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Purpose. This investigation was undertaken to study the relationship
between plasma drug clearance and covalent protein-binding kinetics
of N-acetyl-L-cysteine (NAC).
Methods. NAC was intravenously administered to rats via a bolus
injection or continuous infusion. Plasma concentrations of protein-
unbound and total NAC were analyzed using a compartment model,
taking into consideration of the protein binding process, and the
apparent first-order binding and dissociation rate constants (kon and
koff) were obtained.
Results. Plasma total NAC after a bolus injection showed biphasic
elimination with an inflection point at 1 hr. After 1 hr, NAC was
largely present in the covalent protein-bound form. During the steady
state of the infusion, approximately 30%–40% of plasma NAC bound
with protein covalently. The kon, koff, and the elimination rate con-
stant of protein-unbound drug (ke) were 0.23, 0.57, and 4.3 hr-1. The
dissociation half-life of NAC from protein estimated from koff was in
agreement with the elimination half-life of plasma total NAC. This
suggests that the dissociation of NAC from protein rate-limited the
drug elimination in plasma (koff < ke).
Conclusion. We demonstrated that plasma total drug clearance is
kinetically limited by covalent protein binding. The compartmental
model described here is useful for analyzing its kinetics in vivo.

KEY WORDS: N-acetyl-L-cysteine; plasma protein; covalent bind-
ing; mixed-disulfide; kinetic analysis; compartmental method.

INTRODUCTION

Covalent binding between a drug or its metabolites and
plasma (tissue) protein is an undesirable phenomenon. As the
result of the formation of such stable bonds may be recog-
nized as a structural alteration of protein by the immune sys-
tem (i.e., “hapten” formation) (1), the hypersensitive (aller-
gic) reactions are often caused. Therefore, it is thought that
the accurate evaluation and/or prediction of protein binding
of compounds that bind covalently to protein are very impor-
tant for overcoming allergic adverse effects.

In conventional pharmacokinetic evaluation methods,
protein-drug binding is typically reported only as the ratio of
protein-bound or free (protein-unbound) drug to the total
drug concentration in plasma or tissue, and the temporal
properties of binding and dissociation are neglected because

they are extremely rapid reactions (2) compared with the
disposition processes such as metabolism and excretion. How-
ever, in the case of drugs that contain a thiol (SH) group(s),
which include antihypertensive agents (3,4), antirheumatoid
agents (5), and cytoprotective agents (6,7), time-dependent
disulfide bond formation of these drugs with plasma protein
has been observed (8–10). In addition, because this covalent
binding is labile, a time-dependency has also been observed in
the dissociation of drugs from protein. Therefore, the involve-
ment of these kinetic factors should be examined for the pro-
tein binding of SH-containing drugs and more suitable phar-
macokinetic evaluation methods should be developed.

N-Acetyl-L-cysteine (NAC) is an SH-containing drug
(11–13), and the covalent binding of NAC to plasma protein,
in rats, has been examined, using a dithiothreitol-reductive
HPLC method (10). In the present study, we evaluated the in
vivo pharmacokinetics of NAC, as a typical SH drug, based
upon an analysis of a compartment model, taking into con-
sideration of the covalent protein binding process.

MATERIALS AND METHODS

Chemicals

NAC was purchased from Ajinomoto Co., Inc. (Tokyo,
Japan). L-Thioproline (used as the internal standard) was
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). Dithiothreitol (DTT) was purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). The saline solution
and lactated Ringer’s solution used were obtained from
Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). All other
chemicals or solvents were analytical or HPLC grade.

Animal Experiments

Animals were treated in a manner consistent with the
Principles of Laboratory Animal Care (NIH publication #85-
23, revised 1985).

Bolus injection study: Fasted male Sprague-Dawley rats
(7 weeks old, Charles River Japan, Kanagawa, Japan) re-
ceived NAC (in saline solution, 8.25, 41.25, and 206.25 �mol/
ml/kg body weight) via a tail vein over a 5-s period. Then
animals were anesthetized and approximately 7 ml of blood
was collected from the postcaval vein of each rat using a
heparinized syringe. The time points collecting blood were
2.5, 5, 15, and 30 min and 1, 2, 4, and 6 h after injection, and
3 or 5 animals were used at each time point. The blood was
immediately centrifuged to obtain a plasma sample.

