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SUMMARY

The measurement of plasma drug concentrations provides no insight into the relationship between the free and the plasma-pro-
tein-bound fractions of drugs. Plasma protein binding may decrease in renal disease due to uremia, hypoalbuminemia, or due to drug
interactions. Decreased plasma protein binding leads to an increase in free plasma fraction causing an increase in volume of distribu-
tion and a shorter elimination half life. The increase in the apparent volume of distribution and the shorter elimination half life cause
a decrease in total plasma concentration. Therefore, the free drug concentration is more reliable than the total plasma concentration
for therapeutic drug monitoring. However, the free amount in plasma and in tissue and the tissue-bound amount remain unchanged
under steady state conditions. Thus, a decrease in plasma protein binding in renal disease usually does not lead to increased drug toxi-
city, and alteration of drug dosage is not required, although the total plasma concentration may be found to be considerably lower
than normal. In addition to plasma protein binding, alteration of tissue binding must also be considered for the determination of the

appropriate dosage of some drugs in renal disease.

INTRODUCTION

The measurement of drug concentrations in
plasma is the most important basis for pharmaco-
kinetic evaluation and clinical monitoring of drugs.
However, the total concentration of drugs is
usually measured in plasma, and no information is
provided about free and protein-bound drug levels.

In this paper the basic pharmacokinetic princi-
ples of altered plasma protein binding will be
derived from albumin binding since alteration of
albumin binding is the most important pheno-
menon of protein binding in renal disease (Bow-
mer 1982, Clegg 1982, Robertz 1983, Lichtenwalner
1982, 1983). The pharmacokinetic principles
derived for decreased albumin binding may be
applied to alteration of drug binding to other pro-
teins too.

In renal disease, plasma protein binding of
drugs is subject to various alterations (Table I).
Plasma protein binding of cationic (basic) drugs
can be increased in renal failure (Piafsky 1980).
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Cationic (basic) drugs such as quinidine, proprano-
lol, chlorpromazine, desmethylimipramine, d-
tubocurarine and trimetoprim are bound to «;-acid
glycoprotein, transcortin, lipoproteins, gamma-
globulin and red blood cells (Piafsky 1980). Plasma
protein binding of drugs bound to a;-acid-glycop-
rotein may be increased in systemic inflammatory
disease, as often observed in nephrological patients
(Schneider 1982).

Plasma albumin is the binding protein for all
anionic (acidic) and neutral drugs (Piafsky 1980).
The decrease in the plasma protein binding of
drugs bound to albumin is more pronounced than
the increase in the binding of cationic (basic)
drugs. Plasma albumin binding of drugs may
decrease in renal failure due to hypoalbuminemia
in severe nephrotic syndrome as observed in dig-
itoxin, prednisolone, phenytoin and clofibrate
(Gugler 1975, Storstein 1977, Frey 1982). Addition-
ally, drug binding to albumin is decreased due to
competitive inhibition by uremic toxins and
decreased drug-albumin affinity (Bowmer 1982,
Robertz 1983, Lichtenwalner 1982, 1983). This
leads to a binding defect of anionic (acidic) or neu-
tral drugs such as digoxin and most probably dig-
itoxin, in phenytoin, dicumarol, warfarin, mor-
phine, diazepam, n-desmethyldiazepam, chlroam-
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Table I: Protein binding (PB%) in normal (norm) renal function, end stage renal disease (ESRD), during hemodialysis (HD) and in
nephrotic syndrome (NS), where PB% =

