
and to assess cure effects of medicines.  In vivo  imag-
ing especially molecular imaging in animal is 
regarded as a promising methodology for inves-
tigation of the mechanisms of diseases, since non-
invasive assessment of genetic expression is 
advantageous than  ex vivo  or  in vitro  examination 
such as measurement of oxidative end products or 
histological examination. In biological samples, 
 specifi c free radicals would be measured directly, 
such as superoxide ions [34] or nitric oxide [39,50] 
by using spin trapping technique. However, the ROS 
level in cells is low and the technique is available for 
imaging to a limited degree.   
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 Abstract 
 Redox-reactions are playing a signifi cant role in regulation of homeostasis of organism. Disorder of the redox-status is 
related with the onset and/or propagation of oxidative diseases such as lifestyle-related diseases, including cancers and 
cardiac diseases, etc.  In vivo  imaging of redox-status is thereby important in the analysis of mechanisms of oxidative 
diseases and developments of new medicines for the diseases. Aminoxyl radicals are redox-sensitive reporter molecules, 
which lose their paramagnetic moiety by reactions of free radicals or reducing compounds. Electron spin resonance 
(ESR) technique has been used to measure the molecules  in vivo .  In vivo  spatial resolution in ESR imaging is in the 
range of a few millimeters and is not suffi cient for the detailed diagnosis of disease models. Overhauser enhanced MRI 
(OMRI) is an emerging free radical imaging technique, which utilised electron – proton coupling to image the distribu-
tion of free radicals.  In vivo  imaging of redox-status is applicable with OMRI/aminoxyl radical technique. The detailed 
imaging analysis was demonstrated in oxidative diseases, such as tumour-bearing, neurodegeneration or gastric ulcer 
models. The OMRI/aminoxyl radical technique has a large potential as a diagnostic system for biomedical applications 
in the future.  

  Keywords:   In vivo imaging  ,   electron spin resonance  ,   Overhauser effect  ,   aminoxyl radical  ,   redox-status   

   Abbreviations:   TEMPO, piperidine-N-oxyl; PROXYL, pyrrolidine-1-oxyl; carbamoyl-PROXYL, 3-carbamoyl-2,2,5,
5-tetramethylpyrrolidine-1-oxyl; carboxy-PROXYL, 3-carboxy-2,2,5,5,-tetramethylpyrrolidine-1-oxyl; MC-PROXYL, 
3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl; TEMPOL, 4-hydroxy-2,2,6,6-tetra-methylpiperidine-N-oxyl; ESR, 
electron spin resonance; NMR, nuclear magnetic resonance; MRI, magnetic resonance imaging; OMRI, Overhauser enhanced 
MRI; NSAIDs, nonsteroidal antiinfl ammatory drugs; ROS, reactive oxygen species; 6-OHDA, 6-hydroxydopamine; FOV, fi eld 
of view; ROI, region of interest; TR, repetition time; TE, echo time; TESR, ESR excitation time       

  Introduction 
 Changes in  in vivo  redox-status are involved in 
 processes of oxidative diseases. Excess production 
of reactive oxygen species (ROS) and decrease in 
endogenous antioxidants level are related to causes 
and development of diseases. The increase of oxida-
tive marker such as lipid peroxidation and 8-
hydroxydeoxyguanosine levels has been reported in 
oxidative diseases. ROS formation is related with the 
gastric ulcers induced by non-steroidal antiinfl am-
matory drugs (NSAIDs) including indomethacin 
and aspirin [44]. The redox-status monitoring is 
thus important to diagnose redox-related diseases 

  Correspondence: Kazuhiro Ichikawa, Innovation Center for Medical Redox Navigation, Kyushu University, 3-1-1 Maidashi, Fukuoka 
812-8582, Japan. Tel:  �   81-92-642-6134. Fax:  � 81-92-642-6024. E-mail: ichikawa.kazuhiro.684@m.phar.kyushu-u.ac.jp    

