
resulted in an extent of bioavailability of a t  least that  of the standard. 
The in  uitro test revealed acceptable tablet properties with respect to 
weight uniformity, friability, and in  uitro drug release. Considering the 
simple methodology employed in the manufacturing of direct compres- 
sion tablets, this technique and the direct compression mass tested have 
a high potential for commercial use of a quality product. 
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Mathematical Model for Cyclocytidine Pharmacokinetics 

K. J. HIMMELSTEIN *x and J. F. GROSS * 

Abstract 0 The pharmacokinetics of the drug cyclocytidine in humans 
were modeled by using a physiological and anatomical approach. Each 
pertinent tissue is represented by a single compartment, and these 
compartments are linked together by the circulatory system. Each 
compartment is then represented by an ordinary differential equation 
that represents the rate of change in drug concentration as a function of 
convecting transport, metabolism, and urinary clearance. The models 
for cyclocytidine and cytarabine are linked together by a hydrolysis term 
in each equation set. The resulting equation sets are then solved nu- 
merically to predict the concentration of both drug species in. situ. The 
models use physiological blood flows, tissue volumes, and clearance pa- 
rameters. The results of the model show that cyclocytidine can act as a 
reservoir for cytarabine in  uiuo over the time studied. This effect is 
confined to  relatively long times and relatively low plasma concentra- 
tions. 

Keyphrases Cyclocytidine-pharmacokinetics in humans, mathe- 
matical model Pharmacokinetics-cyclocytidine in humans, mathe- 
matical model Models, mathematical-cyclocytidine pharmacokinetics 
in humans 

Cytarabine (I) (NSC-63878), an effective antileukemic 
agent (1-3), has a very short half-life because of its rapid 
deamination to a biologically inactive compound. 02,2'- 
Cyclocytidine (11) (NSC-145688), which is structurally 
similar to I, was more effective than I in several animal 
tumor systems (4,5). The efficacy of I1 may be due to its 
hydrolysis to I (6). If so, its effects may be strongly related 
to the pharmacokinetics of both I and I1 in uiuo. 

The enhanced cytotoxic effect of I1 could possibly be due 
to its slower urinary clearance compared to the elimination 
of I by deamination and kidney clearance. Thus, I1 could 
act as a reservoir for the production of I in uiuo. This paper 
presents a mathematical model to study the distribution 
and hydrolysis of I1 to I in uiuo. This model demonstrates 
that the pharmacokinetic characteristics of I1 are impor- 
tant to its effective usage. 

PHARMACOKINETIC MODEL 

The model, an extension of the work by Dedrick et al. (7,8), is based 
on the principle that  anatomical and physiological parameters should 
be included to reflect biochemical interactions of the drug. The rationale 
for modeling on this basis as opposed to classical compartmental analysis 
was developed previously (9-15). 

By using compartments to represent real organs, the actual blood flows 
and physiological volumes as well as terms to include metabolism, urinary 
clearance, and binding can be included. Thus, when the model is com- 
plete, i t  can provide predictive capability derived from a quantitative 
physiological and pharmacological basis. Since a model for the pharma- 
cokinetics of I was described in detail (7,8,16), only key assumptions that 
deal directly with changes for the inclusion of I1 are discussed. 

Scheme I represents the flow diagram of the various compartments 
used in the model. Each compartment represents a real organ, with the 
anatomical volume experimentally measured independently. The organs 
are contained in a network representing the systemic blood circulation. 
The blood flows are also measured independently for each compartment. 
A drug mass balance represents the rate of change of the mass of drug in 
the compartment as a function of the convective inflow and outflow rates, 
the metabolism rate, the elimination rate by urinary or other clearance, 
and the rate of drug introduction from external sources. 

Dedrick et a2. (7,8) used the following assumptions to write differential 
equations describing the pharmacokinetics of I. Each organ is a volume 
of distribution for the drug, and deamination can be represented by a 
Micbaelis-Menten expression. Urinary clearance is directly proportional 
to the concentration in the blood. For 11, a similar compartmental network 
is considered. Since the chemical structures of I1 and I are closely related, 
i t  is assumed that they will act similarly, with no gross differences in 
distribution and urinary clearance from the body. 