Continuous infusion study: Fasted rats (9–10 weeks old)
received NAC (in lactated Ringer’s solution, 7, 21, and 63
�mol/10 ml/kg body weight/h) via a tail vein continuously
over a 24-h period using a syringe pump (SP-100s, JMS Co.,
Ltd., Hiroshima, Japan). Blood samples (0.5 ml) were col-
lected repeatedly from the jugular vein via a catheter. Blood
collection was performed 3 or 4 times per animal with three
different sampling schedules: (1) 1 h after the start of the
infusion and 10 min and 2 h after the end of the infusion, (2)
10 min and 4 h after the start of the infusion and 30 min and
4 h after the end of the infusion, and (3) 30 min and 24 h after
the start of the infusion and 1 and 24 h after the end of the
infusion. The blood was immediately centrifuged to obtain
plasma sample.
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Determination of Plasma NAC Levels

As described in our previous report (10), plasma concen-
trations of reduced, protein-unbound, and total NAC were
determined.

Briefly, reduced NAC was determined by the non-
reduction method. Plasma proteins were precipitated by the
addition of perchloric acid and removed by centrifugation.
Perchloric acid, which may cause damage to HPLC instru-
ments, was removed from the supernatant as a crystal of po-
tassium perchlorate by the addition of KHCO3. Then the
supernatant was acidified with phosphoric acid to stabilize the
SH group of NAC, and finally subjected to HPLC. Total
NAC was determined by the total reduction method. Follow-
ing alkalization of the plasma with NaOH, all disulfides were
reduced by adding DTT. Reduction was terminated by adding
perchloric acid. Subsequent treatment of the supernatant was
the same as that used in the non-reduction method. Protein-
unbound NAC was determined by the low-molecular-weight
disulfide reduction method. A portion of the supernatant ac-
quired by the nonreduction method was neutralized with
KHCO3 and rendered alkaline with NaOH. DTT was then
added to reduce the low-molecular-weight disulfides. The re-
duction was terminated by adding phosphoric acid, and the
final sample was subjected to HPLC analysis.

That all of the NAC added to the plasma was recovered
in the supernatant after protein precipitation was confirmed
by the total reduction method. This indicates that the NAC,
which is non-covalently bound to protein, was liberated from
the protein by the addition of perchloric acid and thorough
mixing. Therefore, the non-covalently bound NAC is referred
to as “protein-unbound” NAC in this study.

HPLC reverse phase ion-pair chromatography, com-
bined with a post-column derivative method using iodoplati-
nate was employed to detect SH groups. The mobile phase
(0.1 mol/l sodium phosphate buffer at pH 2.2 containing 2.5
mmol/l sodium 1-octanesulfonate: methanol at 20:1 [v/v]) was
delivered to the guard and analytical columns (STR-ODS II,
4.6 mm i.d., 10 and 150 mm length, respectively, Shinwa
Chemical Industries, Ltd., Kyoto, Japan) at 0.6 ml/min. The
column eluent was mixed with the reaction medium (0.1 mol/l
sodium phosphate buffer at pH 2.2 containing 100 �mol/l
hexachloroplatinate [IV] [H2PtCl6•6H2O, Wako Pure
Chemical Industries] and 10 mmol/l potassium iodide). The
extent of decolorization of the reaction medium was moni-
tored at 500 nm.

Data Expression and Calculations

Plasma concentrations of NAC reported in this study are
given in terms of SH group equivalents. The low-molecular-
weight disulfide and protein-bound concentrations were cal-
culated from actual measurements according to the following
equations.

[Low-molecular-weight disulfide] � [Protein-unbound]
– [Reduced]

[Protein-bound] � [Total] – [Protein-unbound]
Because the concentrations are given as SH equivalents,

the actual concentrations of the compounds differ from the
indicated protein-unbound, total, and low-molecular-weight
disulfide concentrations, which may include disulfide dimers.

Kinetic Analysis

Pharmacokinetic parameters were determined by both a
compartmental method and a non-compartmental method.