European Journal of Drug Metabolism and Pharmacokinetics, 1984, No 3

(1-fp)100
norm ESRD HD NS
azlocillin 28% 25% Reidenberg 1984
bilirubin decreased Reidenberg 1984
captopril 24% 18% Yeung 1983
cefazolin 84% 73% 22% Greene 1977
cefoxitin 73% 20% Garcia 1979
chloramphenicol 53% 45% 30% Piafsk
Blouin 1980
chlorpromazine 98 98% Piafsk 1980
clofibrate 96% 89% Gugler 1975
clonidine 30% 30% Hulter 1979
Bennett 1980
congo red decreased Reidenberg 1984
dapsone normal Reidenberg 1984
desipramine 80% normat Reidenberg 1984
n-desmethyldiazepam 98% 94% Piafsky 1980
desmethylimipramine 89% 88% Reidenberg 1971
diazepam 99% 94% Piafsk 1980
diazoxide (30 ug/ml) 92% 86% 83% Pearson 1976
(300 ug/mi) 77% 72% O'Malley 1975
dicloxacillin 96% 9l% Reidenberg 1984
diflunisal 88% 56% 39% Verbeeck 1980
digitoxin 97% 96% 90% 96% Storstein 1977
digoxin 25% 22% Storstein 1977
doxycycline 88% T1% Houin 1983
erythromycin 75% T7% Niopoulou 1982
etomidate 75% 57% Reidenberg 1984
fluorescein 86% decreased Reidenberg 1984
furosemid 96% 94% 93% Rene 1978
indomethacin normal Reidenberg 1984
maprotiline 90% normal Reidenberg 1984
f-methyldigoxin 30% 19% Kramer 1974
methyl orange decreased Reidenberg 1984
methyl red decreased Reidenberg 1984
morphine 35% 31% Piafsky 1980
nafcillin 88% 8i% Lichtenwalner 1982
naproxen 75% 2% Anttila 1980
oxazepam 95% 88% Greenblatt 1983
papaverine 97% 94% Belpaire 1977
penicillin G 72% 36% Lichtenwatner 1982
pentobarbital 66% 59% Reidenberg 1984
phenobarbital 55% decreased Reidenberg 1984
phenol red decreased Reidenberg 1984
phenylbutazone 97% 88% Belpaire 1977
phenytoin 90% 80% 93% 81% Steele 1979
Richens 1979
Adler 1979
pindolol 41% normal Reidenberg 1984
prazosin 95% 92% Reidenberg 1984
prednisolone (50 mg) 74% 65% 64% Frey 1982a,b
(15 mg) 87% 88% 85% Bergrem 1983
d-propoxyphene 76% 80% Giacomini 1978
propranolol 88% 89% 90% Piafsk 1980
quinidine 88% 86% 88% Piafsky 1980
Kessler 1981
Lichtenwalner 1982
salicylate 94% 85% Lichtenwalner 1982
sulfadiazine decreased Reidenberg 1984
sulfamethoxazole 74% 50% Lichtenwalner 1982
sulfonamides decreased Reidenberg 1984
strophantin 1% 2% Kramer 1974
theophylline 60% decreased Reidenberg 1984
thiopental 72% 44% Reidenberg 1984
thyroxine decreased Reidenberg 1984
triamterene 81% 61% Piafsk. 1980
trimethoprim 70% 68% 70% Piafsk 1980
Lichtenwalner 1982
tryptophan 75% decreased Reidenberg 1984
d-tubocurarine 44% 41% Piafsk 1980
valproic acid 85% decreased Reidenberg 1984
verapamil 90% normal Reidenberg 1984
warfarin 99% 98% Odar-Cederlof 1977
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phenicole, triamterene, papaverine, doxycycline,
captopril, and desmethylimipramine (Reidenberg
1971, Storstein 1977, Odar-Cederléf 1977, Bach-
mann 1977, Piafsky 1980, Clegg 1982, Houin 1983,
Yeung 1983).

Finally, plasma protein binding may be
decreased due to drug interaction with heparin
given regularly on hemodialysis. Heparin decreases
albumin binding of drugs by itself as well as by lib-
eration of free fatty acids (Naranjo 1982).
Decreased plasma protein binding due to heparini-
zation has been observed in digoxin, digitoxin, cef-
azolin, propranolol, quinidine, diazepam, chlord-
iazepoxide, oxazepam and quinidine (Storstein
1977, Greene 1977, Piafsky 1980, Kessler 1981,
Schneider 1982, D’Arcy 1982).

Free plasma fraction

The usually measured plasma concentration (C)
comprises the free (Cf) and bound (Cb) drug con-
centrations.

C=Cf+ Cb 0))
Thus the free plasma fraction (fp) is defined.

Cf
fp=¢ @

Drug binding to albumin can be derived from
the law of mass action (Kragh Hansen 1981). If
binding capacity is not saturated, the free plasma
fraction (fp) depends on the plasma albumin con-
centration (Calb), the drug-albumin association
constant (Ka), the number of binding sites (n) of
each albumin molecule, and on the molecular
weight of albumin (MW = 69000 g/Mol) according
to the definition of the association constant.

