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Abstract--Misonidazole (NSC 261037) (RO 070582) blood and cerebrospinal 
fluid (CSF) levels were studied in the rhesus monkey following 100 and 200 mg/kg 
intravenous i.v. and 0.9 mg/kg intrathecal i.t. administration. 

After a 200mg/kg i.v. dose the plasma half life (4.8hr) was increased in 
comparison to that following a 100 mg/kg dose, suggesting possible saturation of 
metabolic pathways. 

Levels of desmethylmisonidazole ithe major metabolite) were observed in the plasma 5 
rain after administration and were approximately 45% of those of the parent 
compound 4.5 hr later. Misonidazole and the desmethylated metabolite measured in 24- 
hr urine collections accounted for 4.8 and 19.3% of the total dose administered, 
respectively. 

Following i.v. bolus administration misonidazole levels were detected in the CSF at 5 
rain and rapid!y achieved equilibrium with plasma levels within 90 min. Elimination 
of misonidazole.from the CSF occurred at the same rate as that from the plasma. The 
metabolite was measurably in CSF approximately 1.5hr after administration and 
ranged from 33 to 82'% of plasma levels. 

Following i.t. injection, misonidazole disappearance occurred in a biexponential 
manner with mean-disappearance half times of 15 rain and 38 rain for the fast and 
slow phases, respectively. 

I N T R O D U C T I O N  

TUMOR resistance to radiation therapy may, in 
part, be due to the presence of relatively 
radioinsensitive hypoxic cells in the tumor. A 
number of nitroimidazole analogs have been 
shown to enhance the effect of radiation on 
hypoxic cells, mimicking the effect of oxygen. 
Among this class of drugs, the 2-nitroimid- 
azoles have been shown to have a higher 
radiation enhancement ratio in hypoxic cells 
than metronidazole, a clinically effective ra- 
diation sensitizer [1, 2]. In this group of 
compounds, misonidazole, 1 - (2-nitro- 1 - 
imidazolyl)-3-methoxy-2-pronanol (RO 
070582), (NSC 261037), has been demo- 
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nstrated in vitro and in vivo to be an effective 
radiosensitizer and is presently undergoing 
clinical trial [3, 4]. One of the major dose- 
limiting toxicities encountered in patients has 
been neurotoxicity (both peripheral and cen- 
tral) which may be related to total dose and 
time of exposure to the drug [5]. 

Because of the potential usage of  misonid- 
azole in patients with brain tumors and the 
apparent neurotoxic side effects of this agent, 
we studied the central nervous system phar- 
macokinetics of misonidazole in the rhesus 
monkey. 
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M A T E R I A L S  AND M E T H O D S  

Animal model 

Recently, an animal model suitable for 
central nervous system (CNS) pharmacoki- 
netic studies has been described [6]. This 
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model permits sampling of the ventricular 
fluid under physiologic conditions over exten- 
ded periods of time without anesthesia. A 
catheter is inserted into the fourth ventricle 
and connected to a s.c. Ommaya  reservoir. 
The involved surgical procedure leaves the 
blood-brain barrier intact. Cerebrospinal fluid 
(CSF) sampling and i.t. drug administration 
are performed through the reservoir. 
Adequate mixing of the ventricular and re- 
servoir CSF fluid was obtained by barbotag- 
ing the reservoir [7]. Methotrexate pharma- 
cokinetics after i.t. administration was shown to 
be similar in this animal system and 
in humans [8]. 