Free Radical Research, August 2012; 46(8): 1004–1010

ISSN 1071-5762 print/ISSN 1029-2470 online © 2012 Informa UK, Ltd. 
DOI: 10.3109/10715762.2012.670874

                        REVIEW ARTICLE    

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
66

.2
15

.1
33

.1
44

 o
n 

11
/1

3/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



   OMRI imaging redox-related diseases   1005

 Aminoxyl radical as redox reporter molecule 

 Group of aminoxyl radicals is reported to be sensi-
tive to redox status of redox-related compounds. 
Most frequently used aminoxyl radicals  in vivo  are 
piperidine (TEMPO) or pyrrolidine (PROXYL) 
class. These reporter molecules are stable and less-
toxic radicals, and thereby preferable for  in vivo  
application [8]. The redox potentials of aminoxyl 
radicals are similar to that of redox enzymes [13]. 
The aminoxyl radicals are easily reduced to the 
 corresponding hydroxylamine and are metabolised 
in the reaction with ROS [17]. In redox-related 
 disease model, the metabolism rates of the mole-
cule to non-paramagnetic forms are modifi ed com-
pared with that in control animals. Mechanisms of 
redox-related diseases were investigated  in vivo , 
including cancer [30], diabetes [36], ischemia 
 reperfusion injuries [47] and gastric ulcer [42] util-
ising the aminoxyl radicals as redox-status reporter 
molecules.   

 Structure of aminoxyl radicals used for 
measurement of in vivo redox status 

 Aminoxyl radicals can be modifi ed at the substitu-
ents to have specifi c tissue localising capabilities or 
high reactivities to specifi c radicals, and kinds of 
aminoxyl radical have been synthesized. Typical 
aminoxyl radicals used in  in vivo  redox researches 
are shown in Table I. Most of TEMPO and PROXYL 
derivatives do not pass through the blood – brain 
 barrier.  Methoxycarbonyl-PROXYL (MC-PROXYL) 
is one of the aminoxyl radicals, which distribute to 
brain region for investigation of redox-status and 
free radical reactions in brain diseases [35]. MC-
PROXYL is not hydrolysed with any esterase, which 
may enhance its retention in brain, and is gradually 
lost from the brain tissue. Series of tetraethyl-
substituted aminoxyl radicals have high stability 
towards reduction by ascorbic acid, since Gibbs 
energy is positive between them [15]. Further, the 
tetraethyl-substituted aminoxyl radicals could inhibit 
lipid peroxidation.   

 ESR technique for detection 
of in vivo redox-status 

 Since the aminoxyl reporter molecules lose its para-
magnetic moiety during the redox-reaction process, 
the process can be monitored with magnetic reso-
nance technique. Electron spin resonance (ESR) is a 
direct analytical technique for measurement of free 
radicals. ESR spectroscopy has been employed in 
 in vitro  redox researches [3,7]. For the detection of 
the aminoxyl radicals in animals, low fi eld ESR tech-
nique was developed for  in vivo  application. Low fre-
quency ESR technique combined with aminoxyl spin 
probe (ESR/spin probe technique) has been applied 
to measure redox status [8,12,20 – 22,40] or free rad-
ical generation in  in vivo  disease models [42,49]. 
Paramagnetic reporter molecules for other biomedi-
cal application, such as triarylmethyl radicals used for 
tumour oxymetry, have narrow ESR linewidth in the 
range of hundreds milligauss, and both continuous 
wave and pulsed approaches have been applied for 
the measurements [5,19,45]. Since the linewidths of 
aminoxyl radicals are typically 1 gauss, which corre-
spond to electron relaxation times less than micro 
seconds, ESR pulsed experiments for the aminoxyl 
radical are quite diffi cult in terms of its instrumenta-
tion for redox imaging research in animals. Continu-
ous wave measurement was thereby frequently used 
in redox-status experiments and the spatial resolution 
of ESRI is usually in the range of millimeter level [9]. 
Changes in redox-status using ESR are detected from 
successive monitoring of the ESR signal of the amin-
oxyl radical  in vivo  and calculating the decreasing rate 
of this signal due to the metabolism of the paramag-
netic molecule to non-paramagnetic species. Enhance-
ments of signal decays of aminoxyl radicals at regions 
of the diseases were signifi cantly related with degrees 
of oxidative stress.   

