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ous results are obtained which might well be due to
an interaction of PVP with itself.
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Comparative Pharmacokinetics of
Coumarin Anticoagulants I

Unusual Interaction of Bishydroxycoumarin with Plasma
Proteins—Development of a New Assay

By RENPEI NAGASHIMA, GERHARD LEVY*, and EINO NELSON'

A widely used method for the determination of bishydroxycoumarin (BHC) in
plasma, which involves extraction of BHC from acidified plasma (pH <1) into an
organic solvent, fails at high concentrations of BHC. Evidence is presented to show
that this is not due to a limited solubility of the drug in the organic phase but rather
to a concentration- and pH-dependent interaction of plasma protein with BHC.
Complete extraction of BHC from the blood plasma of rats, guinea pigs, dogs,
monkeys, and man is obtained readily only in the narrow pH range of 3.0 t0 3.5. A
new method of analysis for BHC in plasma has been developed on the basis of these
findings and its specificity is demonstrated. It is shown that the development of
analytical methods for drugs in plasma or serum, which involve extraction of the drug
into an organic phase, cannot be based solely upon a consideration of the effect of
pH on the distribution of the drug between the organic and aqueous phases. It is
necessary also to consider the effect of pH (and possibly of other factors, such as the
type of organic solvent, the buffer system, and ionic strength) on the physical-
chemical properties of plasma proteins as they affect the type and magnitude of
interaction of these proteins with the drug.

THE PHARMACOKINETICS of the coumarin anti-
coagulants has been and is the subject of
intensive investigation in many laboratories
(1-24). Studies have been concerned with the
kinetics of elimination of various coumarin anti-
coagulants in several animal species (2-11) and
in man (12-17), as well as with the interaction of
these anticoagulants with various other drugs
(e.g., 18-23) and with plasma proteins (24). Of
particular interest is the unusual, dose-dependent
pharmacokinetics of bishydroxycoumarin (BHC)
elimination in man, as well as the biologic fate of
this drug which so far has eluded adequate
characterization (25, 26).

The most widely used method for the de-
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termination of BHC is that of Axelrod and his as-
sociates (27), which involves extraction of the
drug from plasma acidified with 3 ¥ hydrochloric
acid to pH <1 into #n-heptane, followed by re-
extraction into 2.5 N aqueous sodium hydroxide
solution, and spectrophotometric measurement of
BHC in the latter phase. Inthe course of studies
in this laboratory on the comparative pharmaco-
kinetics of BHC elimination, which will be de-
seribed in subsequent reports (28, 29), it was
noted that the assay method of Axelrod and his
associates fails at relatively high concentrations
of BHC. Therefore, a new analytical method
for the determination of BHC in plasma or serum
has been developed. This method and studies
concerning its specificity are described in detail
in view of the extensive interest in and continuing
research related to the pharmacokinetics of the
coumarin anticoagulants.

It will be shown that the recovery of BHC from
plasma of various species, including man, is un-
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usually pH- and concentration-dependent. This
phenomenon has wider implications in that it
might be found also with other highly protein-
bound drugs. It is evident on the basis of find-
ings to be described here that the extractability
of a drug from plasma is related not only to the
degree of ionization and the intrinsic partition
coefficient of the drug itself, but also to the phys-
ical-chemical state of plasma protein at a given
pH and the degree and nature of the interaction
of the drug with such protein(s) under given con-
ditions.

EXPERIMENTAL

Materials—Heparinized blood was obtained from
rats (Sprague-Dawley) and guinea pigs (Hartley)
by cardiac puncture, and from dogs, rhesus monkeys,
and humans by venipuncture. Plasma was ob-
tained by centrifugation, pooled within the same
species, and stored at —15° (for no longer than 1
month) until used. Bishydroxycoumarin! [m.p.
288-290°, uncorrected; lit. (30) m.p. 287-293°]
was obtained from Nutritional Biochemicals Co.,
Cleveland, Ohio.

Preparation of Plasma Samples Containing
Known Concentrations of BHC—A series of plasma
samples containing various concentrations of BHC
was prepared in the following manner. One-half
milliliter of BHC solution, prepared by dissolving
one part of bishydroxycoumarin and 10 parts of
tris(hydroxymethyl)aminomethane (Nutritional
Biochemicals Co.) in distilled water, was added to
2 ml. of plasma. The samples were maintained at
36-37° for 2 hr. and then stored at —15° (for no
longer than 2 weeks) until used.

Micro-Adaptation of Axelrod’s Method for the
Determination of BHC (27)—Depending on the
concentration of BHC, about 0.06 to 0.25 Gm. of
plasma was pipetted into a tared 15-ml. capacity
centrifuge tube (with a screw cap lined with poly-
ethylene) which was then weighed. The sample
was acidified with 0.03 ml. 3 N HCI, and the total
volume of the aqueous phase was adjusted to ap-
proximately 0.35 ml. with distilled water. At this
point the pH of the aqueous phase was found to be
less than 1. Three milliliters of heptane was added
and the tube was shaken vigorously for 10 min. by
hand? and centrifuged. Two milliliters of the or-
ganic phase was transferred to another centrifuge
tube, an exact volume of 2.5 N NaOH (0.5 to 2
ml.)? was added, and the tube was shaken for 5
min., by hand and centrifuged. The absorbances of
the aqueous phase at 314 and 360 mu were deter-
mined in a fused silica microcell, 10-mm. light path,
with a Beckman DU spectrophotometer using a
0.3-mm. pinhole slit with 2.5 ¥ NaOH in the refer-
ence cell, The absorptivity was determined with
standard solutions of BHC in 2.5 N NaOH. Mea-

1 The material showed a single spot when visualized with
diazotized p-nitroaniline or under ultraviolet light, on a thin-
layer chromatogram (Silica Gel G) developed with a sol-
vent mixture of chloroform-heptane-acetic acid (10:15:4).