Compound I1 is not deaminated in  uiuo (17), and hydrolysis of I1 to I 
is assumed to take place in all tissues. Thus, a production term for I is 
included in each balance that is first order in I1 concentration (16). The 
balance equation on the blood compartment for I is: 
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where V represents the compartment size in milliliters, C represents the 
concentration of I in milligrams per milliliter, Q is the blood flow rate in 
milliliters per minute, Kk is the 1 urinary clearance in milliliters per 
minute, V,,, is the deamination activity at  saturation in micrograms per 
minute, and K ,  represents the Michaelis constant in micrograms per 
milliliter. The subscripts represent each compartment: H, heart; Li, liver; 
hi, marrow; K, kidney; Le, lean; and R, blood. The term X represents the 
concentration of I1 in various compartments, M is the total dose of drug 
injected, g ( t )  is the injection function, Kh is the hydrolysis rate constant, 
K, is the kidney clearance of I I ,b  represents the ratio of the molecular 
weights of I to 11, and t represents time. A sample equation for I for one 
compartment (the kidney) is given by: 

dCK 
dt VK - = QKCR - QKCK - KKCB 

Equation 3 represents the mass balance of I1 in the blood compart- 
ment: 

-k QKXK + Q L ~ X L ~  + Mg( t )  - KhXRVe (Eq. 3) 
Equation 4 represents a typical compartment (the kidney) for 11: 

A similar balance in each compartment for both I1 and I is made, re- 
sulting in a set of ordinary nonlinear differential equations to be solved 
simultaneously and numerically on a digital computer. When the equa- 
tions are solved, the results are the time-dependent concentrations for 

Table I-Model Parameters for Cyclocytidine Pharmacokinetic 
Model 

Value in 
Parameter Humans Reference 

Body weight, g 70,000 7 
Volume, V,  ml 

Blood 2,670 7 
Liver 1.700 7 
Gut 
Heart 
Kidneys 
Lean 

31180 7 
450 7 

1,060 7 
27.000 7 

Marrow 2;ooo 7 

Cardiac output (for model) 4,040 7 
Liver 1,450 7 
Gut 1,100 7 
Heart 240 7 
Kidneys 1,240 7 
Lean 930 7 
Marrow 180 7 

Heart 31 8 
Liver 27 20 
Kidneys 32 8 

Liver 119 19 
Heart 6 20 
Kidneys 20 20 

I 90 8 
I1 70 14 

Blood Flow, Q, ml/min 

Michaelis constant, K,, pg/ml 

Deaminase activity, V,.,, pg/g min 

Clearance, K,, Kk, ml/min 

Hydrolysis rate, min-' 0.01(0.005)n 

In uitro calculation from Ref. 16. 

each drug in each tissue compartment plus the blood compartment and 
the total urinary excretion, which is given for I by: 

and for I1 by: 

EXPERIMENTAL 

In the current study, I1 was investigated in humans. The volumes in 
the compartments and the blood flows were estimated from the ana- 
tomical-physiological values for a 70-kg human. Since these values were 
not the weights of the selected subjects, these parameters were adjusted 
linearly for variations in the size of the patient. The volumes and blood 
flows were taken from Dedrick et al. (71, who found it necessary to adjust 
the volume of the lean compartment to explain adequately the phar- 
macokinetics of I. The lean compartment volume was so adjusted in the 
present model. The Michaelis constant, deaminase activity, and kidney 
clearance constant for I were also taken from Dedrick et al. (8). 

Ho (16) presented in uitro hydrolysis data for I1 to I in human plasma, 
showing that the hydrolysis was first order in I1 concentration. Thus, i t  
was assumed here that the hydrolysis in uiuo is first order and that the 
in uiuo hydrolysis rate can be estimated from the in uitro data, yielding 
a hydrolysis rate constant of O.oO5 min-'. When this constant was fitted 
into this model, it was too low to explain the appearance of I. Thus, the 
hydrolysis rate constant was adjusted to mirror accurately hydrolysis of 
I1 to I in uiuo. Finally, the clearance of I1 was estimated from cumulative 
excretion data developed by Ho et al. (17,18). 

