a correction for bag binding. To determine the de-

2 Obtained from Pentex Corp., Kankakee, Ill.
3 Kindly supplied by the late Dr. Nathan Weiner, Endo

Laboratories, Garden City, N. Y.
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gree of adsorption to the bags, we carried out dialysis as
described, but without the addition of albumin.

At equilibrium, the concentration of unbound warfarin
on both sides of the membrane must be equal, and any
increment of the drug in the protein compartment rep-
resents bound warfarin (7). The concentration of free
warfarin anion in equilibrium with bound anion was de-
termined by measuring the drug concentration outside
the dialysis bag. The method used for determining war-
farin content (3) will detect concentrations as low as
5 Amoles per L and has an error of 2%. The amount of
albumin-bound warfarin was determined by subtracting
the free and bag-bound warfarin from the amount added
initially. The accuracy of the method was verified in
separate experiments with "C-labeled warfarin,4 in
which the labeled warfarin inside and outside the dialysis
bags was determined by liquid scintillation counting.
The results obtained by the two methods at all concen-
trations of warfarin varied less than 1%. Whether the
drug was added initially to the inside or outside of the
dialysis bag had no effect on the percentage of warfarin
bound to albumin.

To allow calculation of the thermodynamic functions
of enthalpy (AH) and entropy (AS) for the binding
process, we conducted all experiments at four different
temperatures. Experiments at 30 and 150 C were con-
ducted in a cold chamber, those at 270 C in a tempera-
ture-controlled room, and those at 370 C in a constant
temperature water bath. All temperatures were main-
tained at less than ± 10 C variation. Since equilibrium
was achieved rapidly (within 3 hours at 270 and 370 C
and within 10 hours at 30 and 150 C), addition of pre-
servatives or bacteriostatic agents was not required.

The binding constants for the interaction of warfarin
and albumin were analyzed by means of the Scatchard
equation for the law of mass action (7): iv/A = kn -kV,
where v is the molar ratio of bound warfarin to album n,
A is the molar concentration of free warfarin at equi-
librium, k is the average apparent association constant
for the binding at each site, and n is the average maxi-
mal number of binding sites on the albumin molecule.
The values of v/A plotted against v give a straight line
when all the binding sites are independent and equivalent.
Deviations from linearity can arise from interaction of
the bound anions or from the occurrence of binding at
more than one class of sites with different association
constants (8). As vF/A approaches zero as a limit, the
intercept on the vP axis is n, and as v' approaches zero as a
limit, the intercept on the i/A axis is kn, the classical
association constant for the first anion bound (9).

The standard free energy of binding (/AF0) was de-
termined from the association constant (k) for the in-
teraction by the general thermodynamic relationship
AF = - RT In k, where R is the gas law constant and T
the absolute temperature (9). The standard enthalpy
change (AH0), or temperature-dependent portion of the

4 Kindly provided by Professor K. P. Link, University
of Wisconsin School of Agriculture, and Dr. C. Schroeder,
Wisconsin Alumni Research Foundation.
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FIG. 1. ELECTROCHROMATOGRAPHICSTUDIES: IN VITRO
BINDING OF WARFARINSODIUMTO NORMALHUMANPLASMA
ALBUMIN. The warfarin concentration plotted as a func-
tion of the electrochromatographic plasma fractions ex-
pressed by tube number is shown in the upper graph.
The cellulose acetate electrophoretic strips indicating the
protein content of each tube fraction are shown below.
C = control strip; ALB = albumin fraction.

association, was determined from a van't Hoff plot,
where the logarithm of the association constant was ex-
pressed as a function of the reciprocal of the absolute
temperature (10). The entropy change was determined
from the thermodynamic relationship AF =AH- TAS
(9).

Results

Continuous flow electrophoresis

In the in vitro binding experiments albumin
was found only in collecting tubes 12 through 21;
in tubes 12 through 20 no globulin could be de-
tected (Figure 1). The total amount of added
warfarin was contained in tubes 13 through 20,
with the highest concentrations in the tubes con-
taining the highest concentrations of albumin.
No warfarin was detected in the tubes that did
not contain albumin.

In the in vivo binding experiments albumin
was found only in collecting tubes 10 through
16; no globulin could be detected in any of these
tubes (Figure 2). Warfarin was found only in
tubes 11 through 16 and was in direct proportion
to the amount of albumin present. Thus, in both
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FIG. 2. ELECTROCHROMATOGRAPHICSTUDIES: IN VIVO

BINDING OF WARFARINSODIUMTO NORMALHUMANPLASMA
ALBUMIN. The warfarin concentration plotted as a func-
tion of the electrochromatographic plasma fractions ex-
pressed by tube number is shown in the upper graph.
The cellulose acetate electrophoretic strips indicating the
protein content of each tube fraction are shown below.

in vitro and in vivo binding experiments the war-
farin was bound exclusively to the albumin frac-
tion.