2 This resulted in more rapid extraction than mechanical
agitation as used by Axelrod ef al. (27).

3 One part of 2.5 N NaOH can quantitatively extract the
drug from 4 parts of heptane.

59

surements at two wavelengths were necessary for
plasma blank corrections, as described in a subse-
quent paragraph. Some studies were done using
0.5 ml. of suitably diluted plasma, in which case the
following volumes of reagents were used: 0.2 ml.
of distilled water, 0.06 ml. of 3 N HCI, and 6 ml. of
heptane. All glassware was cleaned by immersion
in an acid dichromate bath for at least 12 hr.

Extraction Efficiency as a Function of pH—
BHC was extracted from plasma into n-heptane
and assayed as described under New Assay Method
for BHC except that the plasma was adjusted to
various pH values by means of specified types and
concentrations of buffering agents.

Determination of Rate of Extraction—Two and
one-half milliliters of suitably diluted®* BHC-
containing rat plasma and 1 ml. of buffer solution
were placed in a 60-ml. bottle furnished with a
polyethylene cap. After a specified time, 20 ml, of
heptane was layered over the aqueous phase. The
bottle was then capped and agitated in an upright
position on a reciprocating shaker (280 strokes per
min., 5.9-em. stroke travel). Three-milliliter ali-
quots of the organic phase were withdrawn 15, 30,
60, and 120 min, after the beginning of agitation,
and an equal volume of n-heptane was added after
each withdrawal, The BHC concentration in each
3-ml. aliquot of the heptane phase was determined
by extraction of the drug intec 2.5 N NaOH and
spectrophotometric measurement at 314 mu. The
pH-adjusting agents used were 1.5 N HCI (for pH
0.6), 1.5 M citrate-phosphate buffers (for pH 3.0
and 4.9), and 1.5 M acetate buffer (for pH 4.9).

New Assay Method for BHC—Small Scale Assay—
One-tenth milliliter of citrate—phosphate buffer
(0.99 and 0.51 M, pH 3.0) and an appropriate vol-
ume of distilled water were added to 0.06 to 0.25
Gm. of plasma to yield a total volume of 0.35 ml,
of sample with a pH of between 3.0 and 3.2. The
same procedure as described for the micro-adapta-
tion of Axelrod’'s method was then followed.

Large Scale Assay—This method was employed
in the case of dog, monkey, and human plasma,
where it is possible to obtain 0.6 ml. or more of
plasma repeatedly from any one animal, Six-tenths
milliliter suitably diluted plasma, 0.2 ml. citrate—
phosphate buffer (1.5 M, pH 3.0), and 6 ml. of hep-
tane were placed in a 15-ml. centrifuge tube, shaken
for 10 min., and centrifuged. Four milliliters of the
organic phase was transferred to another centrifuge
tube and extracted with 1 to 5 ml. of 2.6 N NaOH,
and the BHC concentration of the aqueous phase
was determined at 314 and 360 mg, using 2.5 N
NaOH in the reference cell.

The lower limit of the sensitivity of the assay pro-
cedure is a function mainly of the contribution of the
plasma blank to the total absorbance. One micro-
gram of BHC/ml. of plasma can be determined
readily in a plasma sample of 0.5 ml., but the plasma
blank will be equivalent to almost one-third of the
drug alone. The upper limit of the assay is deter-
mined by the solubility of BHC in heptane (ap-
proximately 14 mcg./ml. at room temperature).
Thus, undiluted plasma containing up to 100 meg./
ml. can be assayed readily by the large scale assay
method, although the volume of NaOH phase may

4 Dilution of plasma containing high concentration of BHC
is necessary prior to extraction with n-heptane due to the
limited solubility of BHC in the organic solvent.
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have to be increased. Higher concentrations of
BHC in the plasma require that the plasma sample
be diluted prior to extraction. The Beer-Lambert
law holds for BHC concentrations as high as 20
meg./ml. in 2.5 N NaOH.

Correction for Plasma Blanks—The contribution
of plasma blanks is negligible at BHC concentra-
tions of 50 mcg./ml. and above. The blank con-
tribution is, however, appreciable when BHC con-
centrations are quite low. In the small scale assay,
when the drug is extracted from the organic phase
into 0.5 ml. of 2.5 N NaOH, blank values ranged
from 0.15 mecg./ml. to 0.830 mcg./ml. apparent
BHC. This includes the contribution of plasma as
well as organic solvent. While plasma blank values
obtained from different animals vary appreciably,
it was found that the ratio of the absorbances at
814 my (As) and 360 mpu (Ass) are quite constant.
The average ratios, Ass to Ase, were 0.9 for the rat,
1.4 for the guinea pig, 1.0 for the dog, 0.6 for the
monkey, and 0.9 for man. The plasma blanks for
the large scale assay were approximately 0.15 mcg./
ml. for the dog and monkey, and 0.35 mcg./ml.
for man, in terms of apparent BHC.

For the determination of BHC in plasma, the
absorbances of the sodium hydroxide extract are
determined at 314 myg and 360 mu. The plasma
blank value at 314 mu is calculated from the ab-
sorbance of sample at 360 myu and the known ratio
of absorbance of plasma blanks at 314 and 360 mgu
(R). The absorbance of BHC at 360 my is very
small (about 1/110 of its absorbance at 314 mu) and
thus contributes only negligibly to the apparent
plasma blank value, It may however be incorpor-
ated in the calculations in the following manner:

plasma blank Asy = R(Asee — 0.009 X Azu)

when Ags due to BHC plus blank >4y due to
blank alone.

