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In vivo ESR spectroscopy using a low frequency microwave
of approximately 1 GHz has been developed to measure
non-invasive ESR spectra in animals given paramagnetic
compounds, in which a loop-gap-type resonator was used
and ESR spectra were measured at the animal’s head or
abdomen. Therefore, the concentrations of paramagnetic
species in both the blood and organs were compositely
contributed to the spectra. When we understand the
kinetics of paramagnetic species in detail, it is essentially
important to know how these kinetics are expressed in
each organ. For this purpose, a surface-coil-type resonator,
which enabled local ESR measurement in specific organs,
has been developed. By using this method, we studied the
real-time pharmacokinetics of spin clearance curves
detected in the organs of mice given 4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl (4-hydroxy-TEMPO) intra-
venously (i.v.), by monitoring the inferior vena cava, liver
and kidney. Quantified clearance curves in the organs were
analyzed on the basis of a two-compartment model, and
pharmacokinetic parameters were estimated based on the
curve-fitting. The obtained pharmacokinetic parameters
were found to depend on the measurement site, and the
distribution and elimination processes of the spin probe
were successfully separated between the blood and organs
of mice.

Keywords: Local pharmacokinetics; In vivo L-band ESR; Surface-
coil-type resonator; Spin probe; Free radical

INTRODUCTION

In vivo measurement of paramagnetic species is
needed in order to understand their biochemical and

physiological roles in living animals.[1 – 3] The
development of in vivo L-band ESR equipped with a
loop-gap-type resonator[4 – 7] has made it possible to
measure non-invasive ESR[8,9] and the imaging[10,11]

of paramagnetic species in live animals, in spite of
involving problems such as relatively low sensitivity.
In the conventional in vivo ESR using a low
frequency microwave of around 1 GHz, ESR spectra
were usually observed at the head[12 – 15] or abdo-
men[16] of animals who received stable spin probes.
Based on the measurement of the relative clearance
rate constants of ESR signal intensities due to the
administered spin probes, the reduction ability of the
compounds[15 – 17] and the oxidative stress induced
by reactive oxygen species (ROS)[18 – 20] were exam-
ined in live animals.

Because the detection sensitivity in the L-band ESR
equipped with a loop-gap-type resonator has
depended on the volume of the measuring objects,
it has been difficult to determine the spin concen-
tration in animals. Therefore, in 1999, we proposed a
quantitative pharmacokinetic analysis of spin probes
by monitoring the head and abdomen of mice by
using L-band ESR equipped with a loop-gap-type
resonator, in which the spin clearance curves were
analyzed with the Michaelis-Menten elimination
models and were evaluated in terms of the nonlinear
pharmacokinetic parameters contributing to the
dose- and age-dependent spin clearance of the spin
probes.[21] However, the concentrations of spin
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probes in both the blood and organs compositely
contributed to the obtained ESR spectra in combi-
nation. In order to understand the pharmacokinetics
of the spin probes in detail, we have to know how
their pharmacokinetics are expressed in each organ
of the animals. The conventional L-band ESR with
the loop-gap-type resonator has indeed an advan-
tage in the non-invasive in vivo detection of
paramagnetic species, however, it is impossible to
analyze the local ESR signals of the species existing
in specific organs of animals involving the circula-
ting blood.[22,23] In order to more precisely examine
the pharmacokinetics of spin probes, a new
analytical method to detect paramagnetic species in
each organ of the animal needs to be established.

For this purpose, surface-coil-type resonators
(SCRs) have been proposed for the local L-band
ESR measurement,[24 – 26] which were successfully
used for detecting the paramagnetic species in
several organs of rats and mice[26 – 28] and in leaves
of plants.[29] In addition, the half-life of 4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-oxyl (4-hydroxy-
TEMPO) was found to depend on the organs of
rats.[27,28] However, in that case a precise pharmaco-
kinetic analysis was not performed. Then, by using
this minimal invasive method with both flexible and
semirigid surface-coil-type resonators for in vivo
L-band ESR, we studied the quantitative pharmaco-
kinetics of 4-hydroxy-TEMPO in mice. The local
disposition of 4-hydroxy-TEMPO was sufficiently
evaluated based on the multiple clearance curves of
its concentrations in the blood and in organs such as
the liver and kidney of mice.