Equilibrium dialysis

Preliminary studies. A series of experiments
was carried out to determine a) the effect of dif-
ferent concentrations of protein and warfarin on
the extent of binding, and b) the degree of ad-
sorption of warfarin to the dialysis bags. When
a warfarin concentration of 100 mg per L (303
Mmoles per L) was used and the albumin concen-
tration was varied from 0.1 to 5% (14.5 to 724
Mmoles per L), the percentage of bound warfarin
rose from 13 to 95%7o (Figure 3). When the
albumin concentration was kept at 0.4%o (57.9
Mmoles per L) and the warfarin concentration
was varied from 2 to 400 mg per L (6.1 to 1,212
Mmoles per L), the percentage of bound warfarin
declined from 81 to 19%o, falling rapidly at lower
concentrations and then more slowly at higher
ones (Figure 3). These data indicate that the
0.4%o concentration of albumin was suitable for
studying the binding of warfarin over a wide
range of concentrations. The use of a low concen-
tration of albumin was desirable to avoid a Donnan
effect and protein-protein interaction. The mo-
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PERCENTAGEOF DRUG BOUND. The percentage of bound
warfarin is plotted as a function of the albumin concen-
tration (left) and as a function of the warfarin concen-
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lecular weight of albumin was assumed to be
69,000 (11).

To determine the degree of bag binding, we car-
ried out the experiments with concentrations of
warfarin ranging from 6 to 2,420 tmoles per L in
the absence of protein (Figure 4). A linear rela-
tionship was found between the amount of war-
farin added to the dialysis system and the amount
bound to the bags. The percentage of warfarin
bound to the dialysis bags was 3.8%o at 3° C and
3.6%o at 270 C.

Definitive studies. Further experiments with
an albumin concentration of 0.4% and warfarin
sodium concentrations ranging from 2 to 800 mg
per L were then carried out at 30, 150, 270, and
370 C. Approximately 100 experiments were
done at each temperature. The results at 30 and
270 C, analyzed by means of the Scatchard equa-
tion, are plotted in Figure 5. The data follow
curvilinear courses that bend sharply near the
abscissa, indicating that more than one class of
binding site is present (12). The reproducibility
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Results at 30 C (left) and 270 C (right). = molar
ratio of warfarin sodium bound to albumin; ji/A = v di-
vided by the molar concentration of free warfarin at
equilibrium.

TABLE I

Mean binding data for each concentration of warfarin studied

Final warfarin concentration at equilibrium
No. of Initial warfann Albumin Unbound Bag

experiments concentration bound (A)* bound vi SEt -v/A i SE$

Amoles/L L/moles X 103
30 C

16 6.1 5.2 0.7 0.2 0.09 4t <0.01 130 ± 4
12 12.1 10.1 1.5 0.5 0.18 i <0.01 120 :1 5
12 24.2 19.7 3.6 0.9 0.34 i1 <0.01 94 + 1
12 48.4 33.6 13.1 1.7 0.58 ± <0.01 44 ± <1
10 96.9 45.1 48.1 3.7 0.78 i 0.01 16 i- <1
10 193.6 65.4 1ZO.8 7.4 1.13 ± 0.04 9 ± <1
10 303 82.1 209.4 11.5 1.42 i 0.03 7 ±t <1
10 606 102.4 480.3 23.3 1.77 i 0.04 4 i <1

7 1,212 133.1 1,032.7 46.2 2.30 ± 0.15 2 ± <1
6 2,424 196.9 2,134.9 92.3 3.40 + 0.14 1 i <1

270 C

16 6.1 4.9 1.0 0.2 0.08 ± <0.01 82 ± 6
13 12.1 9.6 2.2 0.5 0.16 4 <0.01 71 ± 3
12 24.2 18.1 5.3 0.8 0.31 i <0.01 59 ± 3
10 48.4 32.1 14.7 1.6 0.55 i <0.01 38 i 1
10 96.9 44.0 49.5 3.4 0.76 ± 0.01 16 ± <1
10 193.6 64.8 121.8 7.0 1.12 i 0.02 9 ± <1
10 303 80.5 211.6 10.9 1.39 i 0.04 7 ± <1
12 606 99.6 484.6 21.8 1.72 ± 0.07 4 i <1
10 1,212 159.8 1,008.6 43.6 2.76 ± 0.28 3 i <1

8 2,424 242.8 2,094.0 87.3 4.19 i 0.22 2 4t <1

*Mnlnr e-nnr-Pntrntinn ^f fryP urnrfnrin nt- i-niiilhr~iim-
[g data in the third column by 57.9

MOluar C-01MLltatULOL U1 IF=: W~iLUllI UL VqUlllLUlIUIll.
t Average molar ratio of bound warfarin to albumin, determined by dividinj