Figure 1 shows the compartment model including pro-
tein-binding process used in this study. In this model, the
protein- unbound compartment and the protein-bound com-
partment were established. These compartments were con-
nected by the apparent first-order binding rate constant (kon)
and the dissociation rate constant (koff). In addition, drug
elimination was expressed by multiplying the protein-
unbound compartment by the first-order elimination rate
constant (ke). Based on this model, simultaneous differential
equations expressing the drug transition between these com-
partments were expressed as below:

dXu / dt � - (kon + ke) · Xu + koff · Xb

dXb / dt � kon · Xu - koff · Xb

where Xu is drug amount in the unbound compartment and
Xb is drug amount in the protein-bound compartment. Then,
these differential equations were solved by the conventional
method using Laplace transform, and the equations express-

Fig. 1. A compartment model including protein binding process and
theoretical equations that describe plasma NAC concentrations. (Cu,
plasma protein-unbound NAC concentration; Cb, plasma protein-
bound NAC concentration; Ct, plasma total NAC concentration; t,
time after bolus injection; t’, time after end of infusion; t”, time after
start of infusion; Vd, distribution volume; D, dose of NAC in injec-
tion; k0, dosing rate of NAC in infusion; � and � are hybrid param-
eters, where � + � � kon + koff + ke and � × � � koff × ke.)
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ing time-drug concentrations during various experimental pe-
riods were finally obtained (Fig. 1). However, distribution
volumes for two compartments could be different but were
assumed to have the common values because the analysis was
performed based entirely upon the plasma concentrations.

Equations i to v were entered into the computer program
“Multi”, which is a non-linear least-squares method analytical
program (14), using the five parameters, �, �, kon, koff, and
Vd, as program variables. The actual values for the plasma
protein-unbound and total NAC concentrations after the bo-
lus injection, after the infusion, and during the infusion were
entered simultaneously. An approximate calculation using
the Simplex algorithm was then initiated after entering the
appropriate initial values for the five parameters. Finally, the
values of the five parameters were determined by an approxi-
mate calculation using the Gauss-Newton algorithm.

In the case of noncompartmental analysis, the elimina-
tion half-life is usually calculated from the slope of the time-
concentration (log value) plot. The area under the concentra-
tion-time curve (AUC) is calculated using the trapezoidal
method.

RESULTS

Plasma NAC Levels in the Bolus Injection Study

Figure 2 shows the plasma concentrations of reduced,
protein-unbound, and total NAC as well as the calculated
concentrations of the low-molecular-weight disulfide form
and the mixed-disulfide with protein in rats, after a bolus
injection of 206.25 �mol/kg. The AUC for the plasma total-
and protein-unbound NAC (AUCt and AUCu) were approxi-
mately in proportion to the dose of NAC, and the total body
clearance of the plasma total- and protein-unbound NAC
(Cl

t, total
(�Dose/AUCt) and Clu, total (�Dose/AUCu)) upon

the bolus injection of 8.25, 41.25, 206.25 �mol/kg were 1279,
920, 1261 ml/kg/hr and 1856, 1392, 1553 ml/kg/hr, respectively.
The total NAC showed a biphasic elimination curve. Specifi-
cally, the total NAC decreased rapidly up to 1 h with a half-
life of 13–16 min, and subsequently decreased relatively
slowly with a half-life of approximately 2 h Protein-unbound
NAC showed almost the same values as total NAC for the
first 15 min, but differences were observed at later time
points. Based on the difference between the total and protein-
unbound concentrations, we conclude that covalently protein-
bound NAC through the formation of a mixed-disulfide was
the main constituent of plasma NAC (approximately >70% of
the total NAC) after 1 h (Fig. 3). Although plasma NAC
consisted almost entirely of reduced molecules (the parent
drug) immediately after administration, low-molecular-
weight disulfide molecules rapidly became the main constitu-
ent within15 min to 1 h (Fig. 3).

In brief, plasma NAC after bolus injection is present in
the form of two different disulfides: a low-molecular-weight
form and as a mixed-disulfide with protein. In addition, the
main constituent of plasma NAC was converted from the
low-molecular-weight disulfide form to the protein-involved
disulfide form within 1 h after administration, when total
NAC elimination switched from the rapid phase to the slow
phase. This suggests that the covalent binding of NAC to
protein is a factor in the rate of total drug elimination from
plasma.