Animal studies and sample collection 

Three adult male rhesus monkeys (Macaca 
mulatta) weighing 5-6kg  were obtained from 
the N I H  Primate Center. Each animal was 
fitted with a silicone Pudenz catheter implan- 
ted into the fourth ventricle and attached to 
a s.c. Ommaya  reservoir as described [6]. 
Prior to i.t. injection of misonidazole 
(0.9 mg/kg) an equivalent amount of CSF was 
removed in order to maintain a constant 
ventricular fluid volume. Serial CSF samples 
were obtained through the Ommaya  reservoir 
after adequate barbotaging. Individual CSF 
samples never exceeded 0.2ml and the total 
CSF removed during individual experiments was 
never greater than 3 ml. Intravenous adminis- 
tration of misonidazole (100mg/kg or 
200mg/kg, Table 1) was accomplished using 
2-min infusions via a 19 gauge indwelling 
catheter placed into the femoral vein. CSF 
samples were immediately frozen and main- 
tained in the dark at - 2 0 ° C  until analyzed. 
Blood samples were centrifuged, the plasma 
removed and stored in the dark at - 2 0 ° C  
until analyzed. Twenty-tbur-hour urine collec- 
tions obtained during three of the experiments 
were also kept in the dark at - 2 0 ° C  until 
assayed. 

Complete blood counts, liver function tests 
and blood urea nitrogen (BUN) were ob- 
tained prior to each experiment and weekly 
thereafter for at least three weeks. In one 
animal (B), a repeat dose was administered at 
a time when abnormal liver function tests had 
occurred a few months later (elevated SGOT, 
SGPT, alkaline phosphatase and LDH).  This 
animal is referred to in Table 1 as animal B' 
(experiment 3). 

Chemi~'al reagents 
Reference misonidazole, 1- (2-nitro- 1- 

imidazolyl)-3-methoxy-2-propanol (RO 
070582) (NSC 261037), the major known 
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metabolite of misonidazole, desmethylmisoni- 
dazole, 1- (2-nitro- 1-imidazolyl)-3-hydroxy-2- 
propanol (RO 059963) {NSC 261036) and a 
fluorinated analog 1-(2-nitro-l-imidazolyl)-3- 
fluoro-2-propanol (RO 070791) (NSC 292930) 
used as the internal standard for quantitation 
were obtained from the Developmental 
Therapeutics Program of the Division of 
Cancer Treatment, National Cancer Institute. 
Misonidazole (25mg/ml in 0 .5N saline sol- 
ution) used for i.v. administration was gen- 
erously supplied by W. E. Scott, Hoffman 
La Roche; Nutley, N.J. N,O-bis-trim- 
ethylsilyltrifluoroacetamide (BSTFA) used 
for derivatizing the compounds was purchased 
from the Pierce Chemical Co., Rockford, I l l .  
1 - (2-nit to-2-14C_ 1 -imidazolyl )- 3- me thoxy-2- 
propanol used for protein binding studies was 
supplied by SRI International, Contract N01- 
CM-63776, Menlo Park, Calif. 

Protein binding studies 

The percentage protein binding of mis- 
onidazole to bovine serum albumin was eva- 
luated using standard dialysis techniques. A 1- 
ml aliquot of 10 -4, 10 -s ,  10 -6 and 10 -v M 
solution of 14C-misonidazole and 4.6 x 10- v M 
bovine serum albumin was dialyzed against 
20ml of a phosphate buffered saline sol- 
ution pH 7.5. The dialysis was carried out for 
24 hr at 37°C. 

Sample analysis 

Misonidazole and desmethylmisonidazole 
were measured in plasma, CSF and urine 
extracts by a modification of the gas chromat- 
ographic method described by [9]. The com- 
pounds were analyzed as their silylated de- 
rivatives using a Model 5710 gas chromato- 
graph, equipped with a nitrogen phosphorous 
detector, Hewlett Packard Co., Palo Alto, 
Calif. Separation was achieved with a 2 
x 1.2m glass column packed with 2~(~ OV- 
101 on 100/120 mesh Chromosorb W-HP. 
Helium (flow rate 30 ml/min) was used as the 
carrier gas. The column temperature was 
170°C, and the injector and detector were 
held at 250 and 300°C, respectively. Plasma, 
CSF, and urine samples were treated as t"ol- 
lows: aliquots (0.1-0.2ml) were placed in 
13ml glass stoppered centrifuge tubes and 
were butfered to pH 10 with a 0.1 M solution 
of Na2CO 3 (0.5ml). The solution was extrac- 
ted with 5ml of cthylacetate containing tile 
internal standard 12/,g/ml). The cthylacctate 