1
fp = ———

1 + Calp 2 Ka 3
MW

The free plasma fraction (fp) will increase if
plasma protein binding decreases. A decrease in
plasma protein binding due to a decrease in the
association constant in uremia is observed in phen-
ytoin (Odar-Cederlof 1974, Richens 1979, Kinni-
burgh 1981). A decrease in plasma protein binding
due to a decrease in albumin concentration in
nephrotic syndrome is observed in digitoxin (Stor-
stein 1977).

Volume of distribution

The volume of distribution is a parameter repre-
senting the relationship between the plasma con-

centration and the total amount in the body. The
volume of distribution can be expressed in terms of
physiological body compartments : plasma volume
(Vp) and the tissue water volume (Vt) (Wilkinson
1975) (Figure 1) :

Vd = Vp + Vit %3 4)

The plasma volume (Vp) is considered to be 4%
of the body weight or 2.5 liters, whereas tissue
water (Vt) is considered as 60% of the body weight
or 40 litres, and both spaced are considered to be
physiological constants (Tozer 1981). Total body
water comprises intracellular as well as extracellu-
lar water space. For drugs distributed exclusively in
the extracellular space, as is the case for many
antibiotics, the tissue water (Vt) corresponds to the
extracellular space only, which is only 20% of the
body weight or 13 liters.

An increase in the free plasma fraction (fp) will
lead to an increase in the volume of distribution
(Vd) if the free tissue fraction (ft) remains
unchanged. An increase in the volume of distribu-
tion in uremia is observed in phenytoin, dicumarol
and prednisone (Odar-Cederlof 1974, Martin 1977,
Bachmann 1977, Frey 1982). An increased volume
of distribution in patients with nephrotic syndrome
is observed in digitoxin (Storstein 1977).

vd

1 }
| !
V? Yt
protein-i |
bound ! fp{ ft !

tissue-
bound

Fig. 1: Volume of distribution (Vd) is a function of plasma
volume (Vp), tissue water (Vt), and free fraction of
drug in ptasma (fp) and tissue (ft) (Wilkinson 1975).

Elimination half life

To derive the effect of plasma protein binding
on elimination, a basic assumption must be made :
according to this assumption, it is only the free
plasma fraction which is available for elimination.
This assumption is proven by the kinetics of dis-
opyramide and prednisolone (Giacomini 1982,
Frey 1982). An increase in the free plasma fraction
due to decreased plasma protein binding will lead
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to an acceleration of the elimination half life from
(T1/2) to (T 2+).

T]/z* _ fp Vd* (5)

T] /2 - fp* vd

The elimination half life (Typ2) will decrease if
the increase in the free plasma fraction (fp) is not
equalized by an increase in the volume of distribu-
tion (Vd) according to equation 4. The elimination
half life (T} 2) will be accelerated as required for the
additional removal of the amount released from
plasma protein binding (Figure 2). A faster elimi-
nation half life in patients with nephrotic syndrome
has been observed in digitoxin (Storstein 1977).

Equation 5 can be derived from the concept of
free plasma clearance (Levy 1974 and 1976). Addi-
tionally, it can be shown that equation 5 also holds
true for the post-distributive phase in the case of 2-
compartment kinetics.

decreased pharmacological
plasma protein effect
binding I
T |
| |
Vp Yt
.|
protein- I tissue-
bound | fP| ft ! bound
d

Fig. 2: A decrease in plasma protein binding causes no
alteration in pharmacological effect. The volume of
distribution increases, since the plasma concentra-
tion is smaller in relation to the remaining amount in
the body. The elimination half-life is faster as
required for the additional elimination of the amount
released from plasma protein binding.

Steady state plasma concentration

Usually, the measured plasma concentration
comprises the free and bound plasma fractions of
drugs. The plasma concentration which is usually
measured in clinical practice is the minimal steady
state concentration. This minimal steady state con-
centration (Cpyip) is the plasma concentration after
multiple dosing just before the next dose is applied.
It depends on the bioavailability (F; for intrave-
nous dosing, F = 1}, on the dose (D), the volume
of distribution (Vd), the elimination half life (T /),
and on the dosage interval (Tau).