Plasma NAC Levels in the Continuous Infusion Study

Figure 4 shows the plasma concentrations of protein-
unbound and total NAC and the calculated concentration of
covalently protein-bound in rats during and after an infusion

Fig. 3. Composition of plasma total NAC after bolus injection. NAC
doses are 41.25 �mol/kg (left panel) and 206.25 �mol/kg (right
panel). Plasma reduced and protein-unbound NAC values below the
quantitative measurement range of HPLC analysis were treated as
zero in the calculations.

Fig. 2. Plasma concentrations of reduced, protein-unbound, and total
NAC (upper panel) and calculated concentrations (see Materials and
Methods) of the low-molecular-weight disulfide form and mixed-
disulfide with the protein form (lower panel) after a bolus injection at
206.25 �mol/kg. Plasma reduced and protein-unbound NAC values
below the quantitative measurement range of HPLC analysis were
treated as zero in the calculations. Each point represents the mean
and S.D. of three rats.
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of 63 �mol/kg/hr. The plasma total- and protein-unbound
NAC already reached steady-state concentrations (Ct, ss and
C

u, ss
) at 4 h after the start of infusion and these were in pro-

portion to the dosing rate of NAC, respectively. The Clt, total

(� Dosing rate/Ct, ss) and Clu, total (� Dosing rate/Cu, ss)
upon the infusion of 7, 21, 63 �mol/kg were 1111, 1047, 1095
ml/kg/hr and 1471, 1634, 1507 ml/kg/hr. After the end of the
infusion, plasma NAC was eliminated with a half-life of ap-
proximately 1 h Although the contribution of the protein-
bound form to total NAC (i.e., the covalent protein-binding
ratio) was relatively low in the steady state during infusion
(approximately 30–40%), this value increased rapidly after
completion of the infusion (approximately 60–70%) (Table I).

Compartmental Analysis

The compartmental analysis was performed using data
obtained from the bolus injection study and the continuous
infusion study simultaneously. Because three doses were em-
ployed in both studies, analyses for 9 (3 × 3) pairs of doses
were performed. The mean ± SD values of the kinetic param-
eters are shown in Table II. The fitting curves were in good
agreement with the experimentally determined values for
plasma NAC (Fig. 5). The obtained kon, koff, and ke values

were 0.23, 0.57, and 4.3 (hr−1), respectively. The dissociation
half-life of the protein-NAC conjugate was estimated to be
approximately 1.2 h (0.693/koff), which is consistent with to
the elimination half-life of plasma total NAC in the terminal
phase of bolus injection and after infusion. The total body
clearance (1663 ml/kg/h, ke × Vd) is consistent with the values
for the clearance of protein-unbound NAC (Clu, total) calcu-
lated by non-compartmental analysis.

DISCUSSION

In the present study, we have established a compartment
model to analyze the covalent protein-binding kinetics of
NAC in rat in vivo as simply as possible under following
assumptions. Theoretically, the volume of distribution (Vd) is
expressed by the following equation:

Vd � VP + VT · fu, P / fu, T

where VP is plasma volume, VT is tissue volume, fu, P is the
unbound fraction in plasma, and fu, T is the unbound fraction
in tissue. Therefore, Vd of NAC in rat could be altered ac-
companying with time-dependent change of plasma protein
binding ratio of NAC through a covalent bond observed in
the present study. However, it is considered that proteins
having covalent binding ability of SH-compounds must exist
not only in plasma but also in inter-cellular fluid and in cel-
lular fluid, e.g., albumin in inter-cellular fluid, fatty-acid bind-

Table II. Pharmacokinetic Parameters Determined by Compartmen-
tal Analysis

Parametersa

kon (h−1) 0.23 ± 0.13
koff (h−1) 0.57 ± 0.18
ke (h−1) 4.3 ± 0.5
Vd (ml/kg) 391 ± 67
Cltotal (ml/kg/h)b 1663 ± 159

a Means ± S.D. of 9 analyses (see MATERIALS AND METHODS
section).

b ke × Vd

Fig. 4. Plasma concentrations of protein-unbound and total NAC
(upper panel) and calculated concentration of mixed-disulfide with
the protein form (lower panel) in the infusion study at 63 �mol/kg/hr.
Plasma protein-unbound NAC values below the quantitative mea-
surement range of HPLC analysis were treated as zero in the calcu-
lations. Each point represents the mean and S.D. for three rats.