EXPERIMENTAL

Materials

4-Hydroxy-TEMPO was purchased from Sigma
Chemical Co. (St. Louis, MO, USA), and was used
without further purification. This probe was dis-
solved at appropriate concentrations in physiological
saline (0.9% NaCl solution). Nembutal (Sodium
pentobarbital: 50 mg/ml) was obtained from Abbot
Laboratories Co. (USA). Polyethylene tubes (600ml)
were from Quality Scientific Plastics Co. (USA).
Other reagents were of the highest purity commer-
cially available.

Animals

Male std-ddy mice (6 weeks old, 30 g) were
purchased from Shimizu Experimental Material Co.
(Kyoto, Japan) and maintained on a light/dark cycle
in the central animal facility of Kyoto Pharmaceutical
University. They were given free access to standard
mice chow and water ad libitum. All experiments
were approved by the Experimental Animal

Research Committee of Kyoto Pharmaceutical
University (KPU) and performed according to
KPU’s Guidelines for Animal Experimentation.

Flexible and Semirigid Surface-coil-type
Resonators (FSCR and SRSCR)

FSCR and SRSCR (SCRs), prepared as described
previously,[24,28] consisted of a single-turn coil with
diameters of 5 and 11 mm, respectively, and a
balanced transmission line made of two flexible
and semirigid coaxial lines with a 50V characteristic
impedance, respectively. Their single-turn coils were
constructed from copper wire of 0.32 and 0.5 mm in
diameter, respectively. The length of the transmission
line was calculated on the basis of the diameters of
the coil and wire as well as on the resonant
frequency. SCRs were connected to the L-band ESR
through a three-stub tuner and driven at a frequency
of approximately 1.1 GHz. The coil was aligned in a
direction which made the microwave magnetic field
generated in the coil perpendicular to the static
magnetic field in the same manner as in a usual ESR
measurement.

Methods

Animal Experiments and Administration Methods of
4-hydroxy-TEMPO in Mice

A FSCR of 5 mm in diameter was used for the
measurement performed in the mouse’s blood vessel
of the inferior vena cava (the circulating blood) and
tail. A SRSCR of 11 mm in diameter was used for the
measurement on the surface of the liver and kidney.
Mice were anesthetized by intraperitoneal (i.p.)
injection of pentobarbital at a dose of 50 mg/kg
body weight. After the abdomen was opened
through a middle incision, the FSCR was tied up
with the vessel of the inferior vena cava by silk
thread for surgery, while the SRSCR was fixed tightly
on the surface of the liver or kidney. Then, after the
abdomen was sutured, the anesthetized mice with
SCR were fixed on a handmade Teflon holder and
inserted into the cavity of the L-band ESR. For the
measurement in the tail, the tail was passed through
the FSCR and fixed at its root without the use of any
invasive surgical procedures. The anesthetized mice
were then fixed in the same manner as mentioned
above.

4-Hydroxy-TEMPO dissolved in saline was intra-
venously (i.v.) bolus administered into the tail vein
by using a needle equipped with a 1 ml syringe, and
L-band ESR spectra due to the spin probe were
measured immediately after the injection. For ESR
measurement in the blood, 4-hydroxy-TEMPO was
administered at the doses of 0.13, 0.25, 0.5, 0.75 and
1.0 mmol/kg body weight. For the measurements in
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the liver and kidney, the spin probe was admini-
stered at the doses of 0.25, 0.5, 0.75 and 1.0 mmol/kg
body weight. For the measurements in the tail, the
spin probe was administered at the doses of 0.5 and
1.0 mmol/kg body weight.

In Vivo L-band ESR Measurements with
Surface-coil-type Resonators

ESR spectra of paramagnetic species due to
4-hydroxy-TEMPO were measured at every 30 s
using an L-band ESR spectrometer JES-RE-3L (JEOL,
Japan) equipped with handmade surface-coil-type
resonators (FSCR and SRSCR) and an R3361A
Spectrum Analyzer (Advantest, Japan). The cavity
of the ESR spectrometer was maintained at a
constant temperature (378C), which was adjusted
by water circulating through a thermo-regulated
water bath. Instrumental conditions for the L-band
ESR measurements were as follows: microwave
frequency 1.1 GHz, microwave power 10 mW for all
measurements except those with the blood at the
dosage of 0.13 mmol/kg, in which microwave power
was 30 mW, modulation frequency 100 kHz, modu-
lation amplitude width 2 mT, scanning time
20 s/10 mT, time constant 0.1 s, and interval time
10 s between each measurement. Ranges of the
external magnetic field were between 35.5 and
45.5 mT in the blood and tail, and between 34.5 and
44.5 mT in the liver and kidney. The central magnetic
field was adjusted to coincide with the field of the
central signal due to 4-hydroxy-TEMPO. ESR
spectral data were collected and analyzed using an
ESPRIT ESR Data System (JEOL, Japan), in which the
analogue signals, outputted by the ESR spectrometer
were converted into a digital signal and then
inputted into a memory device. The intensity of the
central signal in the triplet ESR spectrum was used
for the pharmacokinetic analysis of 4-hydroxy-
TEMPO.