;moles per L.
t Calculated by dividing data of the sixth column by data of the fourth column.
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of the experiments was excellent at every con-
centration of warfarin used; the standard errors
of the means for both v and v/A were very small
(Table I). Regression lines were fitted to the
data by the method of least squares for warfarin
concentrations ranging from 6 to 97 /Amoles per L.
The lines for concentrations of 606 to 2,420 ,moles
per L were fitted by graphic means. Extrapola-
tion of the regression lines yielded an apparent
association constant of 154,000 at 30 C and 92,-
000 at 270 C. The values of n, 0.87 at 30 C and
0.99 at 27° C, were rounded out to the nearest
whole integer of 1 (13).

The reversibility of the interaction was evalu-
ated at equilibrium by replacing the warfarin-
containing buffer outside the bag with fresh buffer
containing no warfarin. In all instances equilib-
rium was established at a lower concentration,
indicating the reversible nature of the binding
process. Because the experiments were carried
out under equilibrium conditions and the inter-
action was reversible, the data could be evaluated
by thermodynamic techniques. The standard free
energy of binding (AF0) for the first binding
site was calculated for the four temperatures at
which the interaction was studied. As shown in
Table II, AF0 ranged from - 6.54 kcal per mole
at 30 C to - 7.01 kcal per mole at 370 C. The
standard enthalpy change (AHU) for the inter-
action, determined from a van't Hoff plot, was
- 3.48 kcal per mole, and the entropy change
(AS) for the interaction was + 11.2 entropy
units. Thus, 53%o of the AF came from the
favorable enthalpy change and 47%o from the en-
tropy change. To evaluate the binding sites of
the albumin molecule for saturation, the average
moles of warfarin bound per moles of albumin
(v) were plotted, both linearly and logarithmi-

TABLE II

Effect of changes in temperature on the binding of warfarin
sodium by human plasma albumin

Logio
Association association

Temperature constant constant AFO*

o C 0 K L/mole L/mole kcal/mole
3 276 154,000 5.19 -6.54

15 288 140,000 5.15 -6.73
27 300 92,000 4.96 -6.76
37 310 87,000 4.94 -7.01

* Standard free energy of binding.
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FIG. 6. EQUILIBRIUM DIALYSIS STUDIES: EFFECT OF THE

CONCENTRATIONOF WARFARIN ON THE AMOUNTBOUND.

The molar ratio of bound warfarin and albumin (v) is
plotted as a function of the free warfarin concentration
(top) and as a function of the log of the free warfarin
concentration in the dialysis system (bottom).

cally, as a function of free warfarin at equilibrium
(Figure 6). Neither plot of the data showed
evidence of saturation (a plateau parallel to the
abscissa); v continued to rise significantly at even
the highest concentrations of free warfarin.

Discussion
The exclusive binding of warfarin sodium to

the albumin fraction of the plasma proteins made
it rational to study the interaction of the drug
with pure albumin in an equilibrium dialysis sys-
tem (14). The extensive aqueous solubility of
warfarin sodium allowed its use in high concen-
trations and the achievement of large molar ratios
of bound warfarin to albumin. With most phar-
macologic and physiologic substances studied by
equilibrium dialysis, there has been significant
binding to the cellophane dialysis bags (15). In
the present study correction for binding of war-
farin to the dialysis bags was made by calculating
the bag binding curve rather than by the less
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accurate direct comparison method (16). In
analyzing the data we made no corrections for
electrostatic interaction, since warfarin is a weak
anion (17) and its only ionic structure is the
enolate group (6). Such corrections were also
omitted in other studies of albumin-anion inter-
actions in which strong ionic groups were present,
such as the sulfate group of methyl orange or
azosulfathiazole (18).

No attempt was made to analyze the second
or higher classes of binding sites present on the
albumin molecule as these interactions occur only
with concentrations of warfarin considerably
higher than those found clinically (1), nor was a
subtraction made for the influence of these bind-
ing sites, since it is possible that they contribute
to binding even at the low concentrations of war-
farin found clinically. Hence, the extrapolations
to the i/A axis of Figure 5 would represent the
sum of all the association constants (kn) present.
The second or higher classes of binding sites
contribute less than 5%o to the total binding. Be-
cause saturation of albumin binding sites has
never been experimentally observed with war-
farin or any ligand, it may be meaningless to talk
about specific classes of binding sites per se (8,
19). It would appear that the very act of com-
plex formation with anions makes more sites
available for further binding (8, 19).

