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Abstract  Nitric oxide (NO) is produced in mammals by 
the enzyme NO synthase (NOS) in response to a number of 
agents, including the experimental antitumour agent fla- 
vone acetic acid (FAA) and the cytokine tumour necrosis 
factor-o~ (TNF). NO is converted rapidly in the presence of 
oxygen, water and haemoglobin to oxidation products, 
largely nitrate. To quantitate the production of nitric 
oxide it is necessary to know the clearance of nitrate. The 
concentration of nitrite and nitrate ion in the plasma of C3H 
and BDFt (C57BL6 x DBA2) mice was assessed before and 
after injection of sodium nitrate and sodium nitrite. Nitrite 
was converted rapidly to nitrate and the kinetics of 
elimination of nitrate were determined. There was no 
significant difference between results obtained with differ- 
ent mouse strains, between levels of nitrite and nitrate, or 
between i.p. and i.v. administration, and the observations 
were therefore combined. The volume of distribution of 
nitrate was 0.71 +_ 0.04 1/kg and the clearance was 
0.32 _ 0.02 1/h-1/kg -t  (plasma half-life, 1.54 h). Using 
previously published data, we developed a pharmacoki- 
netic-pharmacodynamic model that relates the production 
of TNF in response to administration of FAA, the enhance- 
ment of NOS activity in response to TNE and the elevation 
of plasma nitrate in response to NO production. This 
information permits the prediction from observed plasma 
nitrate values of the amount of NOS induced in vivo. 
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Introduction 

Nitric oxide (NO), as well as controlling aspects of the 
vascular, immune and central nervous system [19], has been 
found increasingly to play a role in turnout growth and in 
cancer chemotherapy. NO synthase activity in tissue from 
gynaecological cancer specimens is related to progression 
of the tumour [26]. Increased plasma nitrate concentrations 
in humans have been found following therapy with inter- 
leukin 2 [8, 20] and flavone-8-acetic acid (FAA) [24]. 
Increased plasma nitrate concentrations in mice are found 
in response to a number of antitumour agents such as 
bacterial endotoxin [4], tumour necrosis factor (TNF) [25] 
and the experimental antitumour agents FAA and 5,6- 
dimethylxanthenone-4-acetic acid [23]. 

NO is produced in mammalian cells through the oxida- 
tion of L-arginine by the enzyme nitric oxide synthase 
(NOS) [13]. At low concentrations it activates cell-regula- 
tory enzymes such as guanylyl cyclase [10], whereas at 
higher concentrations it inactivates iron-containing proteins 
associated with respiration, leading to cytotoxicity [7]. NO 
reacts with water and oxygen to form approximately equal 
quantities of nitrite and nitrate [17]. The nitrite is in turn 
rapidly and irreversibly oxidised in blood to nitrate, which 
is then eliminated by excretion. 

In the present study, we measured the pharmacokinetic 
parameters of plasma nitrate in mice following administra- 
tion of nitrate and used these to develop a pharmacokinetic- 
pharmacodynamic model that describes both the kinetics of 
NOS activity and the total amount of NO produced in 
response to an appropriate stimulus. We extended this 
model to describe the relationship between the administra- 
tion of FAA and the elevation of plasma nitrate. We used 
previously published observations describing the elevation 
of plasma nitrate in response to FAA [23] as well as the 
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elevation of TNF in response to FAA [16]. The model 
proposes physiological links between the concentration of 
FAA, the production of TNF, the induction of NOS and 
nitrate formation. 

Materials and methods 

Study design 

FAA was supplied by the National Cancer Institute (USA). C3H]HeN, 
C3H/HeJ and DBA/2J x C57BL/6J FI hybrid mice were bred in the 
laboratory under institutional ethical guidelines and constant tempera- 
ture, lighting and humidity [23]. Sodium nitrate was injected i.p. or i.v. 
at three doses (75, 250 or 750 gmol/kg) and plasma samples were 
prepared in triplicate either before treatment or at 0.25, 1, 2, 4, 6, 8, 12 
and 24 h thereafter. Mice under ether anaesthesia were bled by cardiac 
puncture using heparinised syringes. Blood was centrifuged (1300 rpm, 
5 rain) to provide plasma samples. Plasma nitrate/nitrite concentrations 
were determined [23] by precipitation of plasma proteins with zinc 
sulphate, reduction with cadmium powder and colorimetric assay of 
the resulting nitrite with Griess reagent. 