Calibration Lines and Determination of the
Concentration of 4-hydroxy-TEMPO by L-band ESR
Equipped with Surface-coil-type Resonators

To determine the in vivo spin probe levels in the
blood and organs (liver and kidney) of mice, the
calibration lines for the spin probe were prepared.
The in vivo spin probe concentrations were deter-
mined as follows: after several concentrations of
4-hydroxy-TEMPO were added to the fresh blood of
the untreated mice, 500ml of the solution was
transferred to a 600ml volume of a polyethylene
tube fixed with SCRs. The intensities of the central
signal in the triplet spectrum were monitored.
Instrumental conditions were the same as those
for in vivo measurements, as described. The
amounts of 4-hydroxy-TEMPO were obtained from

multiplying its concentrations in a polyethylene
tube by the tubular volumes measured with
FSCR ðp £ ð1:75 mmÞ2 £ 0:32 mm ¼ 3:1mlÞ and
SRSCR ðp £ ð3:0 mmÞ2 £ 0:5 mm ¼ 14:1mlÞ where p £

ð1:75 mmÞ2 and p £ ð3:0 mmÞ2 represent the cross
section of the cylindrical probe solution for FSCR
and SRSCR, respectively, and 0.32 and 0.5 mm, which
were measured by a ruler, are the thickness of the
solution for FSCR and SRSCR, respectively. ESR
signal intensities due to 4-hydroxy-TEMPO obtained
from in vivo measurements were calibrated to the
corresponding spin probe quantities, followed by
dividing its quantities by each volume in the blood
vessel ð5 £ 1 mm2 £ 0:32 mm ¼ 1:6mlÞ and the organ
surface ðp £ ð5:5 mmÞ2 £ 0:5 mm ¼ 47:5mlÞ that were
actually measured with SCRs, where 5 mm2 and
0.32 mm are the cross section and thickness of the
cubic blood vessel, respectively, and p £ (5.5 mm)2

and 0.5 mm are those of the cylindrical organ surface,
respectively. The in vivo concentrations of 4-hydroxy-
TEMPO in the blood and organs of mice were, thus,
calculated and their disappearances were plotted
against the time interval following the admini-
stration of 4-hydroxy-TEMPO.

Because the tail of mice is composed of muscle,
blood space, nerve and bone, 4-hydroxy-TEMPO in
the tail is distributed heterogeneously, which
indicates that the quantitative determination of the
spin probe is impossible in the tail. Then, we plotted
the ESR signal intensities due to 4-hydroxy-TEMPO
in the tail against the time interval following the
administration of 4-hydroxy-TEMPO.

Pharmacokinetic Analysis of 4-hydroxy-TEMPO

The pharmacokinetic parameters for 4-hydroxy-
TEMPO were obtained on the basis of a two-com-
partment model. The equation ½C ¼ A expð2atÞ þ
B expð2btÞ� was fitted to each individual profile of
the determined concentrations of 4-hydroxy-TEMPO
in the blood, liver and kidney using a nonlinear
least squares regression program, MULTI, which was
newly rewritten with Visual Basic,[30] where C is the
concentration in the blood or tissues, a and b are the
apparent rate constants, A and B are the correspond-
ing zero time intercepts and t is the time. The
pharmacokinetic parameters such as area under the
concentration curve (AUC), mean residence time
(MRT), total body clearance (CLtot), steady-state
distribution volume in the body (Vss) and spin
clearance rate constant (ke) were calculated from the
fitted results as follows: AUC ¼ A=aþ B=b; MRT ¼

ðA=a2 þ B=b2Þ=ðA=aþ B=bÞ; CLtot ¼ Dose=ðA=aþ

B=bÞ; Vss ¼ Dose(A/a 2 þ B/b 2)/(A/a þ B/b )2

and ke ¼ abðA þ BÞ=ðAbþ aBÞ; respectively, where
Dose is the amount of 4-hydroxy-TEMPO admini-
stered i.v.[31,32]
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The spin clearance curves of the signal intensities
(s.i.; arbitrary unit) were plotted against time
duration following i.v. injection of 4-hydroxy-
TEMPO and used for its pharmacokinetic analysis
monitored in the tail of mice. The one-compartment
model ½s:i: ¼ A expð2ke £ tÞ� was fitted to these
curves by using nonlinear least-squares regression
with MULTI to estimate the spin clearance rate
constant (ke) by curve-fitting.

