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Free radical species in animals have been measured
by X-band ESR spectrometric method on a block of
organs or a portion of homogenized samples. However,
a nondestructive in vivo ESR measurement has been
realized by using a recently developed L-band ESR
spectrometry. With this L-band ESR method, we mea-
sured ESR spectra in animals, who received stable
nitroxide radicals. L-band ESR spectra were observed
at the upper abdomen of mice as well as at the heads
of mice and rats at various ages immediately after
the intravenous injections of nitroxide radicals such as
4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-hy-
droxy-TEMPO) and 3-carbamoyl-2,2,5,5-tetramethyl-
pyrrolidine-1-oxyl (3-carbamoyl-PROXYL), in which
ESR measurements of the radicals were performed
noninvasively at the real time. On the basis of the
observed time-dependent free radical clearance curves,
the following important results were obtained: (1) Free
radical clearances were able to analyze by the pharma-
cokinetic method. (2) The radicals at the head of mice,
given 4-hydroxy-TEMPO, were determined quantita-
tively by a new analytical method using L-band ESR
for the first time. (3) The elimination of the radical
was found to be saturated in mice. (4) The clearance
rate constant of 4-hydroxy-TEMPO detected at the head
of mice was decreased in dose- and age-dependent
manners. While, no age-dependent clearance rate

constant of 4-hydroxy-TEMPO was observed at the
upper abdomen of mice. (5) Ratios of the amount of the
detected radicals to that of the administered radicals
were decreased age-dependently, but they were inde-
pendent of the dose of the radicals, suggesting the age-
dependent decrease of distribution capacity ratio of
the radical at the head of animals. (6) Clearance rate
constants of 4-hydroxy-TEMPO and 3-carbamoyl-
PROXYL, that were estimated by X- and L-band ESR
for the collected blood of mice and rats, were found
to be remarkably smaller than those in whole living
animals observed by in vivo L-band ESR method. The
results suggest that the clearance of the nitroxide radical
is relevant to the alteration of the radical in animals
following the change of organ distribution and metab-
olism. (7) Both the radical and its corresponding
hydroxylamine, which is the reduced form of the
radical, were detectable by X-band ESR method in the
collected urine of mice and rats without and with an
oxidizing agent, respectively.

On the basis of the results on L-band ESR spectrom-
etry, the first quantitative pharmacokinetic analysis
of stable spin probes in animals is proposed.

Keywords: In vivo L-band ESR, stable nitroxide radical,
pharmacokinetic analysis, spin clearance
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INTRODUCTION

Recently, free radical species such as organic
radicals, active oxygen species and paramagnetic
transition metal ions in living systems have been
thought to take part in many biochemical and
physiological processes involving aging, devel-
opment of malignant tumors, many types of
disease or. defense of organisms.”? ESR spec-
troscopy has been proved to detect extremely
unstable free radical species.”” For example, the
spin trapping method by X-band ESR is widely
used to detect the active oxygen species in in vitro
systems,*® in which unstable free radical
species are trapped with spin trapping reagents
and converted to the corresponding stable nitro-
xide radicals. Although the spin trapping method
is very useful, it is impossible to detect directly
free radical species in living systems. Therefore, in
vivo measurement is needed to clarify the roles of
free radical species in living animals. Feldman
et al. measured invasively X-band ESR spectrum
in the liver of rats treated with a nitroxide
radical.”! On the other hand, we have proposed
a blood circulation monitoring-ESR (BCM-ESR)
method in living rats receiving nitroxide radi-
cals to analyze their pharmacokinetic features.’®
In general, X-band ESR method is ineffective in
detecting free radical species in living animals
and aqueous solution at room temperature, since
X-band microwave (around 9 GHz) is absorbed by
water molecule which has a high dielectric
constant.””) Whereas, L-band microwave (around
1GHz) has an advantage with a little dielectric
loss by water molecule. L-band ESR method is
thus expected to be very useful for measuring free
radical species or paramagnetic metal ions in
living animals or in aqueous solution at room
temperature. Recently, we have reported that
coordination structures of Cu(Il) complexes in
aqueous solution at room temperature can be
estimated by L-band ESR method."*'" However,
at present the sensitivity of available L-band ESR
apparatus is not sufficient to detect endogenous

free radical species or paramagnetic substances in
a living animal. Therefore, stable nitroxide radi-
cals as spin-label agents (spin probes) adminis-
tered to rats or mice have been used to measure
the radicals in animals by in vivo L-band ESR
method."* ! In such investigations, the free
radicals were not analyzed quantitatively, in
which spin clearance rate constant, spectral
pattern, or imaging of the radicals have been
reported. More recently, nitric oxide ("NO) gen-
erated in rats treated with lipopolysaccharide
(LPS) has been trapped by high amount of
Fe(Il) complexes, and the imaging of endogenous
*NO was reported by L-band ESR method.[¢7

Since nitroxide radicals involving stable spin
probes and *NO are susceptible to molecular
dioxygen, superoxide anion radical and biologi-
cal redox systems,"®?? the measurement of
nitroxide radicals in living animals may provide
valuable information on their biological func-
tions. For instance, decay features of nitroxide
radicals administered to animals are assumed to
express their physiological or pathological condi-
tions.” However, the fundamental investiga-
tion on the nitroxide radicals by L-band ESR
method is essentially very few. Therefore, we
have attempted to study fundamentally the
in vivo L-band ESR spectrometry on stable
nitroxide radicals in whole animals. Further,
we have tried to determine the radicals quantita-
tively by a new method as proposed here. Before
us, a pharmacokinetic analysis of nitroxides
has been reported, however, the quantitative
analytical method has not been sufficiently
examined.” The purpose of the present paper
is to report the first trial on the quantitative
pharmacokinetic analysis of different types of
spin-labeled nitroxide compound, such as 4-hy-
droxy-TEMPO (4-hydroxy-2,2,6,6-tetramethylpi-
peridine-1-oxyl) and  3-carbamoyl-PROXYL
(3-carbamoyl-2,2, 5 5-tetramethylpyrrolidine-1-oxyl),
on the basis of the L-band ESR measurements at
the head and the upper abdomen of animals at
several ages.
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EXPERIMENTAL