The value for the apparent association con-
stant was highest at the lowest temperature, 30 C,
and then showed a significant decrease with each
increment in temperature. At 370 C the value
was nearly half that at 30 C. The decrease in
the binding strength of albumin for warfarin with
increasing temperature is characteristic of exo-
thermic reactions (10). Similar decreases have
been demonstrated with thyroxine (20), in hap-
ten-antibody reactions (21), in insulin-antibody
reactions (22), and with the penicillin deriva-
tives methicillin and oxacillin (23). The free
energy decrement for the interaction ranged be-
tween 6.5 and 7.0 kcal per mole of warfarin. This
magnitude of - AF for an interaction with albu-
min was larger than that for most pharmacologic
agents (24) or for peptide hydrogen bond forma-
tion (25) and was comparable to that of some
antigen-antibody reactions (21). The negative
sign for AF0 means that the binding process un-
der these conditions was spontaneous. AH was

also negative, signifying that the binding process
was exothermic and that the strength of the
association would decrease with an increase in
temperature. The AS, or disorder factor of the
thermodynamic changes, was positive, a finding
reported for all albumin-anion interactions (21).

The surprising factor in the thermodynamic
changes for the warfarin-albumin interaction was
the large contribution to the -AF by the nega-
tive AH (53%). If the nature of the interaction
were largely electrostatic, that is, if the anionic
parts of the warfarin molecule combined with
the cationic parts of the albumin molecule, the
main source of the - AF would have been a
large positive AS with very little contribution
from the AH factor (19). Studies on the inter-
action between strongly ionized azo dyes and
albumin have shown that the binding is mainly
electrostatic and results chiefly from a large posi-
tive AS (25). When the interaction of a weakly
ionized azo dye (26) and an un-ionized azo dye
(27) was studied, the contributions of AH (53%)
and AS (47%o) to the favorable - AF in both
studies were nearly equal, as was found in this
study. These findings suggest that a significant
portion of the binding energy of the warfarin-
albumin interaction is derived from nonionic
sources.

It can be postulated that at low values of v
the interaction of albumin and warfarin sodium is
mainly electrostatic and that the source of - AF
is the positive AS of solvent release (25). At
higher concentrations of warfarin, the albumin
binding sites may be formed by configurational
change, in which unfolding of the peptide chains
takes place with the breaking of hydrogen bonds
(21). This process would be an endothermic
reaction and would give rise to a positive AH
(28). That a configurational change is impor-
tant for albumin-anion binding has been shown
by the markedly different magnitudes of AF for
the stereoisomers of a ligand (21) and by direct
evidence of configurational changes in the albumin
molecule during the binding of azo dyes and de-
tergents as measured by optical rotatory disper-
sion (29, 30). The last stages of the binding
process could involve the close- fitting of the al-
bumin binding site to the warfarin molecule by
means of hydrogen bonds (8). This reaction
would give rise to a large negative AH, as seen
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with the interaction of some haptens and their
antibodies (31). The summation of all the proc-
esses would be a relatively small but positive AS
and a large negative AH. Although these inter-
pretations are consistent with the data and with
present theory, the thermodynamic changes could
have been the result of interactions not yet known
or could have occurred by a different sequence
than stated above.

The exclusive binding of warfarin by albumin
is not surprising since similarly complete binding
by albumin has been established for most other
drugs studied (14). The therapeutic action of
a drug often depends on its effective concentra-
tion, as well as on its intrinsic activity (32). The
effective concentration is the concentration of free
drug, which for warfarin in human plasma and
in 5% human plasma albumin is less than 5%o of
the total warfarin present (33). Binding to
plasma albumin probably affects the duration and
intensity of a drug's action and protects the body
against the full pharmacologic effect of the drug
by temporarily inactivating it in a circulating
reservoir that is in equilibrium with the un-
bound, active form of the drug (7, 32). If al-
bumin binding did not occur, the unchanged drug
would be cleared by glomerular filtration and by
in vivo metabolism, and its pharmacologic effect
would be shorter in duration (7). Thus, the pri-
mary effect of the warfarin-albumin interaction
would be the confining of the drug molecules
within the vascular space in an inactive form,
thereby hindering their access to the sites of drug
action, excretion, and metabolism (14). The
strength of this binding process would explain
why warfarin sodium does not enter red blood
cells or cerebral spinal fluid, does not appear in
the urine, and has a small volume of distribution
that is identical to the albumin space (33). The
long half-life of warfarin in plasma and the long
biologic effect are consistent with such a strong
interaction (1). However, it is possible that a
limited rate of drug metabolism may contribute
not insignificantly to the long half-life.

A very significant correlation exists between
the binding by serum albumin of plant phenols
that uncouple oxidative phosphorylation and their
binding by hepatic mitochondrial protein (34).
The coumarin anticoagulant drugs are plant
phenols that uncouple oxidative phosphorylation,

and their presumed site of action is the liver.
Thus, the long biologic effect of warfarin may
possibly be attributable to a long half-life of the
drug in the environment of the mitochondria and
a high degree of binding to mitochondrial protein.
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