Parameters Derived from the Relationship between
the Blood and Organ Data

To examine the relationship of pharmacokinetic
parameters in the blood, liver and kidney, which
were estimated from the different concentration
curves obtained in the local sites of ESR measure-
ment, the secondary pharmacokinetic parameters
such as the mean partition coefficient between the
blood and organ (Kp)[33,34] and single-pass mean
residence time in the organ (MRTSP)[35 – 37] were
derived as follows:

Kp ¼ AUCorgan=AUCblood ð1Þ

and

MRTSP ¼ MRTorgan 2 MRTblood ð2Þ

where the ratio of AUC between the blood and organ
(Kp) is defined in a non-steady state condition
instead of the ratio of concentrations between the
blood and organ in a steady-state condition, and the
difference in MRT between the blood and organ
(MSTSP) quantifying the organ retention property is
a function of rate constants associated with efflux
and elimination out of the organ and is independent
of influx rate constants into the organ from the
blood.[34,36,37] Using these parameters, CLtot,organ and
Vss,organ estimated based on the concentration curves
in the organ were rearranged to the following

equations:

Kp·CLtot;organ ¼ CLtot;blood ð3Þ

and

Kp·Vss;organ ¼ Kp·CLtot;organ·MRTorgan

¼ Vss;blood þ CLtot;blood·MRTSP ð4Þ

In addition, CLtot,blood·MRTSP (DV ) was equal to
CLtot,blood·Kp·Vorgan/CLinf, where Vorgan and CLinf are
the actual organ volume and influx clearance into the
organ from the blood, respectively.

Statistical Analysis

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

RESULTS

In Vivo L-band ESR Measurement using
Surface-coil Type Resonators

A triplet L-band ESR signal with equal intensities
characteristic of the nitroxide radical was observed
in the blood and liver of a mouse that received i.v.
injection of 4-hydroxy-TEMPO at a dose of
1.0 mmol/kg body weight, and the disappearance
was time-dependent as shown in Fig. 1. Spectra
similar to those of the blood and liver were observed
in the tail and kidney of a mouse (data not shown).
The ESR signal in each organ decreased with time,
maintaining its spectral pattern ðAN ¼ 1:70 mTÞ
without the appearance of new signals during
measurement.

FIGURE 1 Time-dependent ESR spectral changes of 4-hydroxy-TEMPO in (a) the inferior vena cava and (b) the liver of a mouse as
monitored by L-band ESR equipped with surface-coil-type resonators at every 30 s.
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Calibration Lines by L-band ESR using
Surface-coil Type Resonators

The calibration lines for 4-hydroxy-TEMPO in the
fresh blood of mice were obtained by using both
(a) FSCR and (b) SRSCR (Fig. 2). Within the
sensitivity of the signal intensity due to the spin
probe detected by the in vivo L-band ESR measure-
ment, the sufficiently correlated calibration lines of
4-hydroxy-TEMPO were obtained by using both
(a) FSCR and (b) SRSCR. The detection limits in FCSR
and SRSCR were 0.2 and 1.2 nmol at an S/N ratio of 3,
and their quantification limits were estimated to be
0.3 and 1.7 nmol at an S/N ratio of 4, respectively. The
linear relationships between ESR signal intensities
and spin probe quantities were found in the ranges of
0.3–6.2 nmol in FSCR and 1.7–28.3 nmol in SRSCR.
The correlation coefficients with linear regression
were greater than 0.999 for the four or five
concentrations of three repeated measurements in
FSCR and greater than 0.997 for the six concen-
trations of three repeated measurements in SRSCR.