Specificity of the New Assay Method for BHC—
The specificity of the new assay method for the
determination of BHC, as opposed to metabolites
of this drug, was determined by a partitioning
method similar to that of Axelrod et al. (27). For
this purpose, heparinized plasma samples were ob-
tained from animals which had received BHC intra-
peritoneally at least 7 hr. earlier. Samples were
also obtained from BHC-containing blood which
had been perfused through an isolated rat liver
since this was considered to be an effective means of
obtaining plasma which contains both BHC and its
metabolites. The procedures used in the parti-
tioning study are outlined schematically in Fig. 1.
In essence, the plasma was extracted with n-hep-
tane, the organic phase was removed, and an ap-
propriate volume of isoamyl alcohol was added
to it.5 This latter solution was then equilibrated
with buffer solutions of pH 4.0 (0.5 M citrate-
phosphate), 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0 (tris-
(hydroxymethyl)aminomethane-HCl; ionicstrength,
0.1]. The amount of BHC remaining in the or-
ganic phase was determined by extracting the latter
with 2.5 N NaOH, followed by spectrophotometry
of that extract.

5 Note that isoamyl alcohol was added after the extraction
The use of isoamyl alcohol was necessary because it was de-
sired to compare the partitioning profiles of BHC and its
metabolites. These metabolites do not dissolve in #-heptane
alone.
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For purpose of comparison, other plasma samples
were extracted with ethyl acetate following addition
of solid sodium chloride. This is known to extract
not only BHC but also its metabolites (7). The
ethyl acetate extract was evaporated under re-
duced pressure, the residue was dissolved in #-hep-
tane—isoamyl alcohol mixture,® and this solution was
equilibrated with buffers of various pH values as
described above. The results of the partitioning
experiments are described in terms of the fraction of
BHC (or apparent BHC) remaining in the organic
phase,

RESULTS

Determination of BHC in Plasma by the Method
of Axelrod et al. (27)—Known amounts of BHC
were added to plasma samples obtained from rats,
guinea pigs, dogs, and man to yield BHC concen-
trations ranging from 2 to 200 mcg. per ml. or Gm.
of plasma. These plasma samples were analyzed
by the micro-adaptation of the method of Axelrod
et al. (27). 'The results, depicted in Fig. 2, show
that all of the assay values were appreciably lower
than theory at BHC concentrations above 50 meg./
ml7” The logarithmic scales of Fig. 2 tend to de-
emphasize the magnitude of the deviation of the
analytical results from theory; note that the assay
results at BHC concentrations of 100 and 200
meg./ml. were in some instances only 25 to 509,
of theory. 1t was also found that there was appre-
ciable intersubject variation in the results of an
analysis of BHC in plasma of different healthy
humans (Table I). Several modifications of the
method of Axelrod and associates (27) were tried
(Table II), but these did not result in any appreci-
able improvement in the recovery of BHC. The
results listed in Table II rule out the possibility
that the incomplete extraction is due to a possible
saturation of the organic phase with BHC. It was
noted in general that the recovery of BHC was more
a function of the ratio of the concentration of BHC
to that of plasma than of the concentration of BHC
in the plasma phase’ This becomes apparent upon
comparison of the results obtained by the unmodi-
fied assay method and the assay method which in-
volves a thirteenfold dilution of the plasma prior
to extraction. This degree of dilution produced a
substantial decrease in the concentration of plasma
proteins in the aqueous phase. Yet, neither the
dilution of plasma proteins nor the decrease in the
concentration of BHC produced a significant in-
crease in the recovery of the drug.

Extraction Efficiency as a Function of pH—
Figure 3 shows the effect of pH on BHC extrac-
tion efficiency, using rat plasma containing 200
meg./ml., which was diluted to 2.5 times its volume
with water, and z-heptane as the extracting solvent.

8 This is where the addition of isoamyl alcohol became
necessary in order to dissolve the BHC metabolites.

7 Note, however, that Axelrod ¢ al. (27) made no claim
for the usefulness of their method above this concentration.
Therefore, nothing in our results or discussion should be
interpreted as a criticism of the contribution made by these
investigators.

8 The plasma phase consists of plasma and aqueous diluent
(i.e., water, buffer, and/or HCl solution) in a ratio appropriate
for effective extraction of the drug into the organic solvent;
the terms ‘‘concentration in plasma phase” and ‘“‘concen-
tration in plasma’ must be distinguished accordingly.
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3-ml. plasma sample

|

A Extraction conditions of the new

61

3-ml. plasma sample

'

Add1.1ml. of 1.5 M citrate-phos- 4
phate buffer (pH 3.0) and 1.5
Gm. solid NaCl. Extract with
three 20-ml. portions of ethyl
acetate. Take 25-ml. aliquot of
the combined extract and evapo-

assay method for BHC

l
e

Add enough isoamyl alcohol to
the heptane extract to yield a
solvent system of 2 parts iso-
amyl aleohol to 3 parts heptane

N

rate to dryness

Take 3-ml. aliquot of B and equi-
librate with 3 ml. of buffer soln.
(various pH)

Extract 2 ml. of B phase with 1
ml. of 2.5 N NaOH

Drug in NaOH phase reflects
drug remaining in B phase after
equilibration with buffer soln.

™S

Dissolve the residue in a mixture B
of 20 ml. of isoamyl alcohol and

30 ml. of heptane

v

Extract 2 ml. of B with 1 ml. of
2.5 N NaOH

Drug in NaOH phase reflects
drug in B before equilibration
with buffer soln.

assay method for BHC. For further details see Experimental.