Materials

4-Hydroxy-TEMPO and 3-carbamoyl-PROXYL
were purchased from Wako-Pure Chemical
Industry (Osaka, Japan) and Sigma Chemical
Co. (USA), respectively, and were used without
further purification. These probes were dissolved
at appropriate concentrations in physiological
saline (0.9% NaCl solution). Nembutal sodium
injection (pentobarbital: 50 mg/ml) was obtained
from Abbott Laboratories Co. (USA). Heparin
sodium injection was obtained from Shimizu Co.
(Osaka, Japan). Potassium hexacyanoferrate(IIl)
and manganese sulfate were purchased from
Nakalai Tesque Inc. (Kyoto, Japan). Capillary tube
(10 ul) was obtained from Drummond Scientific
Co. (USA). Other reagents were of the highest
purity commercially available.

Animals

Male Std-ddy mice (4, 6, 10, 17, 37, and 52 weeks
old) and male Wistar rats (3,4, 6, and 10 weeks old)
were purchased from Shimizu Experimental
Material Co. (Kyoto, Japan) and used in the
experiments. Mice and rats were anesthetized by
intraperitoneal (i.p.) injection of pentobarbital at
the dose of 50 mg/kg body weight. Mice or rats
were euthanized by i.p. injection of high dose of
pentobarbital, immediately after in vivo measure-
ments of the radicals.

Methods

Administration of Nitroxide Radicals in
Animals

Anesthetized mice or rats were fixed on a hand-
made Teflon holder. A spin-labeled nitroxide
compound dissolved in a saline was intrave-
nously (i.v.) bolus administered into the tail vein
by using a needle furnished with polyethylene

tube and 1ml syringe, and L-band ESR spectra
due to the radicals were measured immediately
after the injection. The ages of animals, dose
schedule, and measurement site of the radicals
in the body were summarized in Table L. InL-band
ESR measurements of the radicals at the upper
abdomen of mice, 4-hydroxy-TEMPO was admi-
nistered to mice aged 4, 6, 17, 37, and 52 weeks
at the dose of 1.0mmol/kg body weight, and
3-carbamoyl-PROXYL was administered to mice
aged 4 weeks at the same dose. In the measure-
ments of the radicals at the head of mice, 4-hy-
droxy-TEMPO was administered to mice aged
4,6, 17, and 52 weeks at the doses of 0.13 (only
17 weeks old), 0.25, 0.5, and 1.0mmol/kg body
weight. In case of mice at the ages of 10 and
37 weeks, 4-hydroxy-TEMPO was given at the
doses of 0.25 and 0.5mmol/kg body weight,
respectively. Rats at the ages of 3, 4, 6, and 10
weeks received 4-hydroxy-TEMPO at the dose of
0.25 mmol/kg body weight in the measurements
of radicals at the head.

In Vivo L-Band ESR Measurements

ESR spectra due to nitroxide radicals were mea-
sured at every 30's with an L-band ESR spectrom-
eter JES-RE-3L (JEOL, Japan) equipped with
a loop-gap resonator of horizontal model and a
R3361A Spectrum Analyzer (Advantest, Japan).
The cavity of the ESR spectrometer was main-
tained at a constant temperature (37°C), which
was adjusted by water circulating through ther-
moregulated water bath. In the measurement of
ESR spectra at the upper abdomen of mice,
a capillary tube containing DPPH powder as the
standard material was attached on the surface of
the mice body to check the sensitivity of L-band
ESR spectrometer. Instrumental conditions for
the L-band ESR measurements were as follows:
frequency 1.1GHz, microwave power 1.0mW
for the measurement at the upper abdomen of
mice, 15.5mW for that at the head of mice and
rats, modulation frequency 100 kHz, modulation
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TABLE I Clearance rate constants and half lives of spin clearance for 4-hydroxy-TEMPO and 3-carbamoyl-PROXYL,
monitored at the upper abdomen and head of mice and at the head of rats at various ages
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Animals Age (weeks) Body wt.(g) Dose (mmol/kg) Domain of measurement k(x 10~3s77) t1/2(s)
4-Hydroxy-TEMPO

mice 4 20 1.0 upper abdomen 11611 603+57
mice 6 30 1.0 upper abdomen 108+05 64.7+33
mice 17 40-45 1.0 upper abdomen 87+09 80.0+96
mice 37 50-55 1.0 upper abdomen 102+21  701+15.0
mice 52 50-60 1.0 upper abdomen 99+10 702473
mice 4 20 0.25 head 192+16 363+3.0
mice 4 20 0.5 head 149+04 465411
mice 4 20 1.0 head 11.5+£09 60.7+4.8
mice 6 30 0.25 head 124+£1.0 562+44
mice 6 30 0.5 head 113+£05 619425
mice 6 30 1.0 head 91409 767170
mice 10 35 0.25 head 11.7+01 61.0+64
mice 17 40-45 0.13 head 129+02 535+09
mice 17 40-45 0.25 head 11907 581431
mice 17 40-45 0.5 head 104+14 675188
mice 17 40-45 1.0 head 88+02 804%16
mice 37 50-55 0.5 head 94402 756+28
mice 52 50-60 0.25 head 9.6+13 731193
mice 52 50-60 0.5 head 85+09 826192
mice 52 50-60 1.0 head 70+02 985434
rats 3 60-65 0.25 head 10917 650190
rats 4 90-100 0.25 head 11.0+£08 63.6+4.3
rats 6 190-200 0.25 head 9.6+08 726454
rats 10 240-250 0.25 head 86+0.6 81.6+438
3-Carbamoyl-PROXYL

mice 4 20 1.0 upper abdomen (@) 21407 356.7+103.4

(#1102 629.0+73.9

Data are the mean values & standard deviations for 3-4 mice or rats.

amplitude width 1 mT, scanning time 20s, time
constant 0.1s, and interval time 10s between
each measurement. Ranges of external magnetic
field at the upper abdomen of mice and at the
head of mice and rats were between 36.5 and
46.5mT and between 34.0 and 44.0mT, respec-
tively. The central magnetic field was adjusted
to coincide with the field of 2nd spectral signal
due to the nitroxide radicals. ESR spectral data
were collected and analyzed with an ESPRIT ESR
Data System (JEOL, Japan) throughout the in-
vestigation. The ESR Data System converted the
analogue signal outputted by ESR spectrometer
into the digital signal which was inputted into a
memory device.