Quantitative Pharmacokinetic Analysis

ESR signal intensity due to 4-hydroxy-TEMPO was
calculated to the corresponding spin-probe quantity
based on the calibration lines, and its quantity was
divided by the measurement volume in the organs
(blood: 1.6ml, liver and kidney: 47.5ml) in order to
obtain the concentration of 4-hydroxy-TEMPO in
each organ. The time-dependent clearance curves
were obtained for the inferior vena cava, liver, and
kidney of mice receiving the spin probe at different
doses, and they were then changed to the

corresponding time-dependent semi-logarithmic
clearance curves as shown in Fig. 3. ESR signals
in the liver and kidney of mice given 4-hydroxy-
TEMPO at a dose of 0.13 mmol/kg body weight
were not detected in a quantitative range. Because
each clearance curve showed a two-phase form
(a and b ) in a semi-logarithmic plot (Fig. 3), where
the b-phase started about 200 s after injection of
4-hydroxy-TEMPO in the blood and those in the
liver and kidney started earlier at approximately
100 s after injection, we analyzed the spin clearance
curves on the basis of the two-compartment
pharmacokinetic model by using non linear least-
squares regression.[30 – 32] The curve fittings to
estimate pharmacokinetic parameters were, thus,
obtained in the clearance curves in the blood and
organs of mice given different doses of the spin
probe; the pharmacokinetic parameters such as
AUC, MRT, CLtot, Vss, and ke in the blood and
organs are summarized in Table I. In order to
consider the dose-dependent changes of the phar-
macokinetic parameters, those in the blood and
organs were plotted versus the administered doses
as shown in Fig. 4. The AUC in the blood increased
dose-independently (3.4–25.2mmol·min/ml), while
the MRT in the blood showed almost constant
values (1.8–3.0 min) at all doses (Fig. 4a). No
significant dose-dependent changes in CLtot (30–
40 ml/min/kg) and Vss (70–120 ml/kg) in the
blood were observed (Fig. 4b). In regard to the
pharmacokinetic parameters in the liver and
kidney, the AUC also increased in a dose-
dependent manner in the liver, but the AUC in
the kidney was saturated at the highest dose
(1.0 mmol/kg) (Fig. 4c,d). The MRT (3.2–4.5 min)

FIGURE 2 Calibration lines of 4-hydroxy-TEMPO dissolved in the fresh blood of untreated mice with a polyethylene tube (600ml)
measured by L-band ESR using the (a) flexible surface-coil-type and (b) semi-rigid surface-coil-type resonators. The measurement
conditions and obtained results were as follows: (a) microwave power; 10 mW (V, O) or 30 mW (X), receiver gain; 250 (V) or 500 (O, X),
detection limit (S/N ratio of 3); 0.2 nmol (X) or 0.6 nmol (V, O), quantification limit (S/N ratio of 4); 0.3 nmol (X) or 0.8 nmol (V, O), linearity
with r . 0:999 for the four or five concentrations of three repeated measurements; 0.3–4.7 nmol (X) or 0.8–6.2 nmol (V, O). (b) Microwave
power; 10 mW, receiver gain; 250 (B) or 500 (V), detection limit (S/N ratio of 3); 1.2 nmol, quantification limit (S/N ratio of 4); 1.7 nmol,
linearity with r . 0:997 for the six concentrations of three repeated measurements; 1.7–28.3 nmol.
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was almost the same in the liver and kidney at all
doses (Fig. 4c,d). The significant dose-dependent
changes in CLtot (410–580 and 300–420 ml/min/kg
in the liver and kidney, respectively) and Vss

(1600–2400 and 1000–1800 ml/kg in the liver and
kidney, respectively) were negligible (Table I).

The time-dependent semi-logarithmic clearance
curves were then plotted for the signal intensities in
the ESR spectra in the tail of mice receiving the agent
at doses of 0.5 and 1.0 mmol/kg body weight
(Fig. 5a). Each semi-logarithmic clearance curve
showed a linear form different from a two-phased
curve measured in the other sites. Therefore, we
analyzed the spin clearance curves in the tail on the
basis of the one-compartment model by using
nonlinear least-squares regression. The ke values
were estimated to be 0.5–1.0/min, being similar to
those in other organs except for the liver, where
ke decreased in a dose-dependent manner
(1.5–0.9/min) (Fig. 5b).

Secondary Derived Pharmacokinetic Parameters

In order to compare the pharmacokinetic parameters
between the blood and organs, we calculated the
secondary parameters derived from Eqs. (1)–(4) in
the Experimental section. Secondary pharmaco-
kinetic parameters are summarized in Table II. The
partition coefficient (Kp) between the blood and
organs were estimated to be 0.07– 0.1 in the
liver/blood and 0.1–0.13 in the kidney/blood,
which were almost similar to those at the doses of
0.25 – 1.0 mmol/kg. Single-pass mean residence
times in the organ (MRTSP) were estimated at
1.3–1.9 min in the liver and 1.1–2.3 min in the kidney
at doses of 0.25–1.0 mmol/kg, which were shorter
compared with the MRT in the blood and organs.
KpCLtot,organ values in the liver (38–44 ml/min/kg)
and kidney (37–44 ml/min/kg) coincided closely
with CLtot,blood (37–40 ml/min/kg) at all doses,
while KpVss,organ values in the liver (130–190 ml/kg)
and kidney (130–170 ml/kg) showed higher values
than Vss,blood (70–120 ml/kg) because of the appa-
rent additive volume (DV ).