Fig. 1—Schematic diagram of the pH-partitioning procedure used to determine the specificity of the
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CONCENTRATION IN PLASMA, mcg./6Gm,

Fig. 2—Apparent concentration of BHC, as deler-
mined by the method of Axelrod et al., plotied against
the actual concentration of BHC in the plasma of
rats (W), guinea pigs (O), dogs (1), and man (A).
Average of at least 3 determinations for plasma from
rat and guinea pig, and al least 2 determinations for
plasma from dog and man. The inset represents the
results obtained at concentrations lower than 10 mcg./
Gm. In plasma from dog and man, the concentrations
shown are expressed as mcg. /ml. vather than mcg./Gm.

It can be seen that complete extraction of BHC is
obtained only in a narrow pH range of pH 3.0 to
3.5. At pH <8 and >4.5 there is a precipitous de-
crease in the extractability of BHC from plasma.
These effects are not due to specific buffers or differ-
ences in ionic strength. Complete extraction at pH 3

TABLE [—RECOVERY OF BISHYDROXYCOUMARIN
(BHC) rrom BLoOD PLASMA® OF SEVERAL
HeALTHY HUMANS BY AXELROD’S METHOD

Subject ® Age, Vr. Recovery, % °
A 25 63, 50
N 30 69, 64
K 35 86, 83
M 26 44.49
R 26 57,49
F 26 58,44

2200 meg. of BHC/ml. of plasma. ?All subjects were
males. ¢Results of two separate analyses,

was obtained when the pH adjustment was made
with either citrate—phosphate buffer or monochloro-
acetate buffer; a pronounced decrease in extraction
efficiency was observed at pH 2.5 and below with
monochloroacetate buffer as well as when hydro-
chloric acid was used to adjust pH. Similarly,
though the ionic strength increased from 0.047 at
pH 2.4 to 0.32 at pH 0.8 when HCl was used to
adjust pH, the ionic strength decreased from 0.25 at
pH 3.1 to 0.03 at pH 1.9 when monochloroacetate
served as the buffer system. Nevertheless, the
decrease in extraction efficiency at the lower pH
was observed with both systems. It is possibie that
the magnitude of this decrease is affected by ionic
strength. Variability of extraction efficiency in
duplicate experiments at a given pH was very small
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TarLE II—RECOVERY OF BHC FROM RAT PLASMA BY VARIOUS MODIFICATIONS
OF AXELROD’S METHOD

Recovery, mcg./ml.®
156

Conditions BHC Concn., meg./ml. — 100 200
Axelrod’s method, unmodified? 93 110 111
Thirteenfold dilution of plasma before extraction 100 121 118
Five repetitive extractions each with 3 ml. heptane 89 . 150
Single extraction with 3 ml. ethylene dichloride 85 e 106

@ Average of 3 determinations except for the repetitive extractions where 2 determinations were made.

shown in Fig. 2.

100

80

$0

40

EXTRACTION EFFICIENCY, Per Cent

204

Fig. 3—Effect of pH on the efficiency of BHC extrac-
tion from rat plasma containing 200 mcg. of BHC/ml.
Five-tenths malliliter of 2.5-fold diluted plasma was
adjusted with 0.25-3 N HCl to pH <2.5 (@), with 1.5
M monochioroacetate buffers to pH <3.0 (A), and with
1.5 M citrate-phosphate buffers to pH >3.0 (@) prior
to extraction with 7.5 volumes of n-heptane. The
concentration of buffers in the plasma phase was ap-
proximately 0.4 M. The data points represent
indiwvidual values. Key: ---O---, BHC extraction
efficiency from simple aqueous BHC solution as cal-
culated from the partitio(ning data of Axelrod et al.
27).

in the pH range of 3.0 to 6.5, and rather pronounced
at pH <2.5. This can be related to the kinetics
of BHC extraction, as will be shown subsequently.
The extraction efficiency versus pH profile of BHC
from plasma differs appreciably from that of BHC
from water (Fig. 3). The extraction of BHC from
simple aqueous solution is practically complete at
pH 6 and below.?

Kinetics of BHC Extraction from Plasma—The
rate of BHC extraction from rat plasma was de-
termined as a function of BHC concentration, pH
of the plasma phase, and time interval between pH
adjustment of the plasma and extraction with hep-
tane. The various experimental conditions are
listed in Table III and the results are shown in
Fig. 4. In the case of plasma samples containing
a low concentration (10 meg./ml.) of BHC, com-
plete extraction was obtained within 15 min., re-
gardless of pH (<1 to 3.0) and time between pH

9 The pKa, of BHC appears to be about 6.5 on the basis
of Axelrod’s partitioning data which have been verified in
this laboratory. Other workers have reported a pKa, value
of 5.7 based on potentiometric titration (31).

b Additional data
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Fig. 4—Effect of pH and BHC concentration on kine-

tics of BHC extraction from rat plasma. Symbols

are defined in Table III. (Further details under
Experimental.)

adjustment and extraction. On the other hand,
complete extraction of BHC from plasma containing
200 meg./ml. was obtained within 15 min. only
when the plasma pH was 3.0 and extraction was
carried out immediately after pH adjustment. The
increase in extraction of BHC with time, as shown
in the lefthand graph of Fig. 4 for all other experi-
ments involving 200 meg. BHC/ml. plasma, could
reflect either a slow rate of extraction of BHC or
could be due to the fresh solvent which was added
to replace that portion of organic phase which had
been removed for assay (see under Experimental).
A distinction between these two mechanisms can be
made by expressing the amount of BHC in the hep-
tane phase at any given time as a percent of the
total amount of the drug in the system at that time
(z.e., sum of BHC in heptane phase and in plasma
phase). This is shown in the righthand graph of
Fig. 4 in terms of ‘“‘percent partitioned” as a func-
tion of time.'®* At pH 4.9, the extraction of BHC
from plasma containing 200 mcg./ml. was at its
maximum within 15 min. and subsequent increases
in the cumulative percent extraction as a function
of time were due to addition of fresh organic solvent.
The constancy of “percent partitioned’” with time
at a value of about 709, reflects the effect of plasma
protein binding on the apparent partition coefficient
of BHC at pH 4.9 since, in the absence of plasma
proteins, extraction of BHC is complete within 15
min.