Calibration Lines to Determine the
Nitroxide Radicals by L-Band ESR

The calibration lines to determine the radicals at
the head of mice were obtained by using both
1.0ml of 100 mM manganese sulfate in a poly-
ethylene tube (1.5ml) as the standard material
and a rubber balloon with fine quality containing
each volume of a saline solution (19, 29, 35, 41.5,
51.5, and 54ml) as a substitute of mice at each
age (4, 6, 10, 17, 37, and 52 weeks). Firstly, 1.0ml
of 100 mM Mn?* (polyethylene tube) and a mouse
at each age were fixed on a hand-made Teflon
holder, and L-band ESR spectra were measured
at various receiver gains. Secondly, 1.0ml of
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100mM Mn?* (polyethylene tube) and the rub-
ber balloon containing the saline were fixed and
L-band ESR spectra were measured similarly as
above. Thirdly, several concentrations of 4-hy-
droxy-TEMPO dissolved in a fresh mouse blood
(1.0ml) in a polyethylene tube (1.5ml), 1.0ml of
100 mM Mn** (polyethylene tube), and the rub-
ber balloon containing the saline were fixed in a
similar manner, and L-band ESR spectra were
measured at various receiver gains. To estimate
the amount of the radical, the intensities of the
obtained signals for the radical were normalized
by using the signal intensity due to Mn?*, In the
same way as analysis of ESR spectra for in vivo
measurements, the intensity of the lowest mag-
netic field signal among the monitored triplet
signal was used to obtain the calibration lines
of 4-hydroxy-TEMPO. Instrumental conditions
were the same as those for in vivo measurements
of the radical at the head of mice, as described
above. In measurements of ESR spectra of man-
ganese sulfate (Mn*"), scanning time was fixed
to be 200s between the external magnetic field
50.0 £50.0mT, which corresponded to 20s be-
tween 34.0 and 44.0mT for the measurement
of 4-hydroxy-TEMPO.

Pharmacokinetic Analysis of the
Spin Probes

The intensity of the lowest magnetic field signal
in the triplet L-band ESR spectrum was used for
the pharmacokinetic analysis of the disposition
of nitroxide radicals. Spin clearance curves of the
signal intensity were semilogarithmically plotted
against time after the injection of spin probes.
One- or two-compartment model was fitted to
these curves by using nonlinear least-squares
regression, ™2 and the spin clearance rate
constant (k) was estimated from the slope value
of the observed clearance curve, which was
obtained from curve-fitting. Half life (t,/,) was
calculated by an equation of t;/,=1n2/k.2%)
The initial amount of 4-hydroxy-TEMPO detected
at the head initial radical amount (IA) and the

spin clearance rate constant (k) were estimated
by curve-fitting with nonlinear least-squares
regression from the quantitative spin clearance
curve for 4-hydroxy-TEMPO monitored at the
head of mice. The ratio of the initial amount of
the radical detected at the head to that of the
administered spin probes as well as the half life
(t1/2) were also evaluated. An area under the
clearance curve of the radical amount detected
at the head of mice (AUCy.q) was calculated by
an equation of AUChe.a =IA/k.

Stability of Nitroxide Radicals in the
Fresh Blood of Animals

4-Hydroxy-TEMPO or 3-carbamoyl-PROXYL
was added to the fresh blood (3.5 umol/ml) of
mice or rats at the age of 4 weeks in a 1.5 ml poly-
ethylene tube treated with 40unit/ml heparin
solution. Blood concentrations of the radicals
(3.5 umol/ml) corresponded to the initial concen-
tration in the circulated blood after i.v. adminis-
tration of the radicals at the dose of 0.25 mmol/kg
body weight. L- and X-band ESR spectra were re-
corded atevery 10 min at37°C. ESR spectra of both
4-hydroxy-TEMPO and 3-carbamoyl-PROXYL in
the fresh blood were measured with both
X-band ESR spectrometer JES-RE-3X (JEOL,
Japan), and L-band ESR spectrometer equipped
with a loop-gap resonator of vertical model
and R3361A Spectrum Analyzer. Capillary tubes
with a volume of 10 ul were used for measuring
X-band ESR spectra and polyethylene tubes
with a volume of 1.5 ml were used for measuring
the L-band ESR spectra. Instrumental conditions
for the X-band ESR measurements were as
follows: frequency 9.4 GHz, microwave power
5.0 mW, modulation frequency 100 kHz, modu-
lation amplitude width 0.1mT, scanning time
2 min, and external magnetic field 335.4 +5.0mT.
Instrumental conditions for the L-band ESR mea-
surements were as follows: frequency 1.1 GHz,
microwave power 15.5mW, modulation fre-
quency 100kHz, modulation amplitude width
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1 mT, scanning time 2 min, and external magnetic
field 37.5+5.0mT.