DISCUSSION

ESR spectroscopy has been proposed as a useful tool
for detecting and evaluating paramagnetic species in
live animals, in which both X- and L-band ESR are
used. In the case of X-band ESR, blood circulation
monitoring-ESR (BCM-ESR) was proposed in 1997,
which realized the real-time spino- and metallo-
kinetic analysis in the circulating blood of rats.[38 – 41]

While, in case of L-band ESR, both spectroscopy and
imaging have been reported for the analysis of spin
probes[8 – 11] and nitric oxide (NO)[42 – 44] in mice,
being non-quantitative. Then we proposed quanti-
tative in vivo L-band ESR spectroscopy for measuring
spin probes in mice.[21] However, when we under-
stand the kinetics of paramagnetic species in detail,

FIGURE 3 Semi-logarithmic clearance curves of the
concentrations of 4-hydroxy-TEMPO measured in (a) the inferior
vena cava, (b) the liver, and (c) the kidney of mice receiving
intravenous injection at doses of 0.13 (W), 0.25 (K), 0.5 (O), 0.75 (S),
and 1.0 (V) mmol/kg body weight, respectively. Data and the
simulated lines represent the means ^ standard deviations for 3 or
4 mice and the theoretical curves fitted to the mean value,
respectively.
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it is essentially important to know the concrete
expression of their pharmacokinetics in each organ
together with that in the blood. We then used the
recently developed surface-coil-type resona-
tors,[24 – 29] which enabled the real-time and local
measurement in specific organs such as the inferior
vena cava, liver, kidney and tail of minimal invasive
mice, and performed the quantitative pharmacoki-
netic analysis of a spin probe with a short-half life,

4-hydroxy-TEMPO, which was administered to
mice.

Although the ESR signal due to 4-hydroxy-
TEMPO disappeared with time in the organs of
mice receiving i.v. injection of the spin probe, the
spectral pattern with three equal signal intensities
was recorded throughout the measurements (Fig. 1).
When the molecule binds with endogenous bio-
molecules such as proteins, the 1st and 3rd signals

TABLE I Pharmacokinetic parameters of 4-hydroxy-TEMPO in the blood and organs of mice calculated by the non-linear least squares
regression based on the two-compartment model

Domein of measurement Dose (mmol/kg) AUC (mmol min/ml) MRT (min) CLtot (ml/min/kg) Vss (ml/kg) ke (1/min)

Blood (inferior vena cava) 0.13 3.4 ^ 0.4 2.9 ^ 0.5 37 ^ 5 107 ^ 23 0.7 ^ 0.1
0.25 6.4 ^ 0.0 1.8 ^ 0.3 39 ^ 0 71 ^ 13 0.8 ^ 0.0
0.5 13.5 ^ 0.8 2.3 ^ 0.2 37 ^ 2 85 ^ 13 0.8 ^ 0.1
0.75 17.3 ^ 3.2 2.8 ^ 0.3 30 ^ 5 81 ^ 6 0.6 ^ 0.1
1.0 25.2 ^ 4.2 3.0 ^ 0.7 40 ^ 6 119 ^ 21 0.5 ^ 0.1

Liver 0.25 0.6 ^ 0.1 3.3 ^ 0.5 410 ^ 80 1600 ^ 500 1.5 ^ 0.4
0.5 1.0 ^ 0.1 3.6 ^ 1.0 510 ^ 80 1800 ^ 500 1.2 ^ 0.2
0.75 1.3 ^ 0.2 4.2 ^ 0.7 580 ^ 70 2400 ^ 700 1.0 ^ 0.1
1.0 1.8 ^ 0.1 4.3 ^ 0.4 560 ^ 30 2400 ^ 100 0.9 ^ 0.1

Kidney 0.25 0.9 ^ 0.2 3.2 ^ 1.1 300 ^ 60 1000 ^ 400 1.2 ^ 0.2
0.5 1.7 ^ 0.2 4.5 ^ 0.3 300 ^ 30 1400 ^ 200 0.7 ^ 0.1
0.75 2.4 ^ 0.4 3.8 ^ 0.7 330 ^ 60 1300 ^ 400 0.8 ^ 0.1
1.0 2.4 ^ 0.3 4.3 ^ 0.5 420 ^ 60 1800 ^ 200 0.9 ^ 0.1