Was transferred to another 13ml glass stop- 
pered centrifuge tube and evaporated to dry- 
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ness at room temperature under a stream of 
dry N 2. The silyl derivatives were formed by 
adding 100/tl of BSTFA and 150 gl of aceto- 
nitrile to the residue and reacting at room 
temperature tbr 15 min. Excess reagent was 
removed under a stream of dry N 2 at room 
temperature. The residue was dissolved in 
200/~1 of benzene and 1/~1 of the final solution 
injected into the gas chromatograph for ana- 
lysis. Figure 1 shows a typical gas chromatog- 
raphic tracing of a monkey's plasma extract 
containing the internal standard, misonidazole 
and desmethylmisonidazole. Quantitation was 
achieved bv comparing the peak heights of 
the drug and metabolite to the peak height of 
the internal standard. The analysis was linear 
over the range 5ng-I /~g of misonidazole or 
desmethxlmisonidazole injccted on column. 
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Fig. 1. (;a.~ chromalogmphic tracing ~ an extract flora mon- 
ke} plasma containing the silylated derivatives: {a) the internal 
,standard (50 ng i~!jected); (b ) misonidazole (50ng injected): 

{c) de.~methylmi.~onidazole (10 ng injected). 

Electron impact mass spectral identification 
of the reference compounds, their silylated 
derivatives and the silylated biological extracts 
were obtained with a Hewlett Packard Model 
5908A gas chromatograph/mass spectrometer 
equipped with a 3552 data system, Hewlett 
Packard Co., Palo Alto, Calif. The gas chro- 
matographic parameters were the same as 
described for quantitation of the compounds. 
The transfer line was 250°C, and the ionizing 
energy was 70 eV. 

Pharmacokinetics analysis 

Plasma and CSF samples and 24-hr urine 
collections (experiments i, 4 and 5) were 
analyzed tbr misonidazole and desmethylmiso- 
nidazole. Least squares analysis of the data 
was implemented on the N I H  DEC system-10 
using the MLAB on line modeling laboratory. 
Plasma and CSF misonidazole levels following 
i.v. administration best tit monoexponcntial 
and biexponential functions, respectively (Fig. 
2). CSF levels of misonidazole measured after 
i.t. injection of the drug were lit to a hiexpon- 
ential function (Fig. 3). 

The exponential functions were used to 
compute the pharmacokinetic parameters 
summarized in Table 1. The areas under 
misonidazole CSF (AUC)~ and plasma 
(AUC)p vs time curves  were evaluated by 
integrating the respective exponential func- 
tions from time equals zero to infinity. The 
plasma clearance of misonidazolc was ob- 
tained by dividing the dose by t h e  {AUC)p. 
Renal clearance of the drug was estimated 
from the quotient of the amount of drug 
appearing in the urine in the 24-hr collection 
period and t h e  ( A U C ) p  [()r the same time 
interval. The time to reach maximum CSF 
misonidazole levels was determined by setting 
the first differential of the CSF versus time 

Table l. Summary of pharmacokinetic data after i.v. administration 

Plasma 
Exp. No./ 

Animal l)ose V d t~ A U C  clearance 
ID (mg/kg) {ml/kg) (hr) (mg/hr/ml) (ml/min) 

Dose recovered 
CSF Renal ill 24-hr urine 

Time to 
max. level AUC clearance Drug Metabolite 

(rain) (mg/hr/'ml) (ml/min) (",,) ('!,,) 

I /A 100 706 3.00 2206 16.3 
2/B 100 631 3.66 3014 12.0 
3/B'* 101) 758 5.43 3716 8.4 
4/A 200 708 4.79 7022 10.4 
5/B 200 71)5 4.84 7127 9.7 