Excretion of Nitroxide Radicals into the
Urine of Animals

Mice and rats at the age of 4 weeks received i.v.
injection of 4-hydroxy-TEMPO at the dose of
1.0mmol/kg body weight. The urine was col-
lected at every 2h after the administration. A
portion of each collected urine was treated with
a 1.0M potassium hexacyanoferrate(III) to reoxi-
dize the one-electron reduced form of 4-hydroxy-
TEMPO and the ESR spectra were measured
immediately. The concentrations of 4-hydroxy-
TEMPO in the urine with or without potassium
hexacyanoferrate(Ill) were determined by
X-band ESR spectra at room temperature (22°C).
Capillary tubes with a volume of 10 pl were used
to measure X-band ESR spectra of 4-hydroxy-
TEMPO in the urine. Instrumental conditions for
the measurements were as follows: frequency
9.4 GHz, microwave power 5.0 mW, modulation
frequency 100kHz, modulation amplitude
width 0.1mT, scanning time 20s, and external
magnetic field 3354+5.0mT. ESR spectral
data were collected and analyzed with an ESPRIT
ESR Data System (JEOL, Japan) throughout the
investigation.

Statistical Analysis

All experimental results were presented as the
mean values + standard deviations from 3 to 4
mice or rats. The statistical evaluation was
performed by analysis of variance (ANOVA) at a
1% or 5% significant level of the difference.

RESULTS

Calibration Lines by L-band ESR

L-band ESR spectra for a standard manganese
(Mn?*) solution put on the head of mice at 4 weeks
age and for that put on the rubber balloon
containing 19 ml of saline solution are shown in

Figure 1(a) and (b), respectively. When Mn** plus
a nitroxide radical (4-hydroxy-TEMPO) were
put on the rubber balloon, a well separated ESR
spectrum due to Mn?** and the nitroxide radical
was observed (Figure 1(c)). The signal intensity
of Mn** was not influenced by the nitroxide
radical. Also, the signal intensity of radical was
hardly affected by Mn?* (Figure 1(d)). Further-
more, almost no difference was observed in the

Mn2+

N
—
Mn2+
(b) W

(2260) M
() ——— (500)

5

10 mT

(2290)

1 1 L 1 ]
0 25.0 50.0 75.0 100.0
magnetic field ( mT)

L 1 1 (] 3
33.5 38.5 43.5
magnetic field { mT)

FIGURE 1 ESR spectra of 100mM Mn?* (1.0ml) or/and
1.0mM 4-hydroxy-TEMPO (1.0ml) (a) Mn?* put on the head
of mouse at the age of 4 weeks, (b} Mn** put on a rubber
balloon containing 19ml of saline solution, (¢) Mn?* and 4-
hydroxy-TEMPO put on a rubber balloon containing 19 ml
of saline solution, (d) 4-hydroxy-TEMPO put on a rubber
balloon containing 19ml of saline solution and (e) 4-hy-
droxy-TEMPO under same conditions as for (c). ESR spec-
tra of (a), (b), (c), and (d) were measured at magnetic field
of 50.0450.0mT, and that of (e) was 38.0£5.0mT. The
values in parentheses represent ESR signal intensity at arbi-
trary unit measured on the ESR spectrometer.
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signal intensity of the radical between the mag-
netic field range of 50.0 +50.0 and 39.0 + 5.0 mT
as well as the scanning time for 3min 20s and
20s as shown in Figure 1(e). Thus, the calibra-
tion lines of 4-hydroxy-TEMPO normalized with
standard Mn?*, as shown in Figure 2, were
successfully obtained to determine the radicals.
Slopes of the calibration lines decreased with
increase of saline volume in the rubber balloons,
which may reflect the age of mice in terms of
body weight.

In Vivo L-Band ESR Measurement

Figure 3 shows L-band ESR spectra measured at
every 30s at the head of a mouse (age: 6 weeks),
who received i.v. injection of 4-hydroxy-TEMPO
at the dose of 0.5 mmol/kg body weight. A triplet
signal with equal intensities characteristic of the
nitroxide radical was observed. Among the sig-
nal, small but regular signals, probably due to the
respiration of the animal, were observed. They
disappeared with death of the animal during ESR
measurement as observed before.’® The char-
acteristic ESR signals decreased gradually with
time after the radical administration, keeping the

spectral pattern without appearance of new
signals during measurement. The clearance rate
constants (k) and half lives (¢; ;) for all examined
systems are summarized in Table 1. The area
under the clearance curve due to the radicals

3000
2500
2000
1500
1000

ESR signal intensity

500
0

0 01 02 03 04 05 0.6
4-Hydroxy-TEMPO (umol)

FIGURE 2 Calibration lines of 4-hydroxy-TEMPO. ESR
spectral intensity due to the radical put on a rubber balloon
containing different volume of saline solution as substitutes
of mice at various ages was normalized with that of the
standard Mn?*. Volume of saline solution: (C]) 19ml, (O)
29ml, (O) 44 ml, and (A) 54ml

A Sampling time (s)

10
39

96
125
153
182
211 y

34.0 39.0
magnetic field (mT)

FIGURE 3 L-band ESR spectra at every 30s at the head of a mouse (6 weeks old) given 4-hydroxy-TEMPO at the dose of

0.5 mmol/kg body weight by intravenous injection.
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TABLE II Pharmacokinetic parameters for 4-hydroxy-TEMPO monitored at the head of mice at various ages

Age Body Dose AUCheaq (pmol - s) IA (pmob)t Ratio% (IA/AA)
(weeks) wight (g) (mmol/kg)
4 20 0.25 14.61+1.04 0.27 +0.03 5.43 £0.61
4 20 05 35.69+3.43 0.53+0.04 5.28+0.39
4 20 1.0 91.88+19.14 0.94+0.03 471£0.17
av. (5.1440.38) ——
6 30 025 27.33+3.28 0.35+£0.05 460+0.81
6 30 0.5 59.32+5.07 0.68+0.05 4524035
6 30 1.0 152.86+£20.04 1.47£0.05 4914046
av. (4.68+021) —
10 35 0.25 31.05+3.72 0.38+0.04 4.25+0.40 "
17 40-45 013 15.20+1.62 0.194+0.02 3451034
17 40-45 0.25 32.21+3.16 0.390.02 346+020 *
17 40-45 05 80.93 £29.63 0.89+0.27 3.96+1.19
17 40-45 1.0 200.39 + 45.03 1.72+0.17 3814037 |
av. (3.67+£0.26) ——
37 50-55 0.5 84.80+13.44 0.88+0.07 3.19+0.26
52 50-60 0.25 50.03+11.13 0.46+0.06 3.06:£0.41
52 50-60 0.5 120.04 +27.47 0.95+0.14 3.17+£048 **
52 5060 1.0 271.424+31.13 1.90£0.21 3.16+0.68

av. (3.13+0.06) —

Data are the mean values + standard deviations for 3 mice or rats.