F D/Vvd

Cumin =

exp(%.% Tau) — 1 ©)

If plasma protein binding decreases, the free
plasma fraction and the volume of distribution
(Vd) increase, and the elimination half life (T1/2)
decreases. Consequently, the steady state plasma
concentration (Cpin) will decrease.

Decreased plasma levels due to uremia are
observed in phenytoin and due to hypoalbumin-
ema in digitoxin (Adler 1979, Storstein 1977). In
patients with severe hypoalbuminemia during
repetitive plasma exchange, we observed a reduced
steady state plasma concentration of digitoxin,
which was in complete agreement with the values
calculated by the simultaneous use of equations 3,
4, 5 and 6 (Keller 1984).

Dosage recommendations

The question arises whether the decrease in
plasma protein binding and the consequent
decrease in steady state plasma concentrations
requires an increase in drug dosage to achieve ther-
apeutic drug action. Either drug dosage must be
changed or drug levels lower than normal must be
considered to be therapeutic in the case of reduced
plasma protein binding.

It is the aim of drug dosage to achieve the same
therapeutic effect in the case of altered plasma pro-
tein binding as in normals. The relation between
dose and effect or the relation between pharmaco-
kinetics and pharmacodynamics is rather complex
(Holford 1982), but it can be postulated that the
pharmacological effect is a function either of the
free amount in plasma, of the free amount in tissue,
or of the tissue-bound amount. Only the plasma-
protein-bound amount will not be related to drug
action (Figure 2).

From the above equations — and if the dosage
is constant (D* = D) — it can be derived that,
under steady state conditions, there is a constant
relationship. between the free plasma fracion (fp)
and the total plasma concentration (C) and free
plasma concentration remains unchanged by
plasma protein binding (Cf = fp* C* = fpC =
const.). The free plasma fraction (fp) will increase
only in relation to and at the expense of the total
plasma concentration (C). From this fundamental
relationship, four important' clinical conclusions
can be derived.

First, the action of drugs very often is consid-
ered to be related to the area under the plasma con-
centration time curve (AUC). A decrease in plasma
protein binding will lead to a decrease in the total
AUC, but it can be shown that under steady state
conditions the free area (fp AUC) remains constant
when plasma protein binding changes (fp*
AUC* = fp AUC = const.).
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Secondly, under steady state conditions, the free
amount in plasma remains constant, since the
plasma volume can be considered to be constant
(fp C Vp = const.) (Greenblatt 1982).

Third, it can be shown that, under steady state
conditions, the free amount in tissue (ft T) remains
constant if the free tissue fraction (ft) does not
change.

ft T = fp C Vt = const. Q)

Fourth, the tissue-bound amount (Tb) will be
constant if tissue binding (ft) remains unchanged.

Tb = fp C Vt (% — 1) = const. ®)

Therefore, an alteration of plasma protein bind-
ing does not require the alteration of drug dosage
as far as drug action is related to either the free
area, the free amount in plasma, the free amount in
tissue, or the tissue-bound amount. In the case of
decreased plasma protein binding, the same therap-
eutic effect is achieved by unchanged dosage,
although plasma concentrations may decrease con-
siderably. \

If an alteration of plasma protein binding
occurs instantaneously, the free amount in plasma
will increase before it can be removed by acceler-
ated elimination. Thus toxic tissue levels may be
produced by an increase in the free amount in
plasma due to the release from protein binding and
subsequently movement from plasma into tissue
(Levy 1976). This maximal increase in the amount
in tissue can be predicted from the increase in the
free plasma fraction (fp). The instantaneous
increase in the amount in tissue (T* — T) will be
restricted to the amount effectively liberated from
plasma protein binding which is usually only a
small fraction of the total amount in the body and
risk of intoxication will be limited.

It is the clinically most important conclusion of
this paper that alteration of plasma protein binding
per se does not require alteration of drug dosage.
Renal disease is very often associated with altera-
tion of elimination and distribution, which requires
considerable alteration of drug dosage. Alteration
of dosage is needed if uremia leads to changes in
receptor sensitivity or retention of active metabo-
lites. However, alteration of plasma protein bind-
ing alone does not require alteration of drug
dosage.

Alteration of drug dosage is not required even if
the total plasma concentration is decreased. This

limits the value of measuring the total plasma con-
centration for therapeutic drug monitoring, and
measurement of free plasma concentration has
been recommended (Levy 1984). But the evaluation
or free plasma concentration by ultracentrifugation
of equilibrium dialysis reuqgires much technical
effort and may be necessary only when alteration
of plasma protein binding is suspected (Rimmer
1984).