All parameters used in the models (Table I) were estimated from in 
uiuo data, with the exception of the urinary clearances, which were esti- 
mated from in uiuo cumulative excretion curves, and the hydrolysis rate 
constant, which was estimated from in uitro data and adjusted to  reflect 
in uiuo hydrolysis. 

RESULTS AND DISCUSSION 

The data modeled here are the data of Ho et al. (17,18), where plasma 
concentration curves for I1 and I were represented as a function of time 
after mixed intravenous injections for several subjects. Only one subject 
is presented here. Several other subjects were modeled by altering the 
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Figure 1-Plasma concentration in 70-kg  human after 2.84 X lo5 pg 
iu of II and 9 X lo4 pg iu  of I. Hydrolysis rate = 0.01 min. Key: A, I; and 
0, II. 
organ volumes and flow rates to reflect differences in subject sizes. Similar 
results to those discussed were obtained. 

Figure 1 represents the plasma disappearance curve of I1 and I from 
blood in a human subject after an intravenous injection of 11. Approxi- 
mately 24% I is contained in the injection. The I impurity was considered 
a simultaneous injection with I1 and thus was included in the model. The 
solid lines represent the concentration of I1 and I as predicted by the 
model using a hydrolysis rate of 0.01 min-'. There is reasonable agree- 
ment between the model and the experimental data. The model for I 
underpredicts the plasma concentration a t  times after 2 hr. 

Figure 2 represents the same data, using the hydrolysis rate constant 
of 0.005 min-', the value calculated from in uitro data. The agreement 
in this case is not quite as good, indicating that hydrolysis in uiuo occurs 
at  a somewhat higher rate than in uitro. Figure 3 contains a hypothetical 
study whereby the concentration of I predicted by the model using an 
injection of I1 of the same size as that of Ho et al. (17,18) is compared to  
a hvpothetical injection of an equal mass of I only. Shortly after an in- 
jection of I only, the concentration was much higher than the I concen- 
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Figure 2-Blood plasma concentration in 70-kg human after 2.84 X lo5 
pg iu of II and 9 X lo4 pg iu of I .  Hydrolysis rate = 0.005 min-'. Key: A, 
I; and 0, II. 
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HOURS 
Figure 3-Plasma I concentration in 70-kg human after simulated 
intravenous injection of equal masses of I and II. Key: upper curve, I 
alone; and lower curve, I from II. 
tration due to both hydrolysis and impurity from an injection of 11. 
However, at  later times, the I1 injection provided for a higher concen- 
tration of I. This effect may be more apparent during times for which data 
were unavailable. 

As previously stated by Ho (16), it is possible, based on pharmacoki- 
netics, that the enhanced therapeutic effect of I1 is attributable to its 
action as a pool for I production, since the concentration of I is maintained 
at  a somewhat higher level a t  longer periods when I1 is employed rather 
than I alone. The fact that a simple pharmacokinetic model agrees di- 
rectly with the experimental results by the inclusion of a first-order hy- 
drolysis term ascertained qualitatively in uitro supports this hypothesis. 
Since the main goal of therapy with either I1 or I is to maintain a con- 
centration of I above the therapeutic level for as long as possible without 
toxic effects caused by high I concentrations, the model presented allows 
the manipulation and study of various dosage regimens prior to clinical 
application. 
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Mass Spectrometry of Cannabinoids 

T. B. VREE 

Abstract 0 The mechanism of fragmentation of cannabinoids to  frag- 
ments mle 314, 299, 271, 258, 246, 243, and 231 is given. Cannabidiol, 
cannabinodiol, cannabinol, A6- and A'-tetrahydrocannabinol, cannabi- 
chromene, cannabicyclol, derivatives with pentyl, propyl, and methyl 
side chains, their methyl ethers, and cis-trans and ortho-para isomers 
were analyzed by GLC-mass spectrometry using different energies for 
fragmentation during GLC elution. The following mechanism was dis- 
tinguished loss of a methyl radical, ring closure and rotation, McLafferty 
rearrangement, retro Diels-Alder, internal protonation, isomerization 
and internal bond formation, and one-step fragmentation to mle 231. 