*p < 0.05, **p < 0.01.
*Initial amount of the radical detected at the head of mouse.

*Ratjo (%) of the initial amount of the radical detected to the'amount of the administered spin probe.

(AUCeaq) at the head of mice, initial radical
amount (JA), and ratio (%) of the initial radical
amount to that of the administered radicals are
summarized in Table II. Both data at the head of
rats over the ages of 13 weeks and at the upper
abdomen of rats were not obtained, due to the
limitation of cavity size (i.d.: 35mm) of L-band
ESR spectrometer. Although we monitored the
radicals at the head of mice (age: 4 weeks) given
the radical at the dose of 0.13mmol/kg, the
parameters were not available exactly because of
its rapid clearance.

Comparison of Spin Clearance for the
Nitroxide Radicals

Figure 4(a) shows the time-dependent semiloga-
rithmic clearance curve plotted for the signal
intensity of the lowest magnetic field in the ESR
spectra due to 4-hydroxy-TEMPO, which was
detected at the upper abdomen of mouse (age:
4 weeks) receiving the agents at the dose of

1.0mmol/kg body weight. While, under the
same conditions, the clearance curve for 3-car-
bamoyl-PROXYL gave a two phase form (o« and
B) with two semilogarithmic straight lines
(Figure 4(b)). These results indicate that the
clearances of both spin probes are analyzed by
the first order kinetics, the clearance rate constant
(k) for 4-hydroxy-TEMPO being (11.6+1.1) x
107357, while those for 3-carbamoyl-PROXYL
being (o) (2.1 £0.7) x 1035 and (8) (1.1£0.2) x
1073s™" (Table D).

Dose-Dependent Spin Clearance Change
of the Nitroxide Radical

The clearance rate constants observed at the head
of mice (4, 6, 7, and 52 weeks old), who received
4-hydroxy-TEMPO at various doses, decreased
dose-dependently (Figure 5). Also, both IA and
AUCheaq due to the radicals, that were moni-
tored at the head of mice, increased in dose-
dependent manners at each age of mice (Table II).
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FIGURE 4 Semilogarithmic plots of L-band ESR signal intensity against time, monitored at the upper abdomen of mice
(4 weeks old). Mice received 4-hydroxy-TEMPO (a) and 3-carbamoyl-PROXYL (b) at the dose of 1.0 mmol/kg body weight

by intravenous injection.
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FIGURE 5 Semilogarithmic plots of clearance rate con-
stants (k) against the dose of 4-hydroxy-TEMPO, monitored
at the head of mice at following ages: ((J) 4 weeks, (A) 6
weeks, (Q) 17 weeks, and ({) 52 weeks old.

However, no dose-dependent difference in the
ratio (%) of initial amount of the radicals to that
of the administered radicals at each age of mice
was observed as shown in Table IL

Age-Dependent Spin Clearance Change
of the Nitroxide Radical

The clearance rate constants observed at the head
of mice (4, 6, 17, 37, and 52 weeks old), who were
given 4-hydroxy-TEMPO at the doses of 0.13,
0.25, 0.5, or 1.0 mmol/kg body weight, decreased
gradually with increase of the age (Table I and
Figure 6(a)). The decrease of spin clearance rate
constants (k) depends on the aging of the animals.
Figure 6(b) shows a semilogarithmic plot of the
spin clearance rate constants against the body
weight of mice given 4-hydroxy-TEMPO at the
dose of 0.5mmol/kg body weight, indicating
the age-dependent decrease of the spin clearance
rate constant. In addition, the ratio (%) of initial
amount of the radicals to that of the administered
radicals at the head of mice decreased with age
of mice, as follows: 5.14 +0.38 (%) at 4 weeks old,
4.68+£0.21 (%) at 6 weeks old 4.25+0.40 (%) at
10 weeks old, 3.67 £0.26 (%) at 17 weeks old,
3.19 +0.26 (%) at 37 weeks old, and 3.13 £ 0.06 (%)
at 52 weeks old. However, the clearance rate
constants obtained by monitoring at the head
of rats (3, 4, 6, and 10 weeks old), who received
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FIGURE 6 (a) Semilogarithmic plots of spin clearance rate constants (k) at the head and the upper abdomen of mice given
4-hydroxy-TEMPO against the age (A) 0.25 mmol/kg body weight (the head), (O) 0.5mmol/kg body weight (the head), ({7)
1.0mmol/kg body weight (the head), (W) 1.0mmol/kg body weight (the upper abdomen) (b) Semilogarithmic plots of spin
clearance rate constants (k) against body weight (g) of mice given 4-hydroxy-TEMPO at the dose of 0.5mmol/kg body

weight. ESR spectra were measured at the head of mice.

4-hydroxy-TEMPO at the dose of 0.25 mmol/kg
body weight, were not changed during the aging
process (Table I).