Table I. Contribution of Covalently Protein-Bound NAC to Total
NAC (Covalent Protein-Binding Ratio) in Plasma in the Infusion Study

Time

Covalent protein binding ratio (%)

7 �mol/kg/ha 21 �mol/kg/h 63 �mol/kg/h

During infusion
10 min 0.0 ± 0.0 10.5 ± 5.5 14.0 ± 3.8
30 min 11.4 ± 3.5 18.1 ± 3.2 14.4 ± 4.2
1 hr 7.4 ± 1.7 21.7 ± 2.4 20.1 ± 6.2
4 hr 23.6 ± 10.7 36.1 ± 3.0 27.3 ± 0.2
24 hr 34.9 ± 3.0 40.3 ± 3.8 33.9 ± 0.8
After infusion
10 min 46.9 ± 12.3 56.9 ± 0.8 52.3 ± 2.3
30 min NCb 65.2 ± 3.8 63.9 ± 0.6
1 hr NC NC 71.7 ± 5.0
2 hr NC NC 71.3 ± 5.9

Note: Each point represents mean ± S.D. of three rats.
a Dosage rates of NAC (see MATERIALS AND METHODS sec-

tion).
b Not Calculated.
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ing protein in liver (15), and myoglobin in skeletal muscle
(16). These ex-plasma protein binding should, if possible, be
taken into consideration to kinetic analysis, but it is difficult
actually to determine protein binding in various tissues.
Therefore, we assumed that ex-plasma covalent protein bind-
ing of NAC is reversible similar to plasma and that equilibrium
is established consistently between protein binding processes in
plasma and in ex-plasma. We analyzed based upon this hypoth-
esis that (fu, P / fu, T) and Vd are time-independent steady values.
Moreover, we have preliminary observed using radiolabeled
compounds that NAC was very rapidly converted to L-cysteine
and that most of NAC distributed as this metabolite in body at
1 h after administration to rat (unpublished data). It seems un-
certain based only on the plasma data whether a peripheral
compartment, to which unbound NAC distributes, should be
established into the present model. However, we assumed
that distribution of NAC to peripheral compartment is neg-
ligible from the above physiological background.

One of the covalent protein-binding sites through a di-
sulfide bond in plasma has been identified as the 34th cysteine
residue of albumin (17,18). Considering the high concentra-
tion of albumin in plasma, the main covalent protein-binding
site of SH drugs, including NAC, would be expected to be this
cysteine residue on the albumin molecule. The present results
suggest that covalent binding is not the result of a direct re-
action between reduced NAC and protein but, rather, to a
disulfide interchange reaction of the low-molecular-weight di-
sulfide form, because the formation of covalent bonds pro-
gressed after the reduced form of NAC rapidly altered to its
disulfide form. Definitely, it can be considered that covalent
protein binding and the dissociation mechanisms for NAC
should not be attributed to a first-order reaction but, rather,
to a high-order reaction that is affected not only by the NAC-
disulfide concentration but also by the concentrations of pro-
teins and intrinsic SH compounds. However, in this study, it
was possible to analyze these reactions as an apparent first-
order reaction. This might be due to the fact that the levels of
proteins and intrinsic SH compounds in plasma were substan-
tially higher than the levels of NAC and therefore had a
negligible effect on the analysis.

The pharmacokinetic properties of NAC, including pro-

tein-binding kinetics, in rats are shown diagrammatically in
Figure 6.

