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Summary. Binding of triethylenethiophosphoramide (thio- 
TEPA) in serum from healthy individuals and from cancer 
patients and its binding to isolated serum protein fractions 
were studied by equilibrium dialysis. A drug-protein bind- 
ing in the order of 10% was demonstrated in serum, with 
little interindividual variation. The protein binding of thio- 
TEPA seemed to be restricted to albumin and lipoproteins, 
with the greatest affinity to albumin. The previously re- 
ported selective binding of thio-TEPA to gamma globulin 
was contrary to our findings. The almost insignificant de- 
gree of serum protein binding of thio-TEPA indicates that 
the drug is well suited for use in cancer drug combinations. 

Introduction 

The recognition of a narrow therapeutic range for cancer 
drugs, combined with wide variation among cancer pa- 
tients as to their ability to handle drugs in the body, has 
made cancer drug pharmacokinetics an expanding field of 
interest. The alkylating agent thio-TEPA has been used in 
cancer therapy for more than 30 years and is one of the ol- 
dest alkylating agents still in clinical use. In a previous ar- 
ticle we reported on the pharmacokinetics of thio-TEPA in 
human patients [7]. 

For a complete understanding of the clinical pharma- 
cology of a drug, knowledge of its extent of binding to the 
serum proteins is needed. In view of the little knowledge 
about the clinical pharmacology of thio-TEPA until re- 
cently, the information available on the protein binding of 
the drug is scant and rather contradictory. Mellett and 
Woods [12] studied the binding of thio-TEPA to plasma 
proteins in dogs. With a drug concentration of 2 lxg/ml, 
which is comparable to achievable peak drug concentra- 
tions in human patients after conventional dosing, they re- 
ported drug binding in the range of 0-10%. 

In the search for possible alterations with the serum 
proteins in response to cancer drug treatment, Bateman et 
al. [1] examined human sera after in vitro incubation with 
isotopically labeled thio-TEPA at concentrations assumed 
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to be 100 and 200 times the therapeutic serum concentra- 
tions of the drug. Gas-flow counting after protein electro- 
phoresis revealed the radioactivity to be restricted to the 
protein bands, and it was concluded that thio-TEPA was 
attached in some way to the serum proteins while in the 
blood stream. Maxwell [10] performed detailed studies on 
the protein binding of thio-TEPA. Patients were given iso- 
topically labeled drug, and serum electrophoresis revealed 
that the isotope migrated in a similar way to the gamma 
globulins. This formed the basis for the hypothesis that 
thio-TEPA in humans was selectively bound to the gamma 
globulins. Human albumin and beta and gamma globulin 
were then evaluated by serial dialysis with reduced pres- 
sure ultrafiltration, and the hypothesis of binding confined 
to gamma globulin wa~ claimed to be confirmed. Recently, 
however, McDermott et al. [11] reported a low degree of 
binding to several serum proteins, including the gamma 
globulins. 

In order to obtain a complete characterization of the 
serum protein binding of thio-TEPA, we have determined 
the binding in vitro by equilibrium dialysis in whole sera 
from healthy individuals and from cancer patients and the 
binding to isolated protein fractions known to be associat- 
ed with drug binding. 

Material and methods 

Determination o f  serum protein binding. The binding of 
thio-TEPA in serum or to serum protein fractions was de- 
termined by equilibrium dialysis using plexiglass cells with 
two compartments each l ml in volume, separated by a 
semipermeable membrane [Medicell International size 
8-32/32' (UK)]. Individual whole sera from patients and 
healthy individuals were dialysed against Krebs Ringer bi- 
carbonate buffer at pH 7.40 under an atmosphere of 5% 
CO 2 in air without predialysis of the sera. Apart from indi- 
vidual sera, the remaining dialysis experiments with 
pooled serum and isolated protein fractions were per- 
formed against a Krebs-Ringer phosphate buffer at pH 
7.40. Prior to equilibrium dialysis, the protein solutions 
were predialysed against 1000 ml buffer at 4°C for 24 h. 
The equilibrium dialysis was run with 500lxl serum or 
protein solution against 500p.t buffer with 14-C-labeled 
thio-TEPA added in the protein compartment. The ceils 
were gently shaken according to a standard procedure. 
When equilibrium had been obtained, 1001xl aliquots were 
taken from each compartment and added to 5 ml scintilla- 
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tion fluid. Counting was performed in a Packard Tri Carb 
liquid scintillation spectrophotometer with a counting effi- 
ciency, for 14C, of 65%. The binding of thio-TEPA was cal- 
culated from the distribution of the isotope in the two 
compartments of the cell according to the relationship: 

% bound drug (A-B) x 100 
A 

where A and B are the radioactive counts in the protein 
and buffer compartments, respectively. 