Organ-Dependent Spin Clearance of the
Nitroxide Radical

The clearance rate constants of the radicals
observed at the head of mice, who received 4-
hydroxy-TEMPO at the dose of 1.0 mmol/kg body
weight, were decreased age-dependently. While,
under the same conditions, no remarkable change
in the clearance rate constants of the radicals at the
upper abdomen of mice was observed with the
animal ages examined (Figure 6(a)). The clearance
rate constants of the radicals at the head of mice
were available at the dose of 0.25 mmol/kg body
weight (Table I), while the radicals at the upper
abdomen of mice given 4-hydroxy-TEMPO were
notdetected even at the dose of 0.5 mmol /kg body
weight, but detectable at the dose of 1.0 mmol/kg
body weight.

Comparison of Spin Clearance
of the Nitroxide Radical between
Animal Species

The spin clearance rate constants at the heads
of mice and rats (4, 6 and 10 weeks old), who
received 4-hydroxy-TEMPO at the dose of
0.25 mmol/kg body weight, were found to be dif-
ferent each other (Figure 7). The results indicate
that the clearance rates of the radical in mice are
faster than those in rats.

Stability of the Nitroxide Radicals in the
Fresh Blood of Animals

Both X- and L-band ESR spectra of 4-hydroxy-
TEMPO (3.5umol/ml each) or 3-carbamoyl-
PROXYL (3.5 pmol/ml each) in the fresh blood
collected from mice or rats aged of 4 weeks were
measured at different incubation time. The signal
intensities decreased very gradually as observed
before,”® in which both clearance curves for

4-hydroxy-TEMPO and 3-carbamoyl-PROXYL
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gave a single phase and each spectral pattern was
unchanged during the experiments. The differ-
ences in clearance rate constants of 4-hydroxy-
TEMPO and 3-carbamoyl-PROXYL in the fresh
blood of mice or rats were insignificantly ob-
served between X- and L-band ESR methods
(Table III). While, significant differences in the
half lives of 4-hydroxy-TEMPO in the fresh blood
were observed between the fresh blood of mice
and rats. The half life of 3-carbamoyl-PROXYL
in fresh blood of mice was approximately
21h, being remarkably longer than that of
4-hydroxy-TEMPO.

0.025

0.020

0.015

0.010

k(s-1) for mice

0.005 L
0.005 0.010 0.015

k(s™1) forrats

FIGURE 7 Relationship of spin clearance rate constants (k)
for mice and rats given 4-hydroxy-TEMPO at the dose of
0.25mmol/kg body weight. L-band ESR spectra were mea-
sured at the head of both animals.

Excretion of the Nitroxide Radical in the
Urine of Animals

The urine of mice and rats after i.v. administra-
tion of4-hydroxy-TEMPOwerecollected every2 h
for 24 h and X-band ESR spectra were measured
at room temperature (22°C). ESR signal was not
observed in the urine before administration of
4-hydroxy-TEMPO. However, a triplet signal due
to the nitroxide radical was observed in the urine
of mice and rats, who received the agent at the
dose of 1.0 mmol/kg body weight. The strongest
signal intensity of the radicals in the urine of mice
and rats was observed at 2 h after the administra-
tion, but it decreased within 4 h (Figure 8). Total
amount of the radical due to 4-hydroxy-TEMPO
in the urine excreted from mice and rats was
about 1.0% and 0.3% of the administered dose
respectively. Since the spin clearance of the
nitroxide radical has been found to be due to the
one-electron reduction of the corresponding
radical,’®>?! we added an oxidizing agent,
potassium hexacyanoferrate(Ill), to each collected
urine and found remarkable increases of ESR
signal intensity due to the existence of the
corresponding hydroxylamine as the reduced
form of the radical (Figure 8). Mice have been
found to excrete most of the hydroxylamine for4 h
after the radical administration. In contrast, the
signal due to the nitroxide radical in the urine of
rats was observed even after 24 h. Thus, the total
amounts of the radical and its reduced form
excreted from mice and rats were estimated to

TABLE I Stability of 4-hydroxy-TEMPO and 3-carbamoyl-PROXYL in the fresh blood of mice
and rats as determined by X- and L-band ESR methods

Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/20/11

Spin-label agent Animal ESR method k(x10*min™") t172 (min)
4-Hydroxy-TEMPO mice X-band 20+4 3B5x6—,
mice L-band 21+5 35+8 }
rats X-band 1442 51+6 *
rats L-band 1442 49+6—
3-Carbamoyl-PROXYL mice X-band 0.55+0.01 1265413
mice L-band 0.55+0.08 1286 +176

Final concentration of spin probe was 3.5 ymol/ml in the blood. Data are the mean values + standard
deviations for 3 mice or rats.
*p < 0.05.
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FIGURE 8 Spin clearances due to 4-hydroxy-TEMPO and its reduced form from the urine of (a) mice and (b) rats (4 weeks
old). Mice and rats received 4-hydroxy-TEMPO at the dose of 1.0mmol/kg body weight. (O) ratio (%) of the observed
amount of the radical to that of the administered spin probe, (B) ratio (%) of recovering amount of the radical by addition
of potassium hexacyanoferrate(Ill) to that of the administered spin probe.

be approximately 26% and 11% of the adminis-
tered dose, respectively.

DISCUSSION

By in vive L-band ESR method, we were able to
measure the radicals due to the stable spin probes
at the upper abdomen of mice as well as at the
head of mice and rats. Since it has been thought to
be difficult to analyze the radicals quantitatively
in a living animal, we have tried and established
the quantitative pharmacokinetic analysis of the
radicals in animals.