Clinical investigations on prednisolone, fenta-
nyl, phenytoin, warfarin, and clofibrate also led to
the conclusion that an alteration of plasma protein
binding requires no alteration of drug dosage (Frey
1982, Bergrem 1983, Holley 1982, Odar-Cederlof
1977, Adler 1979, Bachmann 1977, Gugler 1975).

The effect of many drugs, for example, antibiot-
ics is usually related to the free plasma concentrai-
ton and to the free amount in tissue (Singhvi 1978).
Many other drugs, however, such as digoxin and
digitoxin, act upon a specific receptor at the target
organ. It is an important question whether the
effect of receptor-active drugs is related to the free
concentration in plasma or to the tissue bound
amount. Physiologically, the receptor is located in
the tissue, but the tissue bound amount depends
not only on the free plasma concentration but also
on the tissue binding represented by the free tissue
fraction. The volume of distribution for digoxin
and digitoxin is reduced in uremia, indicating dis-
placement of digoxin and digitoxin from tissue
receptors by uremic toxins which also displace
them from plasma proteins (Aronson 1983). There-
fore, dosage recommendations for drugs acting at
specific tissue receptors must be based on the free
plasma concentrations as well as on tissue binding.
Reduced tissue binding usually requires a dosage
reduction.

Bioavailability

Bioavailability indicates the rate and extent of
drug absorption and usually depends on the gal-
enic properties of the drugs. However, some drugs
are subjected to extensive presystemic elimination
after oral dosing due to a first pass effect (Rowland
1972). Reduced bioavailability due to a first pass
effect depends on liver blood flow (Q) and intrinsic
clearance constant (Clj;¢) and may be decreased if
free plasma fraction (fp) increase (Wilkinson 1975).

Q
Fe=——— 10
Q + Tp Clim 1o
The most important representative of an exten-
sive first pass effect are propanolol and lidocaine,
but relevant effects of altered plasma protein bind-
ing on bioavailability are not observed.
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Saturable protein binding

The basic statement that the free plasma concen-
tration is constant under steady state conditions is
not in contradiction to nonlinear plasma protein
binding. Theoretically, plasma protein binding
may be nonlinear, because both the free and bound
plasma concentrations show a nonlinear relation to
the total amount in the body.

Actually, however, nonlinear plasma protein
binding means that the bound plasma concentra-
tion is related nonlinearly to the total amount in
the body, and the relationship between the total
plasma concentration and the total amount is non-
linear due to saturation of the bound plasma con-
centration (McNamara 1983). Thus, the kinetics of
the free plasma concentration may be linear, and a
linear relation between dose and drug action can
be assumed (Lima 1983).

Nonlinear and concentration-dependent plasma
protein binding is observed in prednisolone and
other corticosteroids, in disopyramid, catechola-
mines, phenylbutazone, naproxen, propranolol,
ceftriaxone, and amide type local anesthesics (Frey
1982, Giacomini 1982, McNamara 1983). Altera-
tion of prednisolone dosage was not required in
patients with severe nephrotic syndrome (Frey
1982, Bergrem 1983).

Nonlinear elimination

Many drugs are eliminated by hepatic metabo-
lism, obeying nonlinear and saturable Michaelis
Menten kinetics, but even nonlinear and saturable
elimination kinetics are in conformity with the
basic statement that the free plasma concentration
remains constant under steady state conditions
(Bachmann 1982). In nonlinear kinetics, the par-
ameter elimination half life can be considered to
depend on the concentration (C) and on metabo-
lism constants (ViKp).

K. +C
o an
m

Still under nonlinear conditions, the elimination
half life (T ) as defined above depends on the free
plasma fraction (fp) and the volume of distribution
(Vd), and it can be shown that equation 5 is also
valid if elimination kinetics are nonlinear.

Elimination of phenytoin follows nonlinear kin-
etics and the observed decrease in elimination half
life in uremia can be evaluated by the present lin-
ear equations (equations 4 and 5), although the eli-
mination is saturable, and the elimination half life
is concentration-dependent (Richens 1979).

T1/2 =1n2

ACKNOWLEDGEMENTS

Prof. Dr. P. Kramer, Goettingen, gave us useful advice.