Radioactive recovery was evaluated at each experi- 
ment by comparing the total radioactivity added to the di- 
alysis cell with the sum of the radioactivity in the two com- 
partments after the dialysis had been performed. The radio- 
active recovery throughout all experiments was 97% +9% 
(mean _+ SD) with no dependence on time after the start of 
dialysis. 

Dilution of the protein solution during equilibrium di- 
alysis due to osmotic effect was evaluated by determina- 
tion of the protein concentration before and after the dial- 
ysis. Dilution up to 10% was encountered with whole se- 
rum dialysed against Krebs-Ringer phosphate buffer, where- 
as with the isolated protein fractions no measurable dilu- 
tion occurred during equilibrium dialysis. The equilibrium 
dialysis was routinely performed at room temperature 
(22 + 1 ° C), while control experiment was performed in se- 
rum at 37°C. 

The effect of pH was evaluated by controlling the pH 
in serum and buffer prior to and after equilibrium dialysis 
and by performing control experiments with pH 7.0, 7.2, 
7,4, 7.6 and 7.8 in the buffer at the start of equilibrium 
dialysis. 

Experiments with individual sera from patients and 
healthy individuals were performed in duplicate, while 
experiments at different pH levels and at different concen- 
trations of protein fractions were performed in quadrupli- 
cate. 

Serum. Serum was chosen instead of plasma to avoid any 
possible interaction with the protein binding assay of the 
content of heparin or EDTA in plasma. Blood samples 
were obtained from ten healthy individuals of both sexes, 
with age ranging from 25 to 41 years. The blood was al- 
lowed to coagulate at room temperature for 45 rain. Serum 
was separated after centrifugation (1100 g for 10 min at 
room temperature) and immediately thereafter stored at 
- 20°C .  In addition to the determination of thio-TEPA 
protein binding in individual sera, a serum pool was made 
and used for temperature and pH experiments and for 
experiments designed to establish the time required to 
reach equilibrium and the stability of the equilibrium. 

Serum was obtained, and treated as described above, 
from ten patients with ovarian cancer ranging in age from 
34 to 84 years. All had histologically proven epithelial car- 
cinoma, the distribution of clinical stages (FIGO) being: 
three with stage I; one with stage II;  five with stage I I I ;  
and one with stage IV. At the time of blood sampling four 
patients had progressive disease, whereas six patients had 
no evidence of active disease. Three patients had never re- 
ceived thio-TEPA treatment, three patients had previously 
received thio-TEPA treatment, and four patients were cur- 
rently undergoing thio-TEPA treatment. In order to avoid 
any interference from administered drug, in vitro protein 
binding assays were carried out at least 24 h after the thio- 

TEPA had been given. Serum protein binding of thio- 
TEPA was determined in sera from individual patients. 

Albumin. Human albumin (A 1653) was purchased from 
Sigma Chemical Co. (USA). During predialysis of the 
stock solution a twofold increase of the initial volume oc- 
curred, corresponding to a final albumin concentration of 
125 g/1. Dilutions were made from this solution, and thio- 
TEPA binding was determined at five different albumin 
concentrations. All determinations of albumin concentra- 
tion were performed using a commercial kit for colorime- 
try with bromcresol green [Beckman Instruments Interna- 
tional S.A. (Switzerland)]. 

Alphal-acid glycoprotein. Human alphal-acid glycoprotein 
(AAG) was purchased from Behring Werke (FRG). The 
concentration was determined before and after predialysis 
of the stock solution by radial immunodiffusion [Nor - 
Partigen, Hoechst (FRG)]. Only minor dilution occurred 
during predialysis. The binding of thio-TEPA to AAG was 
determined at five different concentrations of the protein. 