Model 

The scheme that forms the basis of the model is shown in Fig. 1. The 
pharmacokinetics of plasma FAA, TNF, NOS activity (represented in 
the equations as NOS), NO and plasma nitrate (NO3-) were defined by 
a system of differential equations as follows: 

dFAA/dt = -FAA x CLf]Vf, (1) 
dTNF/dt = RT0 x [1 + Efaa(FAA)] - TNF x Kt, (2) 
dNOS/dt = RS0 x [1 + Emf(TNF)] - NOS x Ks, (3) 
dNO/dt = NOS - NO x Kno, and (4) 
dNO3-/dt = (Rno3,x + Rno3 - NO3- x CLno3)/Vno3, (5) 

where CLf and Vf are the clearance and volume of distribution of FAA, 
RTo is the synthesis rate of TNF prior to FAA treatment, Ef~a(FAA) is 
the fractional additional synthesis of TNF produced by FAA, Kt is the 
elimination rate constant of TNE NOS is the activity of NOS, RSo is the 
synthesis rate of NOS associated with RT0, Emf(TNF) is the fractional 
additional synthesis of NOS produced by TNF, and Ks is the elimina- 
tion rate constant of NOS. It is assumed that NOS induced by TNF has 
the same Michaelis constant as that of basal NOS. NO formation will 
be proportional to NOS at any constant substrate concentration (e.g. 
arginine) whether the synthase reaction is of the first or mixed order. 
Kno is the NO elimination rate constant and Rno3,x is the infusion rate of 
exogenous nitrate. R,o3 is the formation rate of NO3- from NO that is 
assumed to be identical to NO x K~o. The volume of distribution and 
clearance of NO3- after FAA administration was assumed to be the 
same as that estimated after exogenous nitrate. The elimination half- 
life of NO [ln(2)/Kno, including the conversion fi'om nitrite to nitrate] is 
probably very short in relation to the time course of other events 
described by the model. The conversion of NO to NO3 can be 
considered instantaneous, such that Rno? is equal to NOS and, in 
fact, the predictions of the model were not substantively altered by 
assuming an NO elimination half-life of up to 0.1 h. The input rate of 
exogenous nitrate was modeled as a zero-order process lasting for 0.2 h. 
CL, o3 and Who3 are the clearance and volume of distribution of NO3. 

The initial conditions of these equations were defined by the 
following relationships: 

FAA0 = Dosefaa/Vf, (6) 
TNF0 = RT0/Kt, (7) 
NOS0 = (RS0 x [1 + Emf(TNF0)]/Ks, (8) 
NO0 = NOSo/Kno, and (9) 
NO3-0 = NO0 X Kno/CLno3. (10) 

If NOSo is assumed to be identical to the input rate of NO3 responsible 
for the pre-treatment NOr  concentration, then RS0 can be identified. 
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Fig. 1 Scheme showing the basis for the model described in Materials 
and methods and in Tables 1 and 2 

The effect of FAA on TNF was substantially delayed in relation to 
plasma FAA concentrations. The time course of FAA at the presumed 
site of action on TNF synthesis was defined as FAAe and was predicted 
using a lag time Tlagf as follows: 

If t > Tlagf then 
FAAe=FAA(t-Tlagf), (1 l) 
Else FAA~ = 0 

The effect of TNF on NOS was also delayed in relation to the 
predicted TNF. A second lag time, Ttagt, was introduced to account for 
this delay and predict the concentration of TNF at the site of action of 
NOS synthesis (TNFe): 

If t > Tlagt + Tlagf then 
TNFe = TNF(t-Tlagt-Tlagf), (12) 
Else TNFe = TNF0 

The effect of FAAe on TNF synthesis was described by a sigmoid 
Emax pharmacodynamic model as follows: 

Efaa(FAAe) = Emaxf X FAAeHiIIf/(C50f nillf + FAAeHilIf), (13) 

where Emaxf is the maximal fractional increase in synthesis of TNF 
that can be produced by FAA, CSOf is the concentration of FAA that 
produces 50% of the maximal effect and Hitlf is the Hill coefficient. 