Keyphrases Cannabinoids, various-mechanism of mass spectro- 
metric fragmentation 0 Mass spectrometry-mechanism of fragmen- 
tation of various cannabinoids 

One rapid method of identification of cannabinoids is 
combined GLC-mass spectrometry. The mass spectra of 
cannabinoids can be distinguished from each other. The 
fragmentation process is relatively slow for most com- 
pounds, taking 40-50 ev before completion, after which the 
relative intensities of the fragments do not alter (Fig. 1). 
When the relative intensities of each particular mass 
fragment are plotted against the electron energy used, the 
fragmentation process can be characterized for each can- 
nabinoid. 

In the 10-20-ev range, the fragmentation just starts; 
differences in this process between the different structures 

I~ 

20 30 40 50 60 70 80 90 
ELECTRON VOLTS 

are then relatively large. The technique of taking mass 
spectra a t  different electron voltages between 10 and 20 
ev and plotting relative intensities against electron volts 
gives very characteristic electron voltage mass fragmen- 
tograms of the cannabinoids, which, for instance, led to the 
discovery of some propyl and methyl homologs of the 
known cannabinoids. This method is also useful in eluci- 
dating the various cannabinoid fragmentation path- 
ways. 

EXPERIMENTAL 

Materials and Methods-A gas chromatograph-mass spectrometer' 
was used. Glass columns, 1.80 m X 4 mm i.d., were packed with 3% OV-17 
on 60-SO-mesh Gas Chrom Q. The temperatures were: oven, 200'; sep- 
arator, 220O; and ion source, 250'. The helium flow was 20 mllmin. Re- 
petitive mass spectra were taken at 20,18,16,14,12, and 10 ev during the 
elution of a GLC peak. The detector gain was increased in the 16-10-ev 
energy interval. The trap current was 60 ramp, and the accelerating 
voltage was 3.5 kv. The pressure in the analyzer tube was 2 X lop6 
Torr. 

The gas chromatograms were recorded by a total-ion current monitor 
a t  20 ev. Gas chromatograms of mixtures of natural and synthetic can- 
nabinoids were published elsewhere (1). The mass spectra obtained were 
normalized, and the relative abundance of a particular mass fragment 
was plotted against the electron voltage. 

Cannabinoids2-Lebanese, Nepalese, Moroccan, Columbian, Indo- 
nesian, and Congolese hashish samples and marijuana samples from 
Brazil and South Africa were powdered and extracted with ether or n -  
hexane by homogenizing for 10 min. After filtration of the extracts, most 
of the solvent was evaporated to give suitable concentrations for 
GLC-mass spectrometry. Synthetic samples were only dissolved in a 
small aliquot of ether. 

RESULTS 

Molecular Ion m/e 314-The aryl nucleus is the center of charge 
localization, and elimination of an electron from this nucleus gives the 
molecular ion mle 314. At 10 ev, the molecular ion mle 314 is the base 
peak. At 20 ev, large differences in the relative intensities between dif- 
ferent cannabinoids can be observed (Table I). 

Formation of Mass Fragment M - 15 ( m / e  299 and 295)-The loss 
of the geminal methyl group, which nearly all structures have in common, 

~ 

1 LKB 9000. Figure l--Electron fragmentogram Of trans-para-Vb. 
Fragments are formed relatiuely slowly between 10 and  30 eu. I n  this 
particular interual, small structural differences of the cannabinoids may 
result in big differences in the formation rate of certain frag- 
ments. 

Natural Cannabis samples were obtained from and identified hy Dr. A. H. Witte, 
Laboratory of Forensic Sciences, Ministry of Justice, The Hague, The Netherlands, 
and Dr. E. A. Carlini, Depto de Psicobiologia, Escola Paulista de Medicina, Sao 
Paula, Brazil. Synthetic cannabinoids were a gift from Dr. T. Petrzilka, Eidgn. 
Hochschule Zurich, Department of Organic Chemistry, Zurich, Switzerland, where 
voucher specimens were deposited. 
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