89.2 2486 0.5 3.7 21.3 
69.4 3085 N.l). N.I). N.D. 
85.1 3825 N.D. N.D. N.D. 
84.7 7708 0.5 t.7 21.9 

109.0 7725 0.6 6.t) 11.2 

. \12C=area  under curve: Va=volu lnc  o['distritmtion; N.1) .=not  chine. 
*B' is m(mke~ B at lime hc devcloped almorlnal liver functioll. 
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Fig. 2. Plasma and CSF misonidazole levels (#g/ml) as a function of time over 
a 12-hr period after i.v. administration at 100mg/kg (lower panel) and 

200 mg/kg (upper panel). 
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Fig. 3. Misonidazole ventricular CSF levels (/~g/ml) as a function of time following i.t. 
administration of misonidazole (0.9 mg/kg). 

curve obtained after i.v. administration of 
misonidazole equal to zero. 

RESULTS AND DISCUSSION 

Serial CSF and plasma misonidazole levels 
following i.v. administration are shown in Fig. 
2. The same two animals (A and B) were 
studied at each dose level, 100 and 200 mg/kg. 
Plasma misonidazole levels decayed in a 
monoexponential manner. Transfer of drug 

into the CNS would not be reflected as an 
additional phase in the plasma level decay 
curve due to the relatively small volume of 
the CNS compartment. 

Table 1 summarizes the pharmacokinetic 
data after i.v. administration. The volume of 
distribution observed was comparable in all 
experiments, 702 _ 49 mg/kg (mean of 5 ex- 
periments), and was similar to total body 
water in the adult rhesus monkey (686ml/kg) 
[10]. Similar distribution volumes have been 
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observed in humans [11]. Peak plasma levels 
after 200mg/kg were double those achieved 
after 100 mg/kg (300 vs 150/~g/ml). However, 
the misonidazole plasma half-life appeared to 
be dose dependent. After the 100mg/kg dose 
(experiment 1 and 2), the mean t½ was 3.3hr 
compared to a mean t~ of 4.Shr after a 
200mg/kg dose (experiment 4 and 5). The 
renal and plasma clearance of misonidazole 
were also evaluated following i.v. adminis- 
tration. Analysis of the 24-hr urine collections 
resulted in an average recovery of 4.8 and 
19.3% of the dose as the parent compound 
and the desmethylated metabolite, respec- 
tively. This low recovery of drug and its 
metabolite in urine has been reported in 
several species [9]. These observations suggest 
that renal excretion of the parent compound 
is not a major route of drug elimination. As 
noted above, a comparison of the pharmaco- 
kinetic data for the two dose levels showed 
that doubling the dose increased the plasma 
half-life. This dose increase produced a 2.7- 
fold increase in the (AUC)p. This non-linear 
increase in the plasma (AUC)p appears to 
have resulted from a decreased plasma clear- 
ance and not from a change in the renal 
clearance as listed in Table 1. Since meta- 
bolism appears to be the major pathway for 
drug elimination, the difference in the plasma 
clearance of misonidazole for the two doses 
suggests the possible saturation of liver micro- 
somal metabolic enzymes. In this regard it 
was also of interest that a decreased plasma 
clearance was observed in experiment 3 
(Table 1 ), in which an animal was adminis- 
tered a 100mg/kg dose at a time when he had 
developed evidence of impaired liver function 
i.e., increased SGOT, SGPT, alkaline phos- 
phatase and LDH. 

Desmethylmisonidazole levels were also fol- 
lowed after i.v. administration of misonid- 
azole. They were detectable 5 min after ad- 
ministration and steadily rose to approx- 
imately 4001~ of misonidazole plasma levels 
4.5 hr later. 