Data are expressed as the means ^ standard deviations for 3 or 4 mice. Significant level: *P , 0:05 and **P , 0:01:

FIGURE 4 Relationships between intravenous doses and pharmacokinetic parameters for 4-hydroxy-TEMPO such as (a) AUC (X) and
MRT (O) in the blood, (b) CLtot (W) and Vss (K) in the blood, (c) AUC (X) and MRT (O) in the liver, and (d) AUC (X) and MRT (O) in the
kidney.
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become smaller and broader because of the restric-
tion of the thermal molecular movement.[38,45]

Consequently, most of the observed spin probe was
considered to exist as the free form in each mouse
organ.

It has been reported from in vitro and in vivo
studies that spin probes administered to animals
were reduced to ESR silent hydroxylamines in the
blood and cytosols by endogenous reducing agents
such as NAD(P)H and ascorbate.[46 – 49] Intra-
venously injected 4-hydroxy-TEMPO was, thus,
indicated to be reduced in the liver and other organs
and then excreted into the urine through the
kidney,[21,50] the amounts of the spin probe and its
reduced form excreted into the urine of mice being
estimated to be approximately 0.9 and 13% of the
dose, respectively, at 2 h after the administration.[21]

The urinary clearance of the unchanged spin probe
was estimated to be less than 1% of the total
clearance of 4-hydroxy-TEMPO. In addition,
4-hydroxy-TEMPO was confirmed to be relatively
stable in the fresh blood of mice, where its in vitro

half-life was estimated to be approximately 35 min
by using X- and L-band ESR.[21,38] Therefore, the
faster paramagnetic loss of 4-hydroxy-TEMPO in the
circulating blood (Fig. 1) was thought to be affected
by the transport to the tissues, while those in the liver
and kidney were presumably caused by the
reduction induced by endogenous components in
the organs.

Spin clearance curves of the concentration of
4-hydroxy-TEMPO in the blood, liver and kidney
(Fig. 3) of mice receiving i.v. injection of 4-hydroxy-
TEMPO decreased time-dependently in a two-phase
pattern at all doses tested. On the other hand, spin
clearance curves detected in the tail disappeared
mono-exponentially at the doses of 0.5 and
1.0 mmol/kg body weight (Fig. 5a), probably due
to the restricted detection of the spin probe in the
blood vessel of the tail. In our previous studies, the
concentration of 4-hydroxy-TEMPO monitored by
BCM-ESR decreased bi-exponentially in the circula-
ting blood of rats receiving an i.v. dose of
0.01 mmol/kg body weight,[38] while the amount of

TABLE II Derived pharmacokinetic parameters of 4-hydroxy-TEMPO from the relationships between the blood and organ data

Domein of measurement Dose (mmol/kg) Kp MRTSP (min) KpCLtot (ml/min/kg) KpVss (ml/kg) DV (ml/kg)

Liver 0.25 0.097 1.9 40 150 78
0.5 0.073 1.3 38 130 49
0.75 0.073 1.4 44 190 104
1.0 0.071 1.3 40 170 50

Kidney 0.25 0.134 1.4 40 130 59
0.5 0.125 2.3 37 170 82
0.75 0.136 1.1 44 170 92
1.0 0.095 1.3 40 170 54

Each parameter was calculated as follows: Kp ¼ AUCorgan/AUCblood, MRTSP ¼ MRTorgan 2 MRTblood, and DV ¼ Kp·Vss,organ 2 Vss,blood.

FIGURE 5 (a) Semi-logarithmic clearance curves of the signal intensities due to 4-hydroxy-TEMPO measured in the tail of mice receiving
intravenous injection at doses of 0.5 (O) and 1.0 (V) mmol/kg body weight. Data and the simulated lines represent the means ^ standard
deviations for 3 mice and the theoretical curves fitted to the mean value, respectively. (b) Relationships between intravenous doses and
clearance rate constants for 4-hydroxy-TEMPO estimated from clearance curves in the blood (B), liver (X), kidney (K), and tail (S)
respectively.
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4-hydroxy-TEMPO detected by L-band ESR dis-
appeared in a mono-phase pattern in the head of
mice receiving i.v. doses of 0.25–1.0 mmol/kg body
weight.[21] The difference in spin clearance curves
was considered to be due to the detection limit of the
radical dependent on the difference in ESR methods.