Gamma globulin. Human gamma globulin (G 4386) was 
purchased from Sigma Chemical Co. Determination of the 
concentration of the stock solution before and after predi- 
alysis was performed by agarose gel electrophoresis (kit 
from Beckman International S.A.) and revealed that no 
change had occurred in the concentration. The binding of 
thio-TEPA to five different concentrations of gamma glob- 
ulin was determined. 

Lipoproteins. Lipoproteins were separated from a fresh se- 
rum pool from ten healthy individuals (see above) by ultra- 
centrifugation. Potassium bromide (293.9 mg/ml)  was 
added to serum to give a density of 1.195 g/ml. Serum was 
then centrifuged at 40 000 rpm for 48 h at 4°C in a Kon- 
tron TGA 50 Ultracentrifuge with a TY 40 rotor. The float- 
ing lipoproteins were then gently collected. An indirect 
measure of the lipoprotein concentration was obtained by 
determination of the triglyceride concentrations in the se- 
rum pool and in the lipoprotein fraction after ultracentrifu- 
gation. A standard enzymatic triglyceride assay was used 
[Greiner Diagnostica (Switzerland)]. Provided that both 
triglycerides and lipoproteins were restricted to the float- 
ing fraction after the ultracentrifugation, a 5.6-fold con- 
centration had occurred. A minor dilution of the lipopro- 
tein solution occurred during the predialysis, after which a 
repeated triglyceride determination revealed a 5.0-fold 
concentration relative to serum. From this stock solution 
dilutions were made and thio-TEPA binding was deter- 
mined at five different lipoprotein concentrations. 

Labeled drug. 14C-Labeled thio-TEPA was obtained from 
Amersham (UK). A routine purity control using thin-layer 
chromatography (TLC) with silica gel plates in chloro- 
form: acetone (80:20) revealed radiochemical impurities of 
the batch obtained. Only 85% of the isotope was migrating 
with a Rf value equal to that of thio-TEPA. In addition, the 
solubility of the compound was far lower than originally 
described. It was obvious that chemical decomposition 
had taken place. When the 85% fraction representing thio- 
TEPA was removed from the TLC plate, extracted with 
ethylacetate and run through a second TLC, more than 
99% of the radioactivity migrated in an identical manner 



to unlabeled pure thio-TEPA [Lederle Labs. (USA)]. This 
purity was further confirmed by a specific gas chromato- 
graphic assay for thio-TEPA [6]. This double TLC proce- 
dure was utilized for the purification of labeled drug, 
yielding 99% radiochemical purity and a specific activity 
of 5,5 ~tCu/mg. The purified drug isotope was stable when 
stored at - 2 0 ° C  and during equilibrium dialysis. An ini- 
tial drug concentration of 1000 ng/ml in the equilibrium 
cell was used throughout all binding experiments. 

Results 

The relation between time and distribution of the drug in 
the equilibrium cell was evaluated with whole serum 
against Krebs-Ringer phosphate buffer. Equilibrium was 
reached after about 4 h and was stable for at least 26 h. 
The relation between time and drug distribution in the equi- 
librium cell when the drug was added to the protein or 
buffer compartment is shown in Fig. 1 (A and B, respec- 
tively). The time needed for the achievement of equilibri- 
um was independent of which compartment the drug was 
added to. The remaining experiments were performed with 
an equilibration time of 12 h, and thio-TEPA was routine- 
ly added to the protein compartment. 
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Fig. IA, B. Distribution of ~4C-labeled thio-TEPA between the 
protein and buffer compartments of the equilibrium cell as a func- 
tion of time after the start of the dialysis. A Addition of the drug 
to the protein compartment; B addition of the drug to the buffer 
compartment 
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Ten parallel experiments with determination of thio- 
TEPA protein binding in whole serum at 37°C revealed a 
protein binding of 10% +2% (mean _+SD). This is within 
the range found at room temperature, justifying the use of 
room temperature in the experimental design. 