The effect of TNF~ on NOS formation was adequately described by 
a linear model as follows: 

Etnf(TNFe) = ~t • TNF~, (14) 

where [St is a slope parameter. 
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Fig. 2 Plasma nitrate concentrations (minus background plasma 
nitrate) detected in mice following administration of sodium nitrate 
at a dose of 750 gmol/kg. Data have been pooled for all three strains of 
mice and for i.v. and i.p. administration. Vertical bars represent 
standard deviations of data for each time point 

Table 1 Pharmacokinetic parameters estimated for plasma nitrate 
after i.p. sodium nitrate administration at 750 mmol/kg 

Parameter Units Value SE 

Nitrate distribution volume (Vno3) 1]kg 0.71 0.04 
Nitrate clearance (CLno3) 1 h q kg -1 0.32 0.02 
Residual error a gM 2.3 0.38 
Basal NO3-concentration (NO3-0) gM 28.4 b 

a Estimate of residual error (unexplained difference between observed 
plasma nitrate values and those predicted by the model) for each strain 
and dose group (indicated in brackets). 
b Fixed parameter in the model. 

The model was implemented using MKMODEL [9]. The differ- 
ential equations were solved using Fehlberg's RKF45 method [5] with 
relative and absolute error tolerances of 10 6. Tlagf and Tlagt could not 
be estimated directly but were adjusted manually to give a visually 
acceptable fit. Other data used for the model included the pharmaco- 
kinetics of FAA in BDF1 mice [18], the induction of TNF in response 
to FAA [16] and the time course of plasma nitrate elevation in response 
to FAA [23]. We estimated the pharmacodynamic parameters of the 
model using these three sets of published observations together with 
the measurements of nitrate pharmacodynamics described in this 
report. 

Results and discussion 

The t ime course of  p lasma nitrate for up to 24 h after i.p. 
injection of  sodium nitrate was measured. There was no 
significant difference between the results obtained with the 
three mouse strains or between i.v. and i.p. routes of  
administration. The data were therefore combined to 
estimate the pharmacokinet ic  parameters of  injected nitrate 
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Fig. 3 Time courses predicted from the model for TNF, NOS (dotted 
line) and plasma nitrate following a single i.p. dose of FAA (1180 btmol/ 
kg). Experimental points are shown for TNF ( , )  and nitrate (O). 
Vertical bars represent standard deviations for plasma nitrate determi- 
nations. The dotted line indicates NOS activity calculated from the 
model. Data on the ordinate are expressed in gmol h -1 kg -1 for NOS 
and in btM for nitrate 

in the mouse. The model  used data for all doses of  sodium 
nitrate and provided a mean plasma half-life of  1.54 h. 
Parameter  estimates for exogenous nitrate administration 
are shown in Table 1. Data for one of  the doses used 
(750 gmol/kg)  are shown in Fig. 2. Injection of  sodium 
nitrite (750 gmol/kg)  produced results similar to those 
obtained using sodium nitrate at the same dose. 

The time course of TNF and plasma nitrate after 
administration ' of  FAA in tumour-bearing animals is 
shown together with the model  predictions in Fig. 3. The 
parameter  estimates for the full model  after i.p. adminis- 
tration of  FAA are listed in Table 2. A highly non-l inear 
relationship between FAA concentration and TNF induction 
was observed, requiring a Hill coefficient of  20 to relate the 
TNF induction to FAA concentrations. This is consistent 
with the steep dose dependence of  induction by FAA of  
both TNF production [16] and anti tumour effects [22]. 
Standard error estimates are indicated in Table 2, although 
these cannot be used directly to determine confidence 
intervals on parameters estimated by non-l inear regression 
[2]. The model  provides an estimate of  the total nitrate 
production in addition to that provided by basal  nitric oxide 
synthesis and dietary intake of  nitrate or nitrite. It thus 
estimates the additional total nitric oxide produced follow- 
ing a single dose (1190 btmol/kg) of  FAA. 