The manuscript was prepared by Mr. R. Condra.

2.

REFERENCES

. Adler D.S. (1979): Phenytoin. Clin. Toxicol., /4,

147-150.
Antilla M., Haataja M. and Kasanen A. (1980): Phar-
macokinetics of Naproxen in subjects with normal and

impaired renal function. Europ. J. Clin. Pharmacol., I8,
263-268.

. Aronson J.K. (1983) : Clinical pharmacokinetics of card-

iac glycosides in patients with renal dysfunction. Clin.
Pharmacokin., 8, 155-178.

. Bachmann K., Shapiro R. (1977): Protein binding of

coumarin anticoagulants in disease states. Clin. Phar-
macokinet., 2, 110-126.

. Bachmann K., Sullivan T.J. (1982): Effect of plasma

protein binding on clearance of drugs metabolized by
Michaelis-Menten kinetics. J. Pharm. Sci., 71, 374-375.

. Belpaire F.M., Bogaert M.G. and Mussche M.M. (1977):

Influence of acute renal failure on the protein binding of
drugs in animal and in man. Europ. J. Clin. Pharmacol.,
11,27-32.

. Bennett W.M., Muther R.S., Parker R.A., Feig P., Mor-

rison G., Golper T.A. and Singer 1. (1980) : Drug therapy
in renal failure: dosing guidelines for adults. Ann. Int.
Med., 93, 286-325.

. Bergrem H. (1983) : Pharmacokinetics and protein bind-

ing of prednisolone in patients with nephrotic syndrome
and patients undergoing hemodialysis. Kidney Int., 23,
876-888.

. Blouin R.A., Erwin W.G., Dutro M.P., Bustrack J.A. and

Rowse K.L. (1980): Chloramphenicol hemodialysis
clearance. Therap. Drug Monitor, 2, 351-354.

. Bowmer C.J. and Lindup W.E. (1982): Decreased drug

binding in uremia: effect of indoxyl sulfate and other
endogenous substances on the binding of drugs and dyes
ot human albumine. Biochem. Pharmacol., 37, 319-323.

. Clegg L.S. and Lindup W.E. (1982) : Drug binding defect

of uremic plasma: unlikely involvement of carbamoy-
tated albumin. Biochem. Pharmacol., 31, 2791-2794.

. D’Arcy P.F. and McElnay J.C. (1982) : Drug interactions

involving the displacement of drugs from plasma protein
and tissue binding sites. Pharméac. Therap., /7, 211-220.

. Frey F.J., Gambertoglio J.G., Frey B.M., Benet L.Z. and

Amend W.J.C. (1982) : Nonlinear plasma protein bind-
ing and haemodialysis clearance of prednisolone. Europ.
J. Clin. Pharmacol., 23, 65-74.

. Frey F.J. and Frey B.M. (1982): Altered prednisolone

kinetics in patients with the nephrotic syndrome. Neph-
ron., 32, 45-48.



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

F. Keller et al., Pharmacokinetic effects of altered plasma protein binding of drugs in renal disease 281

. Garcia M.J., Dominguez-Gil A., Tabernero J.M. and

Sanchez Tomero J.A. (1979) : Pharmacokinetics of cefox-
itin in patients with normal or impaired renal function.
Europ. J. clin. Pharmacol., 16, 119-124.

. Giacomini K.M., Gibson T.P. and Levy G. (1978):

Plasma protein binding of d-Propoxyphene in normal
subjects and anephric patients. J. Clin. Pharm., 18,
106-109.

. Giacomini K.M., Swezey S.E., Turner-Tamiyasu K. and

Blaschke T.F. (1982): The effect of saturable binding to
plasma proteins on the pharmacokinetic properties of
disopyramide. J. Pharmacokinet Biopharm., 10, 1-14.

. Greenblatt D.J., Sellers E.M. and Koch-Weser J. (1982):

Importance of protein binding for the interpretation of
serum or plasma drug concentrations. J. Clin. Pharma-
col., 22, 259-263.

Greenblatt D.J., Murray T.G., Audet P.R., Locniskar A.,
Koepke H.H. and Walker B.R. (1983): Multiple-dose
kinetics and dialyzability of Oxazepam in renal insuffi-
ciency. Nephron., 34, 234-238.