At low pH’s (0.6 and 3.0) it is evident that the
incomplete extraction of BHC at any given time

1* The reader is cautioned to distinguish between ““parti-
tion coefficient” (which is an equilibrium constant) and
‘“percent partitioned.”” No assumption is made as to
whether the latter reflects an equilibrium or a kinetic situa-
tion.
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TABLE 111—ExPERIMENTAL CONDITIONS FOR THE DETERMINATION OF THE KINETICS OF
BHC EXTRACTION FROM PLASMA

Symbol in Fig. 4 BHC Concn., meg./ml. pH
10 0.6

) 10 3.0

|200e 3.0

O 2004 3.0

=] 200e 3.0

L] f200s 4.9

12000 4.9

A 2002 0.6

A 200 0.6

Time Between
pH Adjust-
ment and Ex-

Buffer System traction, hr.

HCl 04 N Oand 1
Citrate—phosphate, 0.4 A/ Qand 1
Citrate-phosphate, 0.4 A 0
Citrate~phosphate 0.4 M 1
Citrate—phosphate, 0.4 M 3
Citrate-phosphate, 0.4 A Oand
Acetate, 0.4 M Dand 1
HCL0.4 N 0
HCL, 0.4 N 0.5and 1

¢ Diluted fourfold with distilled water (1 part plasma and 3 parts water) prior to pH adjustment.

is due to a kinetic effect. The rate of extraction
decreased with decreasing pH, and decreased also
at a given pH as the time interval between pH ad-
justment and extraction was increased. A de-
tailed consideration of factors affecting the rate of
extraction will not be undertaken here, but it should
be pointed out that these factors include the time
between pH adjustment and extraction, sampling
interval, agitation intensity, volume of organic
phase, and volumes of the aliquots removed for
assay. In general, the time course of extraction
consisted of an initial rapid phase followed by a
slower exponential phase. Representative rate
constants of the latter are 0.33 hr.~? at pH 3.0 after
3 hr. standing, and 0.14 hr.~! at pH 0.6 after 1 hr.
standing. Thus the extraction efficiency wersus
pH profile shown in Fig. 3 reflects an equilibrium
phenomenon at pH’s above the optimum, and kinetic
phenomena at pH’s below the optimum pH for ex-
traction. In fact, complete extraction of BHC
may be attained at pH <3.0 by prolonged agitation.
However, this would, for example, require more than
20 hr. in the case of plasma adjusted to pH 0.6 when
the interval between pH adjustment and extraction
is 1 hr. The adverse effect of low pH on BHC ex-
traction from plasma is reversible as shown in Table
V.

New Assay Method for BHC in Plasma—The
new assay method for BHC in plasma, which in-
volves extraction of the drug with heptane from
plasma adjusted to about pH 3.2, was used to de-

TABLE IV—REVERSIBILITY OF ADVERSE pH
ErFECT ON BHC EXTRACTION
FROM RAT PLASMA

Extraction
Conditions® Efficiency,® %

Plasma adjusted to pH 3.0 and 99,99
extracted immediately

Plasma adjusted to pH <1 and 14,14
extracted after 30 min.

Plusma adjusted to pH <1 and ex- 10,12
tracted after 90 min.

Plasma at pH <1 for 30 min. then 61,70
at pH 3.0 for 60 min.

Plasma at pH <1 for 30 min. and 99,101

at pH =7 for 30 min. then
adjusted to pH 3.0 and extracted
immediately

termine the concentration of BHC in blood plasma
obtained from rats, guinea pigs, dogs, monkeys, and
man. These plasma samples were prepared by
adding appropriate amounts of BHC to plasma ob-
tained from unmedicated animals to yield BHC
concentrations from 0.8 to 400 mcg./ml. The re-
sults, listed in Table V, show essentially complete
recovery of the drug in all instances. The standard
deviation of the analytical data was 1 to 29, except
in the case of monkey plasma, where the possibility
of a small and practically insignificant concentra-
tion-dependency of BHC recovery precluded the
use of the combined data (i.e., all concentrations of
BHC) for the determination of a percent standard
deviation.

Specificity of the’ New Assay Method for BHC—
The specificity of the new assay method for BHC,
particularly with respect tothe lack of interference by
biotransformation products of that drug, was in-
vestigated by means of the pH-partition profile
(27). For this purpose, 20 mg. of BHC/Kg. of
body weight was administered intraperitoneally
to rats and guinea pigs, blood was withdrawn 7 to
8 hr. later [equivalent to about 1.5 biologic half-
lives of BHC (28)] and the plasma thus obtained
from animals of each species was pooled. The
pH-partition profile for apparent BHC from rat
plasma is shown in Fig. 5 and from guinea pig
plasma in Fig. 6. There is excellent agreement
between these profiles and that obtained by use of
pure BHC in water. On the other hand, the use of
an initial extraction procedure which is known to
extract not only BHC but also some of its metabo-
lites yields a quite different partition profile (stippled
line in Figs. 5 and 6) and shows also that BHC
metabolites are more polar than the parent drug.
An even more rigorous determination of assay
specificity was made by using plasma containing
BHC which had been perfused for 3 hr. through
an isolated rat liver (29). During the period of
perfusion, the BHC concentration in the plasma
decreased to less than one-third of its initial con-
centration. Thus, this sample is likely to have con-
tained relatively high concentrations of BHC
metabolites (except for the unlikely possibility that
these metabolites were trapped totally in the liver
and/or excreted completely in the bile).!! The re-
sults of the partitioning experiment are shown in

¢ Plasma samples contained 200 mcg. BHC/ml. and were
diluted 2.5-fold with distilled water prior to pH adjustment.
®One ml. plasma phase was extracted for 10 min. with 8 ml.
n-heptane. Results of two separate analyses.