 Application of ESR/aminoxyl probe technique 
in disease models 

 Redox-related compounds including ascorbate, 
 glutathione and superoxide participate in redox 

  Table I. Structure of aminoxyl radicals used for measurement of in vivo redox-state.  

Basic structure R Abbreviation Po/w

—CONH2 Carbamoyl PROXYL 0.68

—COOH Carboxy PROXYL 0.01

—COOCH3 MC PROXYL 8.7

—COOCH2OCOCH3 AMC PROXYL 4.1
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 reactions [17,38,43,46]. Aminoxyl radical can be an 
acceptor or source of electron and receives an elec-
tron to form corresponding hydroxylamine and gives 
an electron to form corresponding oxo-ammonium 
ion [16]. In biological conditions, ESR signal of 
aminoxyl radical decays mainly by reduction to 
hydroxylamine [2,6,38]. This aminoxyl metabolism 
is attenuated by redox-status, ROS generations, 
amounts of antioxidants, oxygen concentration, etc. 
ROS generation enhanced aminoxyl radical metabo-
lism, whereas administration of antioxidants caused 
slower rate of aminoxyl metabolism. The redox-status 
or free radical dependent metabolism of aminoxyl 
radical has been reported in disease models.   

 OMRI technique for detection of free radical 

 Overhauser enhanced MRI (OMRI, Figure 1) is a 
technique for imaging free radicals based on the 
Overhauser effect [24]. The detailed physics of OMRI 
was described elsewhere [1,32]. In brief, in the pres-
ence of free radicals, proton and unpaired electron in 
the free radical molecules coupled to each other to 
form multiple spin states of both spins. By excitation 
of the electron spin, the large magnetic moment of 
electron is utilised to enhance the nuclear magnetic 
resonance (NMR) signal of proton by affecting the 
relative populations of the spin states. Thus, the free 
radical information can be monitored through obser-
vation of changes in proton NMR signal intensity. 
The spatial resolution in OMRI imaging is in prin-
ciple as same as that in MRI.   

 Advantage of OMRI technique 
in redox-status imaging 

 Continuous wave ESRI can image unique spectro-
scopic information of the aminoxyl radical, which 

refl ects molecular circumstances including viscosity, 
the spatial resolution of  in vivo  ESRI for redox-status 
is less than that of OMRI due to the large ESR signal 
linewidth [9]. Figure 2 represents the differences in 
spatial resolution of aminoxyl radicals in mouse lung 
with ESRI and OMRI. After intratrachea administra-
tion of carboxy PROXYL to two mice, either ESR or 
OMR image was obtained. Note that in case of the 
ESR experiment, the aminoxyl radical was put into 
the right lung lobe in this specifi c mouse due to the 
experimental procedure and that the image was 
blurred due to the absence of high frequency informa-
tion in continuous wave in ESR image [27]. MRI 
image of the mouse was obtained independently with 
0.2-T MRI and superimposed onto the ESR image. 
In both cases, aminoxyl radical localisation was clearly 
imaged in mouse lung region. However, the spatial 
resolution of the images was different between ESRI 
and OMRI and was estimated 2 and 0.3 mm for ESRI 
and OMRI, respectively. OMRI technique has, 
thereby, advantages over ESR approaches in terms of 
 in vivo  redox-status imaging in high spatial resolution. 
We have also developed molecular imaging and 
simultaneous assessment of redox processes by using 
OMRI with  14 N- and  15 N-labelled nitroxyl probes 
with different distribution properties [41]. This OMRI 
technique with dual probes may become a powerful 
tool to clarify mechanisms of disease and to monitor 
pharmaceutical therapy [10]. 