Greene D.S. and Tice A.D. (1977) : Effect of hemodialy-
sis on Cefazolin protein binding. J. Pharm. Sci., 66,
1508-1510.

Gugler R., Shoeman D.W., Huffmann D.H., Cohlmia
J.B. and Azarnoff D.L. (1975): Pharmacokinetics of
drugs in patients with the nephrotic syndrome. J. Clin.
Invest., 55, 1182-1189.

Holford N.H.G. and Sheiner L.B. (1981): Understand-
ing the dose-effect relationship : clinical application of
Pharmacokinetic-pharmacodynamic models. Clin. Phar-
macokin., 6, 429-453.

Holley F.O., Fonganis K.V. and Stanski D.R. (1982):
Effect of cardiopulmonary bypass on the pharmacokin-
etics of drugs. Clin. Pharmacokinet., 7, 234-251.

Houin G., Brunner F., Nebout T., Cherfoui M., Lagrue
G. and Tillement J.P. (1983) : The effect of chronic renal
insufficiency on the pharmacokinetics of doxycycline in
man. Br. J. Clin. Pharm., 16, 245-252.

Hulter H.N., Licht J.H., Illnick L.P. and Singh S. (1979):
Clinical efficacy and pharmacokinetics of Clonidine in
hemodialysis and renal insufficiency. J. Lab. Clin. Med.,
94,223-231.

Iliopoulou A., Downey K., Chaput de Saintonge D.M.
and Turner P. (1982): Should erythromycin dose be
altered in haemodialysis patients? Europ. J. Clin.
Pharmacol., 23, 435-440.

Keller F., Hauff A., Schultze G., Offermann G., Reeck
S., Molzahn M., Kreutz G. and Vohringer H.F. (1984):
Effect of repeated plasma exchange on steady state kin-
etics of digoxin and digitoxin. Arzneim. Forsch., 34,
83-86.

Kessler K.M. and Perez G.O. (1981): Decreased quini-
dine plasma protein binding during hemodialysis. Clin.
Pharmacol. Therap., 30, 121-126.

Kinniburgh D.W. and Boyd N.D. (1981): Phenytoin
binding to partially purified albumin in renal disease.
Clin. Pharmacol. Therap., 29, 203-210.

Kragh-Hansen U. (1981): Molecular aspects of ligand
binding to serum albumin. Pharmacol. Reviews, 33,
17-53.

Kramer P., Koethe E., Saul J. and Scheler F. (1974):
Uremic and normal plasma protein binding of various

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

cardiac glycosides under ’in vivo’ conditions. Europ. J.
Clin. Invest., 4, 53-58.

Levy G. and Yacobi A. (1974) : Effect of plasma protein
binding on elimination of Warfarin. J. Pharm. Sci., 63,
805-806.

Levy G. (1976): Effect of plasma protein binding of
drugs on duration and intensity of pharmacological
activity. J. Pharm. Sci., 65, 1264-1265.

Levy R.H. and Moreland T.A. (1984): Rationale for
monitoring free drug levels. Clin. Pharmacokin., 9 (S1),
1-9.

Lichtenwalder D.M., Suh B., Lorber B. and Rudnick
M.R. (1982): Correction of drug binding defects in
uremia in vitro by anion exchange resin treatment. Bio-
chem. Pharmacol., 31, 3483-3487.

Lichtenwalder D.M., Suh B. and Lichtenwalner M.R.
(1983): Isolation and chemical characterization of
2-hydroxybenzolglycine as a drug binding inhibitor in
uremia. J. Clin. Invest., 71, 1289-1296.

Lima J.J. (1983) : Experimental evidence for concentra-
tion-dependent plasma protein binding effects on the
apparent half-lives of restrictively cleared drugs. J.
Pharm. Sci., 72, 461-462.

Martin E., Gambertoglio J.G., Adler D.S., Tozer T.N.,
Roman L.A. and Gransz H. (1977): Removal of pheny-
toin by hemodialysis in uremic patients. J. Am. Med.
Assoc., 238, 1750-1753.

McNamara P.J., Gibaldi M. and Stoeckel K. (1983):
Volume of distribution terms for a drug (Ceftriaxone)
exhibiting concentration-dependent protein binding. I.
Theoretical considerations. Europ. J. Clin. Pharmacol.,
25, 399-405.