1t Christensen (7) has shown that the plasma of rats con-
tains appreciabfe concentrations of BHC metabolites 6 and
24 hr. after intravenous administration of BHC.
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TABLE V—RECOVERY OF BHC FrROM PLASMA OF VARIOUS ANIMAL SPECIES
BY THE NEW AssAay METHOD

BHC Conca., Recovery, %
meg./ml. Rat? Guinea Pig® Dog? Monkey?® Man*
0.8 106
2 103 100 . 101 103
4.1 98 ...
5 . 99
8 97 . e ce
10 o 102 98 98
25 100 L e Cen
31.2 R A 97 .
50 98 101 e 100
56.3 98
100 101 100 e 97 99
121.5 96
150 ... .. 96 ...
200 99 c 98
400 100
Mean = S.D.c 99 &= 24 101 == 14 97 = 1e f 99 + 2
Total No. of samples 19 8 4 8 12

¢ Average of 2—4 determinations. b Single determinations.

tration.

Data from the 2 mecg./ml. samples were excluded due to pronounced variations within group (3 samples).
value for the 0.8 mcg./ml. sample was excluded due to pronounced difference from those for the other concentrations.

¢ Mean and 8.D. of individual values irrespective of concen-
¢ The
/ Not

calculated because relative recovery appears to be concentration dependent.

APPARENT FRACTION IN ORGANIC PHASE

Fig. 5—Specificity of the new assay method for BHC
in ral plasma, as determined by pH-partitioning.
The plasma obtained from two rats 7 hr. after an
1.p. dose of 20 mg. of BHC/Kg. was subjected to the
new assay method (heptane extraction at pH 3) and
to ethyl acetate extraction, and the pH-partition
profiles of the substance(s) in each extract were deter-
mined. (See under Experimental for details.)
Pure BHC added directly to the organic phase used in
the partitioning experiment (O), heptane exiract (new
assay method) (@), ethyl acetate extract (A).

Table VI and indicate a very good agrectnent be-
tween results obtained with the plasma and with an
aqueous solution of BHC. There was no noticeable
interference by BHC metabolites in the assay.

DISCUSSION

Evaluation of the Method of Axelrod et al. (27)
for the Determination of BHC in Plasma—7The
recovery of BHC from the plasma of rats, dogs, and

I,O-‘

APPARENT FRACTION IN ORGANIC PRASE

pH

Fig. 6—Specificity of the new assay wmethod for

BHC in guinea pig plasma, as determined by pH-

partitioning. The plasma was obtained from two

guinea pigs 8 hr after an i.p. dose of 20 mg. BHC/Kg.
(See Fig. 5 for other details.)

man by the method of Axelrod ef al. (27) is essen-
tially qunantitative at BHC concentrations up to
50 mcg./ml., but becomes incomplete and markedly
concentration-dependent at BHC cencentrations
exceeding 50 meg./ml. (Fig. 2). In guinea pig
plasma, the recovery of added BHC was quantita-
tive at 10 mcg./ml. but already incomplete at 50
meg./ml. These results are not due to a limited
solubility of BHC in zn-heptane, nor to the precipi-
tation of BHC in the acidified aqueous phase, since
extraction of BHC from aqueous solution does not
show the concentration dependence found with
plasma. In addition to its incompleteness, the
recovery of BHC in high concentrations from plasma
shows poor reproducibility and appears to vary in
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TABLE VI—SPECIFICITY OF THE NEW ASSAY
MEeTHOD FOR BHC As TEsTED BY pH-
PARTITIONING USING PLAsMA CONTAINING
BHC anp METABOLITES DERIVED FROM

PERFUSION OF ISOLATED RAT LIVER

—

Fraction in Organic Phase—
From Aqueous Soln. From Plasma Containing
of BH!

pH BHC and Metabolites
4.2 0.99 0.99
6.4 0.79 0.76
6.8 0.68 0.70
7.4 0.58 0.56

the plasma samples obtained from different subjects
(TableI).

The incomplete recovery of BHC from plasma
at high concentrations can easily be overlooked.
While it is standard practice to ascertain the ade-
quacy of an analytical method for a drug in plasma
at concentrations in the range suitable for instru-
mental analysis, it is usually taken for granted that
plasma samples containing higher concentrations
of drug may be diluted appropriately and that they
can then be analyzed as readily as plasma samples
containing lower concentrations of drug. Such is
not the case with BHC (Table I1). Apparently the
extractability of this drug from plasma depends
more on the BHC:plasma protein concentration
ratio than on the absolute concentration of BHC.
This phenomenon has some interesting implications
and can lead to unusual artifacts resulting in the
possibility of serious errors in pharmacokinetic inter-
pretations. This is illustrated in the results ob-
tained after intravenous administration of BHC in
doses of 2 mg./Kg. and 20 mg./Kg. to guinea pigs,
where the plasma concentrations of BHC were de-
termined either by the method of Axelrod et al.
(27) or by the new method which assures complete
recovery of the drug (Figs. 7 and 8). The plasma
concentrations determined by the method of Axel-
rod et al., when plotted semilogarithmically, show a
downward curvature with time. When plotted on
linear coordinates, the data obtained with the 20
mg./Kg. dose yield essentially a straight line. It
might be concluded, therefore, that the elimination
of BHC is an apparent zero-order process, as had
been suggested previously (12). [Note, however,
that this hypothesis was rejected upon further
investigation (17).] However, it is clearly evident
from the results obtained with the new assay
method (Fig. 8) that such conclusions are the result
of an artifact due to the decreasing extraction effi-
ciency of the method of Axelrod ef al. at higher
BHC concentrations.!? In fact, BHC elimination
follows apparent first-order kinetics in the guinea
pig at doses of 2 and 20 mg./Kg. (Fig. 8). These
observations led to a re-examination of published
data on BHC elimination with the purpose of de-
termining if pharmacokinetic analyses of others,