The results of protein-binding experiments at different 
pH values in the buffer compartment are shown in Fig. 2. 
No significant variation in the the extent of drug-protein 
binding was demonstrated with pH in the range between 
7.2 and 7.8. However, at pH 7.0 the radioactivity in the 
buffer compartment exceeded that in the protein compart- 
ment in each of four parallel experiments, demonstrating 
that no drug-protein binding, but rather an expulsion of 
drug from protein-binding sites occurred at this low pH. In 
each experiment with individual sera against Krebs-Ringer 
bicarbonate buffer, pH in serum and buffer was controlled 
at the end of dialysis. When experiments were started with 
pH in serum and buffer in the range 7.30-7.35, corre- 
sponding pH values in the serum and buffer compartments 
after dialysis were 7.43 +0.02 (mean +SD) and 7.36 
+0.01 in ten healthy individuals and 7.43 +0.03 and 7.37 
+ 0.01 in ten cancer patients. 

The drug-protein binding in whole sera from ten 
healthy individuals and ten patients with epithelial 
ovarian cancer was 8% +2% and 13% _+3% (mean _SD),  
respectively. The difference is statistically significant 
(P< 0.0005, Student's t-test). Among the healthy individu- 
als no difference in protein binding existed between the 
sexes. Among the cancer patients the extent of protein 
binding did not seem to be correlated to the disease status 
or to whether or not the patient had already received thio- 
TEPA treatment. 

The results of experiments with thio-TEPA binding to 
isolated protein fractions, given in Table 1, correlated with 
the results obtained with whole serum. In common with 
most other drugs, thio-TEPA seemed to have the greatest 
affinity for the albumin fraction. At physiological concen- 
trations of the proteins our results indicate that the binding 
of the drug to serum proteins is restricted to albumin and 
lipoproteins. With alpha 1 acid glycoprotein, an almost 
8-fold concentration of the protein relative to physiologi- 
cal concentrations was needed before any binding of thio- 
TEPA was demonstrated. With gamma globulins, which 
were previously reported to be the main thio-TEPA bind- 
ing protein in human serum, no binding was demonstrated 

% B O U N D  T H I O - T E P A  
2O 

7.0 7.2 7.4 7.6 7.8 

pH 

Fig. 2. Serum protein binding of thio-TEPA as a function of pH at 
the start of equilibrium dialysis. Data points represent means + 
SD (n = 4) 
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Table l. Binding of thio-TEPA in whole sera from healthy control individuals a and cancer patients a and to 
serum protein fractions 

different concentrations of 

Control Patient 
sera sera 
% bound % bound 

Albumin Lipoprotein Gamma globulin Alpha i acid glycoprotein 

Conc. b % bound Cone. ° % bound Cone. b % bound Conc. b % bound 

8±2 13±3 121 17 x5 2 110 0 4.70 6 

60.5 7 x 2 3 44 0 3.60 4 

140 9 I [ x l  4] 22 0 1.20 0 
24 4 X0.7 5 [ 15 0 I 0.94 0 
2o 4 ×05  2 ll 0 [0.47 o] 

a Figures shown represent means + SD (n = 10) 
b Concentrations given as grams per litre 
c Concentrations given as multiples of assumed normal human serum concentration. Boxed-in figures represent the binding at the antici- 
pated normal serum concentrations of the protein fractions 

in the wide range of concentrations studied. A positive 
correlation between drug binding and the concentration of 
albumin was indicated. This was not the case with the lipo- 
proteins, however. 

Discussion 

Cancer patients are highly predisposed to disease-induced 
alterations in the serum proteins, and they are often sub- 
jected to multiple-drug therapy. Thus, with drugs that are 
highly protein-bound, the possibility of interindividual 
variation in pharmacokinetics and pharmacodynamics 
exists, due to both serum protein variation and drug inter- 
actions [15]. Generally, therefore, detailed knowledge of 
the serum protein binding of cancer drugs is desirable. 