CSF levels of misonidazole following i.v. 
administration, in all five experiments, 
equilibrated with plasma levels at 88-t-14 min 
following i.v. administration. A mean t~ of 22 
+5.5 min was calculated for the transfer of 
the drug fi'om blood into the CSF (see Fig. 2 
and Table 1 ). After equilibrium was achieved, 
CSF levels decayed in a monoexponential 
manner at the same rate as the plasma levels. 
These observations indicate that misonidazole 
rapidly diffuses across the blood-brain barrier 
as might be expected for nonionized, lipo- 

philic molecules, which are not protein 
bound [12]. Misonidazole protein binding was 
found to be less than 3% bound to serum 
albumin. In addition, misonidazole has a re- 
latively high octanol/water partition coef- 
ficient [ 13]. 

Desmethylmisonidazole levels were mea- 
sured in the CSF and reached 33-82% of those 
in the plasma 6 hr after misonidazole adminis- 
tration. These observations suggest that des- 
methylmisonidazole may penetrate the CNS 
to a lesser extent than the parent compound. 

There was no toxicity observed after the i.v. 
studies over a 3-month observation period; in 
particular no nausea or vomiting was en- 
countered with this route of administration. 

Peak CSF misonidazole levels measured af- 
ter an i.t. injection of 0.9 mg/kg were greater 
than 1000/~g/ml (Fig. 3). Despite the high 
levels achieved no acute or delayed toxicity 
was observed. This absence of toxicity suggests 
that CNS effects, i.e., seizures reported in 
patients, may be related to exposure time 
rather than to the initial concentration of 
drug achieved in the CNS. 

Figure 3 illustrates the disappearance of 
misonidazole from the CSF after i.t. adminis- 
tration of 0.9mg/kg to two monkeys. CSF 
drug levels decayed in a biexponential man- 
ner with average half-times of 15 and 38 min 
for the fast and slow phases respectively. 
Volume of distribution for the slow phase 
averaged 3.3ml and may be related to the 
Ommaya  reservoir volume plus the ventri- 
cular fluid volume. Any detailed suggestions 
as to the mechanism of transport of miso- 
nidazole from the CSF to blood and/or brain 
would be highly speculative. However, the 
rapid clearance from the CSF is indicative 
that CSF bulk flow is of minor importance as 
a route for the drug elimination. In addition, 
based on its physical properties (low mol. wt, 
lipid solubility and non-ionized state), low 
protein binding and its rapid clearance, it is 
likely that this drtig has a high transcapillary 
membrane transport as defined by Blasberg et al. 
[14]. 

The observation that high CSF misonid- 
azole levels were achieved after i.t. adminis- 
tration with a minimal total drug dosage 
suggests this route of administration as a 
possible alternative. Since maximum misonid- 
azole tumor levels are required only at the 
time of radiation therapy the i.t. route might 
offer the advantage of minimizing the total 
body tissue exposure to the drug. However, it 
has suggested that a rapid loss of drug from 
extracellular fluid by capillary exchange 

|J,L B 



34 Diamon Gangfi, David G. Poplack, James 

would reduce the amoun t  present in the ex- 
tracellular fluid and could significantly retard 
its diffusional transport  into the hypoxic re- 
gions of  brain tumor  tissue [14]. Since the 
relative rates of  diffusion of  misonidazole into 
brain tissue vs transcapillary loss to the syste- 
mic circulation after i.t. administrat ion are 
unknown,  it is likely that  i.v. rather  than  i.t. 
or intra-arterial  administrat ion of  misonid- 
azole would be the preferred route to obtain 
high levels of  drug in the brain tissue. 

The  present s tudy demonstrates that  i.t. 
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administrat ion of misonidazole results in a 
very rapid clearance of drug from the CSF 
and that  after i.v. administration,  misonid- 
azole levels in the CSF rapidly equilibrate 
with plasma levels and decay at a similar 
rate. The  pharmacokinet ic  information pre- 
sented could prove helpful in establishing the 
proper t iming of radiation in brain tumor  
patients who have been administered mis- 
onidazole as an adjunct  to their radiation 
therapy. 
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