12 The apparently incomplete recovery of BHC from
plasma by the method of Axelrod et al. following the 2 mg./
Kg. dose (Fig. 7) might appear to he quantitatively incon-
sistent with the recovery data shown in Fig. 2. However,
this is due to the pronounced variability of BHC recovery
at low pH as shown in Fig. 3. hen, in another animal,
BHC plasma levels were determined simultaneously by the
method of Axelrod et al. and by our new method, similar
differences in results were obtained, but the data derived
from the Axelrod assay were not describable by either first-
or zero-order kinetics.
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PLASMA CONCENTRATION, mcg /Gm

TIME, hours

Fig. 7—Apparent plusma concentrations of BHC, as

determined by the method of Axelrod et al., in a guinea

pig receiving intravenous doses of 2 mg./Kg. (lower

curve) and 20 mg./Kg. (upper curve) of the drug.
One-week interval between lests.

PLASMA CONCENTRATION, mcg /Gm

-

10 20 30
TIME, hours

Fig. 8—Plasma concentrations of BHC, as deter-

mined by the new assay method, in a guinea pig re-

cewving intravenous doses of 2 mg./Kg. (lower curve)

and 20 mg./Kg. (upper curve) of the drug. One-
week interval belween tests.

and particularly the reported dose dependence of
BHC elimination in man (12, 15), could be explained
by the assay problems described in this report. It
appears that this possibility can be excluded since
published data are in a concentration range where
assay problems are unlikely. Such problems will
be encountered mainly in pharmacokinetic investi-
gations with rather high doses of BHC (28, 29).

The Effect of pH on BHC Extraction from Plasma
—The problems encountered in the determination
of BHC in plasma by the method of Axelrod ef al.
led to an examination of the effect of pH on the
extraction of BHC from plasma. It was found that
complete extraction of the drug from plasma con-
taining high concentrations of BHC was achieved
only in a relatively narrow pH range of 3.0 to 3.5
(Fig. 3). The lower recovery in the pH range of
4 to 6 appears to be primarily due to a decreased
apparent partition coefficient of BHC as a conse-
quence of protein binding (Fig. 4). At higher pH
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the decrease in extraction efficiency is due to ioniza-
tion of BHC (Fig. 3). The decreased extraction
efficiency at pH’s below 3 is a rate, rather than an
equilibrium, phenomenon (Fig. 4 and Table 1V).
Quantitative extraction of BHC at pH <1 from
plasma containing high concentrations of this
drug would require almost 1 day. The slow rate of
extraction at the low pH leads to poor reproducibility
of results obtained by procedures involving a short
extraction period and yielding incomplete recoveries
(Fig. 3). This is probably why the data listed in
Table I show poor reproducibility. While there
apparently has not been a systematic study of the
effect of pH on the extraction of BHC from plasma
and other biologic tissues to date, it is of interest
that Christensen (40) reported recently that the
recovery of BHC from rat liver and muscle tissue
was more complete at pH 4 and 5 than at pH <2
and >7. This is reasonably consistent with the
findings of this study. The results described here
may also have some relation to observations of
others that the gastrointestinal absorption of BHC
is very slow and prolonged in man, particularly at
higher doses (12, 15). For example, O'Reilly et al.
(15) noted that absorption of orally administered
BHC in man occurred over about 65 hr. with a dose
of 300 mg., 95 hr. with 600 mg., and 210 hr. after
administration of 1200 mg. While the dissolution
rate of BHC in gastrointestinal fluid will be very
low due to the poor water solubility of the drug, it
appears unlikely that undissolved particles could be
retained in the gastrointestinal tract for a week or
longer. What appears to be an unusually slow
gastrointestinal absorption of BHC, when calcu-
lated by means of a single-compartment pharmaco-
kinetic model, could actually be an unusual dis-
tribution phenomenon requiring the use of a multiple-
compartment model. However, the pronounced
affinity of BHC at high concentrations and low
pH to plasma proteins, as observed in this study,
suggests the possibility of a similar phenomenon in
the gastrointestinal tract. BHC might be bound
in the gastrointestinal mucosa for a prolonged
period of time, as has been suggested by O'Reilly
et al. (15). This could be the case particularly if
the pH optimum for binding of BHC to mucosal
protein is in the physiologic range.