Equilibrium dialysis together with ultra filtration is the 
reference method for in vitro studies of drug protein bind- 
ing [13]. The applicability of small sample volumes using 
equilibrium dialysis made this method suitable both be- 
cause of the limited amount of sample obtainable from the 
cancer patients and because of a relative shortage of puri- 
fied labeled drug. The demonstrated stability of the equi- 
librium indicated that no protein denaturation or bacterial 
contamination, factors known to be possible pitfalls with 
equilibrium dialysis, occurred [4]. 

pH has been shown to influence the binding to serum 
proteins of several drugs [2]. The results of our experiments 
with various pH values in the buffer indicated that a low 
pH of about 7.0 was associated with a substantial reduc- 
tion in the binding of thio-TEPA, demonstrating the im- 
portance of controlling pH in protein-binding experiments 
with this drug too. However, the binding was constant in 
the pH range 7.2-7.8, including that encountered physio- 
logically and the small variations obtained by our equilib- 
rium dialysis. 

A thio-TEPA concentration of 1000 ng/ml  was select- 
ed for determination of the serum protein binding, be- 
cause this concentration is equal to that achieved in the 
blood soon after a conventional dose of the drug given as 
a bolus injection [3, 7]; however high-dose thio-TEPA and 
autologous bone marrow transplantation are currently un- 
dergoing investigation, and proportionally higher peak 
levels have been reported [8]. 

This study has demonstrated a total binding of thio- 
TEPA to human serum in the order of 10%. In contrast to 
an earlier investigation, which suggested that gamma glob- 

ulin was the only thio-TEPA-binding protein in human 
serum [10], albumin seemed to be the dominant protein 
with respect to thio-TEPA binding. However, an interac- 
tion with the lipoproteins was also demonstrated, which 
could be due to a dissolution phenomenon of thio-TEPA 
in the lipid phase of the protein complex. In the study by 
McDermott et al. [11], human serum albumin and alpha, 
beta, and gamma globulins were examined for binding of 
thio-TEPA at a concentration of 100 ng/ml. Apart from an 
apparently higher binding between drug and protein in 
this study, which can be attributed to the low concentra- 
tion of thio-TEPA and differences in the experimental set 
up, the significance of the results correlates well with ours: 
a low degree of binding, which is mainly associated with 
the albumin fraction. With our experimental design we 
were not able to detect any binding between thio-TEPA 
and gamma globulins, which was also in agreement with 
the results obtained by McDermott et al. 

Although statistically significant, the difference in thio- 
TEPA-protein binding between sera from healthy individ- 
uals and sera from cancer patients is not thought to be of 
clinical importance. The drug binding in sera from the 
cancer patients never exceeded 20%. 

The purpose of examining serum protein fractions at 
different concentrations was to evaluate whether the sub- 
stantial alterations in serum proteins that can be encoun- 
tered in cancer patients [16] could possibly lead to clinical- 
ly relevant alterations in thio-TEPA-protein binding. Our 
data, with respect to both the low interindividual variation 
in the total drug protein binding among cancer patients 
and the apparent lack of dependence on lipoprotein con- 
centration for its binding to thio-TEPA, make this possi- 
bility seem unlikely. Similarly, the interindividual variation 
in thio-TEPA pharmacokinetics that we have recently re- 
ported [7] is not likely to be explained by different serum 
protein binding. The desirability of measuring the free 
fraction, as for highly protein-bound drugs, does not seem 
to apply to thio-TEPA, owing to a low degree of binding 
(<  20%) and small interindividual variations in patients 
with highly different protein patterns in serum. 

During the rapid development of cancer drug therapy, 
multidrug combinations have become widely used, and al- 
though the alkylating agents have been replaced to some 
extent by newer drugs, they are still used, one alkylating 
agent being included in most drug combinations. From a 
theoretical point of view, the individual drugs in a combi- 
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nat ion should preferably  not  be highly bound  to the same 
serum proteins,  because the consequences of  drug-drug 
displacement  interact ions are difficult  to predict  [14]. Al- 
though a common mode of  act ion is assumed for the alky- 
lating agents, drugs in this class are structural ly different,  
forming the basis of  different  pharmacolog ica l  propert ies.  
Chlorambuci l ,  which is a widely used alkylat ing agent,  has 
recently been repor ted  to be extensively ( >  99%) bound  to 
serum proteins  in mice [9]. Fur thermore ,  the serum prote in  
b inding  of  melphalan  has been shown to be concentra t ion-  
dependent  in humans and to vary over the range 40%--75% 
[5]. F rom this poin t  of  view, the almost  insignif icant  degree 
and small  in ter individual  var ia t ion of  serum protein  bind-  
ing of  th io -TEPA in humans indicate  that this drug is well 
suited for use as an alkylat ing agent in cancer  drug combi-  
nations. 