Naranjo C.A., Khouw V. and Sellers E.M. (1982) : Non-
fatty acid-modulated variations in drug binding due to
Heparin. Clin. Pharmacol. Therap., 31, 746-752.

Odar-Cederlsf J., Borga O. (1974): Kinetics of Diphe-
nyl-hydantoin in uraemic patients: consequences of
decreased plasma protein binding. Europ. J. Clin.
Pharmacol., 7, 31-37.

Odar-Cederlof 1. (1977): Plasma protein binding of
Phenytoin and Warfarin in patients undrgoing renal
transplantation. Clin. Pharmacokinet., 2, 147-153.

O’Malley K., Velasco M., Pruitt S. and McNay J.L.
(1975) : Decreased plasma protein binding of diazoxide
in uremia. Clin. Pharmacol. Therap., 18, 53-58.

Pearson R.M. and Breckenridge A.M. (1976): Renal
function, protein binding and pharmacological response
to diazoxide. Br. J. Clin. Pharm., 3, 169-175.

Piafsky K.M. (1980): Disease-induced changes in the
plasma binding of basic drugs. Clin. Pharmacokinet., 5,
246-262.

Rane A., Villeneuve J.P., Stone W.J., Nies A.S., Wilkin-
son G.R. and Branch R.A. (1978) : Plasma binding and
disposition of furosemide in the nephrotic syndrome and
in uremia. Clin. Pharmacol. Therap., 24, 199-207.

Reidenberg M.M., Odar-Cederl6f J., Von Bah C., Borga
O. and Sjoqvist F. (1971) : Protein binding of Diphenyl-
hydantoin and Desmethylimipramine in plasma form
patients with poor renal function. N. Engl. J. Med., 285,
264-267.



282

48.

49.

50.

51

52.

53.

54.

European Journal of Drug Metabolism and Pharmacokinetics, 1984, No 3

Reidenberg M.M. and Drayer D.E. (1984) : Alteration of
drug-protein binding in renal disease. Clin. Pharmaco-
kin., 9, (SI), 18-26.

Richens A. (1979) : Clinical pharmacokinetics of pheny-
toin. Clin. Pharmacokin., 4, 153-169.

Rimmer E.M., Buss D.C., Routledge P.A. and Richens
A. (1984): Should we routinely measure free plasma
phenytoin concentration? Br. J. Clin. Pharm., 17, 99-102.

Robertz G.M. and Dengler H.J. (1983): Endogenous
ligand(s) decrease drug-protein binding in uremic sera:
a fluorescence probe study. Klin. Wochenschr., 61,
649-653.

Rowland M. (1972): Influence of route of administra-
tion on drug availability. J. Pharm. Sci., 61, 70-74.
Schneider R.E., Bishop H. (1982) : B-blocker plasma con-
centration and inflammatory disease: clinical implica-
tions. Clin. Pharmacokinet., 7, 281-284.

Singhvi S.M., Heald A.F. and Schreiber E.C. (1978):
Pharmacokinetics of cephalosporin antibiotics : protein-
binding considerations. Chemotherapy, 24, 121-133.

5s.

56.

57.

58.

59.

60.

Steele W.H., Lawrence J.R., Elliott H.L. and Whiting B.
(1979) : Alteration of phenytoin protein binding with in
vivo haemodialysis in dialysis encephalopathy. Europ. J.
Clin. Pharmacol., 15, 69-71.

Storstein L. (1977): Protein binding of cardiac glyco-
sides in disease states. Clin. Pharmacokinet., 2, 220-233.

Tozer T.N. (1981) : Concepts basic to pharmacokinetics.
Pharmacol. Therap., 12, 109-131.

Verbeeck R.K. and De Schepper P.J. (1980): Influence
of chronic renal failure and hemodialysis on diflunisal
plasma protein binding. Clin. Pharmacol. Therap., 27,
628-635.

Wilkinson G.R. and Shand D.G. (1975) : A physiological
approach to hepatic drug clearance. Clin. Pharmacol.
Therap., 18, 377-390.

Yeung J.H.K., Breckenridge A.M. and Park B.K. (1983):
Drug-protein conjugates - IV. The effect of acute renal
failure on the disposition of (**C)Captopril in the rat.
Biochem. Pharmacol., 32, 2467-2472.