Factors Affecting Drug—Albumin Interactions—
BHC in the plasma is bound mainly, if not exclu-
sively, to albumin (12, 15). An interpretation of
the results obtained in this study requires, there-
fore, a consideration of factors affecting the inter-
action of drugs with plasma albumin. This in turn
requires a consideration of the effect of pH on the
conformation and physical-chemical properties of
albutnin. Plasma albumin undergoes a largely
reversible structural alteration at pH ~4 (32).
This involves a structural expansion at the low pH
which is driven by electrostatic forces and which
leads to formation of a species with greater electro-
phoretic mobility and higher viscosity (33). This
expanded form of albumin is known as the F form as
opposed to the more compact N form at neutral pH.
A similar electrostatic expansion of albumin occurs
above pH 9 (32). The N to F transition of albumin
is accompanied by a pronounced decrease in the
ability for hydrophobic binding of substances such
as alkanes (33). It is believed that apolar binding
sites arc located in the interior of the albumin
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molecule and that they are therefore not in contact
with polar solvent. N to F transition is thought
to cause disruption of apolar clusters in the albumin
molecule, resulting in the exposure of these regions
to the aqueous solvent. This is accompanied by
a drastic decrease in the capacity to bind alkanes
such as butane and pentane (33) and drugs such as
the xanthines (34). The N-F equilibrium is affected
by ionic strength and specific counter ions and by
interacting substances such as detergents (32, 35)
and organic solvents used in extractions, including
heptane (36). Detailed physical-chemical studies
of bovine and human plasma albumin suggest that
the N to F change actually involves a double transi-
tion, one at pH 3.6 and the other at pH 3.0 (39).
Significantly, this coincides with the region of opti-
mum pH for extraction of BHC from plasma (Fig.
3). It is evident, therefore, that the high extrac-
tion efficiency of BHC at pH’s slightly below 4 as
compared to higher pH’s is due to the N to F
transition of albumin at pH =~ 4 and the decreased
binding of neutral molecules such as BHC by the
F form of albumin. At pH 2.5, the positive charge
on the protein is at its maximum and further lower-
ing of pH appears to reduce the expansion of albu-
min molecules due to the increased ionic strength
of the environment (37). There is evidence for
slow aggregation of albumin below pH 3.2 (32), re-
flected among others by a slow increase in the vis-
cosity of albumin solutions (38). The viscosity
increase proceeds more rapidly at lower pH (38).
The reversibility of this aggregation decreases with
increased duration of exposure of albumin to low
pH (32). The decreased extraction efficiency below
pH 3 is apparently due to the conformational change
of albumin at the low pH involving partial refolding
of the expanded molecule (37) and/or aggregation
(32). The decreased extractability of BHC with
time at low pH (Fig. 4) is consistent with the rela-
tively slow structural change of albumin at low pH.
Specifically, the more rapid decrease in extractability
of BHC at pH <1 as compared to pH 3 (Fig. 4) is
paralleled by the more rapid increase in viscosity of
albumin solutions at the lower as compared to the
higher pH’s (38). These effects are reversible by
pH adjustment, as is evident from the data in Table
1Vv.

Last, an explanation must be sought for the un-
usual concentration dependence of BHC extraction
at low pH. O’Reilly (24), who studied the inter-
action of warfarin with human plasma albumin,
concluded that the albumin molecule undergoes a
reversible configurational alteration in the process
of binding the drug, thereby yielding additional
binding sites. Tt is likely that the same is true for
BHC in view of its structural similarity to warfarin,
Omne may then conceive of a series of events whereby
BHC in low concentrations is bound to readily
accessible peripheral binding sites on the albumin
molecule, with increasing concentrations of BHC
bringing about a partial unfolding of the albumin
molecule and thereby causing the exposure of addi-
tional binding sites in the internal region of the
macromolecule. If, during extraction at low pH, the
peripherally bound BHC dissociates first, it is con-
ceivable that the albumin molecules will contract
and aggregate, and thus make it difficult for BHC
moleeules bound to internal sites in the albumin
molecule to be extracted. Foster has recognized
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the possibility of such a mechanism by suggesting
that “A variety of substances, both ionic and non-
ionic, but particularly substances with considerable
hydrophobic character, could become trapped within
the postulated hydrophobic interfaces and be re-
leased only when the protein reaches an ionic en-
vironment favoring conversion to the F form” (32).
In summary, BHC in high concentrations can be
extracted readily from plasma only in a pH range
where the interaction between albumin molecules
(7.e., aggregation) is minimal and where these
molecules are maximally expanded.

New Assay Method for BHC in Plasma—The
method of Axelrod ef al. has been modified by
changing the pH adjustment of the plasma from
less than 1 to about 3.2 to assure maximum ex-
traction efficiency. Essentially quantitative re-
covery of BHC in concentrations ranging from 2 to
400 mcg./ml, was obtained with plasma from rats,
guinea pigs, dogs, monkeys, and man (Table V),
and this assay method has been used successfully
in a comparative pharmacokinetic study of BHC
elimination in these species (28). The specificity
of the new method, particularly in terms of dis-
tinguishing between BHC and its biotransformation
products, has been demonstrated (Figs. 5 and 6;
Table VI).

Conclusions—The findings of this study go clearly
beyond the discovery of an unusual concentration
dependence of a widely used method for the deter-
mination of BHC in plasma, the identification of
the consequent possibility of interesting pharmaco-
kinetic artifacts, and the development of a new assay
method which is not subject to these shortcomings.
Guttman and Gadzala (34), who studied the inter-
action of xanthine derivatives with bovine serum
albumin, considered as their most interesting ob-
servation the sensitivity of the binding behavior of
albumin to pH-dependent changes in its structure.
This observation can now be extended to include
the sensitivity in the extractability of a strongly
albumin-bound drug to pH-dependent conforma-
tional changes of the albumin molecule. It is not
unlikely that similar effects will be encountered
with other strongly protein-bound drugs. The
optimum pH for extraction of such drugs from
plasma or other biologic materials may depend not
solely on the pKa of the drug (as it affects the dis-
tribution of the drug between an organic phase and
an aqueous phase of given pH), but also on the
effect of pH on the physical-chemical properties of
plasma proteins as they affect the type and magni-
tude of interaction of these proteins with the drug.
The pH-extraction efficiency profile may be affected
in some instances also by ionic strength and by the
nature of the buffer system and organic solvent used
in the extraction,
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