It is clear from the kinetics of  induction of  p lasma nitrate 
that there is a considerable delay in its elevation fol lowing a 
single dose of  FAA, necessitating the inclusion of  two time 
delays in the model  of  1 h for TNF response (TIagf) and 1 h 
for NOS response (Tlagt). These may be just i f ied firstly by 
assuming that NOS is induced not directly by FAA but 
rather through intermediate steps (in this case via the 
induction of  TNF, which is i tself  delayed in relation to 
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Table 2 Pharmacodynamic 
parameters estimated from TNF 
and NO3-changes after adminis- 
tration of FAA at 1180 gmol/kg 

a Estimate of residual error (un- 
explained difference between ob- 
served values and those predicted 
by the model) for nitrate and TNF 
values 
b Fixed parameters in the model 
c Derived from initial conditions 
(Eqs. 6 - 10) 

Parameter Units Value SE 

FAAvolume of distribution (Vf) 1/kg 0.84 
FAA clearance rate (CLf) i h -1 kg -1 0.13 
Max. fractional stimulation by FAA (Emaxf) 476 
FAA concentration causing 50% effect (C50f) gM 781 
TNF basal synthesis rate (RT0) units m1-1 h -1 0.32 
TNF half-life (T1/2t) h 0.27 
Slope parameter (~3t) gmol/kg 4.1 
NOS basal synthesis rate (RSo) gmol h -I kg -1 0.16 
NOS peak synthesis rate (NOSrnax) gmol h -1 kg -1 130 
NOS half-life (tl/2s) h 11.2 
Nitrate distribution volume (Vno3) 1/kg 0.71 
Nitrate clearance (CLno3) 1 h-1 kg-~ 0.32 
Residual error (no3) pM 0.78 
Residual error (tnf? units/ml 1.15 
Basal TNF activity (TNF0) units/ml 0.13 
Basal NO3-concentration (NO3-0) gM 12.4 
Basal NO (NO0) gmol/kg 0,57 
Basal generation of endogenous NO3- (Rno3,0) gmol h 1 kg -1 4.0 

b 

b 

289 
383 

0.17 
0.14 
8.2 
0.25 

b 

6.0 
b 

b 

1.1 
0.46 

c 

c 

c 

c 

FAA administration) and secondly by assuming delays in 
the induction of  TNF and NOS arising from gene expres- 
sion and protein synthesis. The model assumes that TNF 
induces the NOS responsible for plasma nitrate elevation, 
since TNF is an inducer of NOS in many cells, including 
macrophages [11], hepatocytes [21] and endothelial cells 
[12, 15]. However, either other cytokines [3, 15] in addition 
to TNF or intermediate factors such as 5-hydroxytrypta- 
mine [1] may be involved in the induction of  NOS. 

The predicted time of  maximal NOS in the model (5.7 h) 
is similar to that determined experimentally in rat liver (6 h) 
following endotoxin administration, which reached a peak 
after endotoxin treatment [14]. It is known that endotoxin 
induces TNF with kinetics comparable with those induced 
by FAA [6, 16] and that endotoxin induces plasma nitrate in 
rats with a time dependence similar to that observed with 
mice (L.L. Thomsen, unpublished results). The half-life of  
NOS was estimated as 11 h (Table 2) and accounts for the 
comparatively slow return of  plasma nitrate towards pre- 
FAA treatment concentrations at between 6 and 24 h after 
FAA administration (Fig. 3). These data together with the 
model permit the prediction of the NOS rate at the time of  
peak plasma nitrate following any treatment (e.g. endo- 
toxin, cytokines and cytokine-inducing agents). For exam- 
ple, a peak plasma nitrate concentration of  1000 ~tM 
is observed following treatment of  mice with Corynebac- 
terium parvum and is associated with a total liver NOS 
activity of  103 nmol/min (S. Moncada and D. Rees [22a] to 
L.L, Thomsen). The peak plasma nitrate can be used to 
calculate a total NOS rate of  320 gmol h-1 kg- t  
(1000 ~tmol/1 x 0.32 1 h -t  kg - t  nitrate clearance), 
corresponding to 130 nmol/min in a 30-g mouse. Thus, 
the observed liver NOS activity is comparable with 
(but probably less than) the calculated whole-body NOS 
activity. 

In conclusion, the pharmacokinetic data obtained for 
plasma nitrate in mice permit the pharmacodynamic anal- 
ysis of  host responses to endotoxin, cytokines and cytokine- 
inducing drugs such as FAA and 5,6-dimethylxanthenone- 
4-acetic acid. The mathematical model described herein 

provides a basis for the linking of  further experimental data 
with biochemical mechanisms for the induction of  NO 
synthesis and will facilitate the assessment of  whole-body 
NO synthesis. 
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