Calibration Lines

We used a phantom as a model of a whole mouse
or the head of a rat to obtain the calibration lines.
Since 1.0ml of 100 mM manganese sulfate in a
polyethylene tube (1.5ml) gave constant ESR
spectral pattern and signal height under the
conditions used, the solution was successfully
used in the present quantitative experiments.
Calibration lines were drawn by the simulta-
neous ESR measurements of manganese (Mn**)

as standard substance, several concentrations of
4-hydroxy-TEMPO and a rubber balloon with
different volume of saline, which corresponds to
the body weight of animals with different ages
(Figure 1). The slope of the lines decreased with
increase of the volume of saline solution in a
rubber balloon (Figure 2). We also observed age-
dependent decrease of the signal intensity due to
Mn?*, measured at the head of mouse (data not
shown). From these results, it was concluded that
dielectric loss of the applied microwave increases
with increase of the amount of water existing in
the measurement site, and the obtained calibra-
tion lines are useful to analyze the clearance of
ESR signals due to the radicals administered to
animals.

Stability of the Spin Probe and Spin
Clearance due to Organ Distribution and
Metabolism

We analyzed the real time pharmacokinetics of the
nitroxide radicals in mice and rats at various ages
by in vivo L-band ESR method. When the animals
received i.v. injection of 4-hydroxy-TEMPO, the
ESR signal disappeared with time (Figure 3), but
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the spectral pattern was unchanged during the
in vivo measurements. In general, administered
nitroxide radicals are presumed to be reduced to
ESR inactive hydroxylamines by active oxygen
species like superoxide anion radicals or endo-
genous reducing agents such as NAD(P)H,
ascorbic acid, and glutathione, and lose their
paramagnetic properties.">??°! Thus, the stabi-
lity of nitroxide radicals in the fresh blood was
examined in advance. The radicals in the fresh
blood were found to be stable in terms of the spin
clearance rate constant (k), compared with the
behavior in in vivo measurements (Tables I and
I, indicating that the paramagnetic loss of the
radicals in circulating blood is not caused by the
reductions with the components of the blood,
but affected by the transport to the organs. Thus,
we suggest that clearance of the radicals is
relevant to the alteration of the radicals in
animals involving the changes of organ distribu-
tion and metabolism.

Chemical Form of the Spin Probe in
Animals

ESR pattern with equal 3 intensity signals due
to 4-hydroxy-TEMPO was recorded throughout
the present study as shown in Figure 3. When
the radical binds with proteins or other bio-
molecules, the 1st and 3rd signals become small
and show broadening because of the restriction
of the thermal molecular movement.®* Conse-
quently, the observed nitroxide radicals are
thought to exist as the free form in animals.

ESR Monitoring Sites

The spin clearance rate constants for 4-hydroxy-
TEMPO detected at the upper abdomen of mice
at each age were unchanged and independent of
the age of mice (Figure 6). In vivo L-band ESR
detects the radicals at the measurement site
of an alive animal together with those in the
blood vessel. Since it has been reported that 4-
hydroxy-TEMPO and 3-carbamoyl-PYROXYL

cannot permeate through the blood brain barrier
because of their high hydrophilicity,®*? the
radical circulating in the blood vessel is measur-
able at the head of mice. However, the radical
transferred to several organs such as liver is
monitored at the upper abdomen of mice simul-
taneously with that in the blood vessel. Spin
clearance time courses of the radical should be
sufficiently different from between the blood
vessel and some organs, and the overlapping
clearance curves attributed to several organs
may explain the distinction of the spin clearance
rate constants, which depend on the measure-
ment domain in the animal. Recently, it was
reported that free radicals generated endogen-
ously such as nitric oxide could be detected at
the abdomen of mouse or rat by using both spin
trapping agents and in vivo L-band ESR meth-
0ds.[16173334] These results suggest that it re-
quires to select the best measurement domains
according to the purpose of each L-band ESR
study. In consideration of the influence of di-
electric loss due to water molecule on the irra-
diation of microwave, accurate measurement
is indispensable to analyze quantitatively the
kinetic behavior of radicals in a mouse at the
upper abdomen.

Spin Clearances of the Spin Probes
(1) Chemical Structure of the Spin Probes

The spin clearance of 4-hydroxy-TEMPO was
analyzed by the first order kinetics with mono-
phase, while that of 3-carbamoyl-PROXYL was
by the first order kinetics with o and § phases
(Figure 4), indicating that the spin clearance of
the nitroxide radicals depends on the difference
in chemical structure such as a six-member ring
or a five-member ring structure.®™ This result
corresponds to that of BCM-ESR method, which
has been proposed from our laboratory.®®!

(2) Dose-Dependency

Since the clearance rate constants decreased
dose-dependently (Figure 5), we estimated
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AUCGC}caq due to the radicals detected at the head
of mice. AUC}epq increased nonlinearly with the
dose of administered radicals. The results indi-
cate that (i) the ability to eliminate the nitroxide
radicals in animals, such as enzymes and endo-
genous reducing agents, is saturated with in-
crease of the dose, and (ii) the nature of
nitroxide radical disposition is capacity-limited
and best described in terms of Michaelis—-Menten
kinetics. It has been assumed that nitroxide
radicals are eliminated from animal body accord-
ing to the first order linear kinetics,">! how-
ever, we first confirmed the fact by using present
L-band ESR method and pharmacokine-
tic analysis, in which the nitroxide radicals dis-
appear from animal body according to the
nonlinear kinetics.
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(3) Nonlinear Pharmacokinetic
Model Analysis

We analyzed the spin clearance curves in more
detail by using one-compartment model with
Michaelis-Menten elimination kinetics®*! and
evaluated the pharmacokinetic parameters con-
tributing to the nonlinear elimination kinetics of
the nitroxide radical (Figure 9). The simultaneous
multilines fitting of three spin clearance curves at
three different doses was attempted to estimate
the pharmacokinetic parameters. The maximum
elimination rate (V) and Michaelis constant
(Km) were calculated by nonlinear least-squares
regression with MULTI(RUNGE),®”! and spin
clearance rate constants (k) under the linear
conditions were calculated by dividing the
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FIGURE 9 4-Hydroxy-TEMPO detected at the head of mice at various ages. (A) 1.0mmol/kg, (l) 0.5mmol/kg, and (®)
0.25mmol/kg and the fitted curves ((—) 1.0mmol/kg, (- - -) 0.5 mmol/kg, (- - -) 0.25mmol/kg) following the analyses by
one-compartment model with Michaelis-Menten elimination kinetics.
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maximum elimination rate (V) by Michaelis
constant (Ky,) at the head of mice at each age.