In the present study, we analyzed the time-
dependent biphasic spin clearance curves of
4-hydroxy-TEMPO, where the redistribution of 4-
hydroxy-TEMPO from the organs to the blood space
was observed in the b-phase of spin clearance
curves. When we obtain a more sensitive L-band ESR
in the future than the present ESR, we will be able to
detect much lower levels of the in vivo concentrations
of the spin probes.

BCM-ESR in the circulating blood of rats had the
highest sensitivity among the in vivo ESR methods[38]

and the present ESR with SCRs was found to be more
sensitive in comparison with other conventional
L-band ESR equipped with a loop-gap-type resona-
tor monitored at the head or abdomen of mice.[21]

Because dose-dependent clearance curves for the
concentrations of 4-hydroxy-TEMPO were quanti-
tatively obtained in the blood and organs at doses of
0.25–1.0 mmol/kg body weight (Fig. 3), pharmaco-
kinetic analysis based on a two-compartment model
was performed in order to evaluate the local
disposition of the spin probe (Table I).

As judged by the dose-dependence in the AUC
and the dose-independence in MRT, CLtot and Vss

values (Table I and Fig. 4), 4-hydroxy-TEMPO was
considered to exhibit linear disposition in the blood
at doses of 0.13–1.0 mmol/kg body weight. Dose-
dependence in the AUC in the liver, saturation in the
AUC in the kidney and dose-independence in the
MRT in both organs (Table I and Fig. 4) indicated
the linear distribution of 4-hydroxy-TEMPO in the
liver and the slightly saturated distribution of the
spin probe in the kidney from the blood compart-
ment. Similar ke values of 4-hydroxy-TEMPO in each
measurement site (Table I and Fig. 5b) suggested that
ke could be equivalently estimated independent
from the organs of mice.

CLtot and Vss values in the organs were consider-
ably larger than those in the blood due to the lower
concentrations and AUC values in the organs(Fig. 3
and Table I). In order to understand the organ-
dependent pharmacokinetic parameters and
examine their relationships between the blood and
organs in detail, secondary parameters such as Kp and
MRTSP were introduced (Eqs. (1)–(4) and Table II).
Kp values in the liver and kidney were estimated
to be approximately 0.08 and 0.12, respectively,
showing the low distribution capability into these
organs of 4-hydroxy-TEMPO (Table II). 4-Hydroxy-
TEMPO was found to distribute to the blood space
within several organs such as liver and kidney,[51]

indicating that the concentration of the spin probe in

the organs was always diminished in comparison
with that in the circulating blood vessels. The present
results showing the low distribution property of
4-hydroxy-TEMPO in the liver and kidney demon-
strate close agreement with the previous finding.[51]

Then, KpCLtot,organ in the liver and kidney were
corrected to be approximately 40 ml/min/kg corres-
ponding to CLtot,blood, while KpVss,organ values were
larger than that of Vss,blood due to DV (Table II). The
additive value, DV, was produced by an increase of
MRT in organs in terms of MRTSP (Eq. (4)). Because
MRTSP was a parameter indexing the elimination
ability of 4-hydroxy-TEMPO in the organ compart-
ment, such as reduction rate, 4-hydroxy-TEMPO was
suggested to be rapidly reduced in the cytosols of the
liver and kidney within approximately 1–2 min of
the mean residence time (Table II). On the basis of the
obtained relationships of the pharmacokinetic para-
meters between the blood and organ compartments
(Eqs. (1)–(4)), describing the spin clearance curves in
each organ were systematically interpreted in
relation to those in the blood.

CONCLUSION

The local disposition of 4-hydroxy-TEMPO in the
organs of mice was examined by means of the real-
time in vivo L-band ESR equipped with SCRs, and
found to depend on the measurement sites. The
dose-dependent clearance curves of 4-hydroxy-
TEMPO in the blood, liver, kidney and tail of mice
were studied quantitatively using pharmacokinetic
model analysis, suggesting the linear distribution
and elimination of 4-hydroxy-TEMPO in those
organs. In vivo L-band ESR with SCRs was, thus,
proposed to be a useful method to investigate the
local disposition and quantitative pharmacokinetics
of paramagnetic species in the organs of animals. The
proposed method might provide an effective tool
for the detection of endogenously generated free
radicals such as reactive oxygen species (ROS)[52 – 54]

and nitric oxide (NO),[42 – 44] and for the evaluation of
their organ distribution and elimination.
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