Immediately after the bolus injection, plasma NAC is
present almost entirely in the protein-unbound form (reduced
molecules and low-molecular-weight disulfides), which elimi-
nates very rapidly. On the other hand, because the formation
of protein-bound NAC is much slower than the rate of elimi-
nation of the unbound drug (kon<<ke), plasma levels of pro-
tein-bound NAC are very low and contribute only slightly to
total NAC elimination. However, at later time points, cova-
lent protein binding reaches a steady state and the binding
ratio is determined by the equilibrium between koff and ke.
Specifically, the dissociation of the protein-NAC conjugate is
much slower than the elimination of unbound NAC
(koff<<ke), and, as a result, the covalent protein-binding ratio
is relatively high. In other words, plasma drug elimination is
rate-limited by the dissociation of NAC from protein. In the
steady state during infusion, elimination of the unbound drug
is counterbalanced by the continuous supply of NAC (via
infusion) and the covalent protein-binding ratio results in
equilibrium between protein binding and the dissociation rate
(approximately 29% [kon/(kon+koff)]). After the infusion is
complete, the pharmacokinetic behavior of NAC is similar to
that seen for a bolus injection.

Fig. 6. Diagram showing the pharmacokinetics of NAC, including its
covalent plasma protein-binding kinetics.

Fig. 5. Fitting curves calculated from the theoretical equations shown in Fig. 1. The parameters shown in Table II were obtained from this
fitting analysis. Solid lines, gray lines, and broken lines indicate the theoretical values for total NAC, protein-unbound NAC, and covalently
protein-bound NAC, respectively. Symbols indicate the plasma NAC levels determined in the bolus injection study (206.25 �mol/kg) and the
infusion study (63 �mol/kg/hr). Closed circles, open gray triangles, and open circles indicate plasma total NAC, protein-unbound NAC, and
covalently protein-bound NAC, respectively.
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The Cltotal obtained from a compartmental analysis (�
ke × Vd) is theoretically considered to express the plasma
protein-unbound NAC clearance. In fact, this was in good
agreement with the protein-unbound clearance (Clu, total) cal-
culated from a non-compartmental analysis. On the other
hand, the plasma total NAC clearance (Clt, total) was smaller
than these unbound clearances, because the dissociation of
NAC from protein restricted the total drug elimination in
plasma as mentioned above. However, the difference be-
tween the total- and protein-unbound clearances is small, sug-
gesting that the contribution of the time-dependent protein
binding to the pharmacokinetics of NAC is relatively low.

NAC is converted to its metabolites such as L-cysteine or
glutathione, and these metabolites probably have pharmaco-
logical effects similar to NAC in the body. Consequently, the
pharmacological active form of NAC is still unclear. There-
fore, it is not so easy to discuss the pharmacological effect of
NAC directly related to the time-dependent protein binding
of NAC. To answer to the above critical points, the pharma-
cokinetic-pharmacodynamic (PK-PD) analysis including pro-
tein-binding kinetic analysis of drug, which only parent-
compound has a pharmacological effect, will be necessary. In
this point of view, a selenium-containing antioxidative agent,
ebselen, is a very interesting ligand, because it binds to albu-
min through an Se-S bond, resembling a disulfide bond, and
the albumin-drug conjugate itself is responsible for the phar-
macological effects (19). Upon the development of such drug,
a kinetic analysis of the time-dependent protein binding will
be important to establish an appropriate pharmacokinetic
model. The in vivo kinetic analytical method shown in the
present study is estimated to be theoretically applicable to the
analysis of the time-dependent protein binding of other drugs,
such as ebselen or several SH-containing drugs.

The present results kinetically prove a lability of the co-
valent protein binding of NAC through a mixed-disulfide.
This corresponds to the fact that any allergic effect of NAC is
not observed in animal toxicity test using rat (in-house data).
Probably, it is considered that the duration and/or the level of
the covalent bonds formed in the rat was not enough to form
“hapten”, which induces several allergic side-effects (1) (Al-
though the immunogenicity of the albumin-NAC complex it-
self is unclear). On the other hand, cases of allergic side ef-
fects such as urticaria etc., have been reported upon NAC
therapy in human, although they are rare (20). In addition,
the pharmacokinetic data of NAC studied by Olsson et al.
(21) indicates that the elimination half-life of plasma NAC in
human is considerably longer than that in rat. Therefore, the
species differences in pharmacokinetics of NAC including its
time-dependent protein binding should be elucidated. The
protein-binding kinetic study of NAC using rat and human
sera and albumin is currently under way.
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