(4) Age-Dependency

Spin clearance rate constant was estimated to
be 187 x 107257! (4 weeks old), 15.2 x 1073s7?
(6 weeks old), 17.0 x 107%s™" (17 weeks old), and
11.4 x 1073571 (52 weeks old) (Table IV). The spin
clearance rate constants at each age of mice
obtained from the sophisticated nonlinear model
analysis were comparable with those from the
linear one-compartment model analysis at the
lowest dose of 0.25 mmol/kg body weight. How-
ever, the spin clearance rate constants at each age
of mice obtained from the linear model decreased
dose-dependently and deviated from those
values determined by the nonlinear model. There-
fore, it is suggested that (i) the biological ability
to eliminate the radicals in animals will be
essentially capacity-limited, (i) elimination capa-
city of the radicals is saturated dose-dependently,
and (iii) the nonlinear effects appear in the dis-
position of the nitroxide radicals with increase of
doses of the administered radicals. On the other
hand, the spin clearance rate constants for the
radicals at the head of mice given 4-hydroxy-
TEMPO decreased age-dependently (Figure 6).
Since three values such as the maximum elimina-
tion rate (Vax), Michaelis constant (K,,,), and the
spin clearance rate constant (k) obtained by the
Michaelis—-Menten elimination model decreased
with the age of mice (Table IV), the reducing
systems of the radicals in animals including
many relating enzyme activities have been sug-
gested to be reduced with aging of animals.

The spin clearance rate constants for 4-hy-
droxy-TEMPO at the head of rats at the ages of
3, 4, 6, and 10 weeks were not significantly dif-
ferent under the present experimental conditions
(Table I). It was reported that the spin clearance
rate constants of the radical in rats were almost
constant among the ages of 4, 6 and 9 weeks, but
the constants for the radicals in rats aged of 11,
14, and 16 weeks were significantly smaller than
those in rats aged of 4, 6, and 9 weeks."*¥!

(5) Distribution Volume

The initial amount ratios of the detected radical to
the dose of the administered 4-hydroxy-TEMPO
(IA/AA) were almost constant and independent
of the dose at each age of mice (Table II). It thus
indicates that the ratio represents the ratio of
distribution volume at the head of mice to that in
animals if instantaneous equilibrium is achieved
in the transfer of the nitroxide radical in the blood
circulation of whole body. Since the ratio (IA/AA)
decreases significantly with the age of mice, the
increment of distribution volume in mice would
be larger than that of distribution volume at the
head of mice with the age.

Animal Species-Dependency in
Metabolism and Urinary Excretion
of the Spin Probe

The spin clearance rates constants for 4-hydroxy-
TEMPO monitored at the head of mice are larger
than those at the head of rats (Figure 7), suggest-
ing the presence of animal species-dependent
difference in the radical clearance between mice

TABLE IV Pharmacokinetic parameters for 4-hydroxy-TEMPO detected at the head of mice

Age (weeks) Vimax (nmol -7 /kg) Kp (nmol/kg) k* (x 1073571
4 1.64+0.66 87.51+44.0 18.7
6 1.413+0.35 92.3+£290 15.2

17 1.141+0.13 66.81+:12.2 17.0

52 074+ 0.14 64.7£15.0 114

Data were analyzed by Michaelis-Menten elimination model.

"k = Vinax/ K-
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and rats. To confirm these species-dependent dif-
ference in detail, urine excretion of the nitroxide
radical in mice and rats were examined with
X-band ESR method. The excretion rates of both
the nitroxide radical and its hydroxylamine as
one-electron reduced form in mice were faster
than those in rats (Figure 8). In addition, excretion
ratios of both the compounds to the administered
dose in mice were larger than those in rats. These
results also suggest the presence of animal
species-dependent difference in metabolism and
urinary excretion of the nitroxide radical between
mice and rats. Detectable radicals excreted to the
urine were found to be the intact and its one-
electron reduced form, which was reoxidized by
addition of potassium hexacyanoferrate(IIl).
Ratios of the radical undetected in the urine to
the dose in mice and rats were 74% and 89%,
respectively (Figure 8). Large portions of the
administered radical remain in animals as
the diamagnetic metabolites or are excreted to
the urine as the forms, which cannot revert
to the nitroxide radical by the reoxidation. Thus,
animal species-dependent difference in urinary
excretion of the radical between mice and rats
was also observed in the present study. It is
necessary to examine the absorption, metabolism,
and excretion of the nitroxide radical in mice
and rats in the future.

CONCLUSION

Pharmacokinetics of the spin probes in mice and
rats at various ages were analyzed noninvasively
at the real time by in vivo L-band ESR method.
The disposition of the radicals observed by in vivo
L-band ESR is significantly different between the
nitroxide radicals and depends on the structures
and doses of the spin probes, the species and ages
of animals, and the measurement sites of the
animal body. Dose-dependent nonlinear kinetics
of 4-hydroxy-TEMPO in mice were evaluated
quantitatively by pharmacokinetic model analy-
sis and nonlinear least-squares regression. In vivo

L-band ESR method was thus found to be useful
to investigate the disposition of radicals in the
whole body of animals. Our present study
proposes first the quantitative pharmacokinetic
analysis of nitroxide radicals in mice by in vivo
L-band ESR. L-band ESR is the unique technique
that can directly detect free radicals in a living
animal, and will be applied to investigate the
development of medicines and pharmaceutics,
such as pharmacokinetic analysis of new phar-
maceutics combined with nitroxide radicals as
spin labels instead of radioisotopes.®!
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