Acknowledgement. Excellent technical assistance from Miss Gun- 
hild Neverdal is gratefully acknowledged. 

References 

1. Bateman JC, Carlton HN, Calvert RC, Lindenblad GE (1960) 
Investigation of distribution and excretion of ~4C-tagged 
triethylene thiophosphoramide following injection by various 
routes. Int J Appl Radiat Isot 7:287 

2. Brors O, Nilsen OG, Sager G, Sandnes D, Jacobsen S (1984) 
Influence of pH and buffer type on drug binding in human 
serum. Clin Pharmacokinet 9 [Suppl 1]: 85 

3. Cohen BE, Egorin M J, Kohlhepp EA, Aisner J, Gutierrez PL 
(1986) Human plasma pharmacokinetics and urinary excre- 
tion of thio-TEPA and its metabolites. Cancer Treat Rep 70: 
859 

4. Davidson C (1971) Protein binding. In: La Du BN, Mandel 
HG, Way EL (eds) Fundamentals of drug metabolism and 
drug disposition. Williams and Wilkins, Baltimore, pp 63-75 

5. Greig NH, Sweeney DJ (1985) Concentration-dependent 
binding of melphalan (melp) to plasma protein in healthy hu- 
mans and rats. Proc Am Assoc Cancer Res 26:357 

6. Hagen B, Walseth F, Walstad RA, Iversen T (1985) Gas 
chromatographic assay of triethylenethiophosphoramide in 
serum and urine. J Chromatogr Biomed Appl 345:173 

7. Hagen B, Walseth F, Walstad RA, Iversen T, Nilsen OG 
(1987) Single and repeated dose pharmacokinetics of thio- 
TEPA in patients treated for ovarian carcinoma. Cancer 
Chemother Pharmacol 19:143 

8. Herzig R, Brown R, Fay J, Wolff S, Egorin M, Strandjord S, 
Krupp K, Herzig G (1986) A phase I - I I  study of high-dose 
N,N',N"-triethylene-thiophosphoramide (thio-TEPA) and au- 
tologous marrow transplantation (AMT) for refractory malig- 
nancies. J Cell Biochem [Suppl] 10:256 

9. Lee FYF, Coe P, Workman P (1986) Pharmacokinetic basis 
for the comparative antitumour activity and toxicity of chlor- 
ambucil, phenylacetic acid mustard and fl,13-difluorochloram- 
bucil (CB 7103) in mice. Cancer Chemother Pharmacol 17:21 

10. Maxwell J (1969) Biochemical properties of thio-TEPA. Ph D 
thesis, Pharmacology Department, University of Bradford 
(UK) 

11. McDermott B J, Double JA, Bibby MC, Wilman DEV, Load- 
man PM, Turner RL (1985) Gas chromatographic analysis of 
triethylenethiophosphoramide and triethylenephosphoramide 
in biological specimens. J Chromatogr Biomed Appl 338:335 

12. Mellett LB, Woods LA (1960) The comparative physiological 
disposition of thio-TEPA and TEPA in the dog. Cancer Res 
20:524 

13. Piafsky KM (1980) Disease-induced changes in the plasma 
binding of basic drugs. Clin Pharmacokinet 5 : 246 

14. Tattersall MHN (1981) Pharmacology and selection of cyto- 
toxic drugs. In: Coppleson M (ed) Gynecologic oncology, 
fundamental principles and clinical practice. Churchill Liv- 
ingstone, Edinburgh, pp 121-137 

15. Tozer TN (1983) Pharmacokinetic concepts basic to cancer 
chemotherapy. In: Ames MM, Powis G, Kowach JS (eds) 
Pharmacokinetics of anticancer agents in humans. Elsevier, 
Amsterdam, pp 1-28 

16. Wandell M, Wilcox-Thole WL (1983) Protein binding and 
free drug concentrations. In: Mungall DR (ed) Applied clini- 
cal pharmacokinetics. Raven Press, New York, pp 17-48 

Received February 17, 1987/Accepted August 18, 1987 