 Moreover, the OMRI technique is applicable for 
various functional imaging  in vivo . Since during 
electron – proton coupling process, the information 
of electron absorption is transferred to proton as the 
changes in the proton NMR intensity, electron 
absorption spectra are reconstructed in multiple 
OMRI images. Reporter radical molecules are syn-
thesized for functional imaging such as redox status 

  Figure 1.     Photograph of an OMRI scanner including the main 
magnet and OMRI composite-resonator.  

  Figure 2.     Image comparison between  in vivo  ESRI and OMRI in 
mouse lung. (A) ESR image superimposed on MRI image. The 
arrow indicated the location of aminoxyl probe (B) OMR image in 
the lung region. After intratrachea administration of 100  μ L of 
2 mM carboxy PROXYL solution to mice either ESR or OMR 
image were obtained. ESR scan parameters: microwave frequency, 
1.01 GHz; microwave power 1 mW; Projections, 18; scan width, 
5 Gauss. OMRI scan parameters: FOV, 48  �  48; matrix, 128  �  128; 
slice thickness, 30 mm; TR/TE/TESR, 1200/25/600 ms.  
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[4,23,28,37,48], partial oxygen pressure [18,19], 
pH [14], etc., based on the spectroscopic changes 
due to the corresponding physiological changes. By 
choosing appropriate free radical molecule, the 
OMRI technique can be applied to various func-
tional imaging.   

 OMRI instrumentation for better 
image quality 

 The electron excitation should be carried out at low 
magnetic fi eld, that is, 5 – 20 mT to ensure good 
microwave penetration into animal. Field cycling 
technique is used in OMRI to enhance NMR sensi-
tivity [25,33]. In fi eld cycling technique, the mag-
netic fi eld strength is dynamically switched between 
low and high magnetic fi eld for ESR irradiation and 
MR detection, respectively. MR detection fi eld of 
up to 0.45 T was reported for fi eld cycling OMRI 
[26], though huge electric current deposition was 
needed to achieve this high MR detection fi eld 
strength. 

 To improve the OMRI enhancement at the low 
ESR fi eld, we have developed a surface-coil type ESR 
irradiation coil [29], which is a device widely used in 
MR research to enhance sensitivity in limited fi eld of 
view (FOV). The introduction of ESR surface-coil 
enhanced B1 generation capability in the region of 
surface-coil compared with volume-coil type ESR 
irradiation coil and thereby improved the signal to 
noise ratio of OMRI images at the region 5 – 10 times 
higher.   

 Gastric ulcer examined using OMRI/aminoxyl 
probe technique 

 NSAIDs are a widely used in rheumatoid arthritis 
to reduce pain and swelling of arthritis. However, 
it has been reported NSAID-treated rheumatoid 
arthritis patients suffered from gastrointestinal 
injuries. Animal experiments supported the clinical 
data.  In vivo  redox-status was imaged for adjuvant 
arthritis animal, using aminoxyl radicals [4]. The 
gastric lesion formation with indomethacin admin-
istration was severer in adjuvant arthritis rats than 
that in control rats as reported previously. Admin-
istration of the aminoxyl radicals suppressed the 
gastric mucosal damages induced by indomethacin 
administration in adjuvant arthritis rats in a dose-
dependent manner. OMRI images demonstrated 
that aminoxyl radical disappeared faster in the 
indomethacin-treated adjuvant arthritis rats than in 
the indomethacin-treated control rats (Figure 3). 
The aminoxyl radical metabolism agreed with the 
degrees of suppression of gastric injuries by 

 indomethacin treatment, supporting that enhanced 
aminoxyl metabolism monitored with OMRI 
represents the key events in gastric injuries in 
indomethacin-treated adjuvant arthritis rats.   

 Neurodegeneration model examined using 
OMRI/aminoxyl probe technique 

 Oxidative stress was involved in the dopaminergic 
neurodegeneration models [31,48]. After treatment 
with 6-hydroxydopamine (6-OHDA), redox-status 
was imaged with OMRI using an aminoxyl radical in 
rat brain using a blood – brain-barrier permeable amin-
oxyl radical [48]. The  in vivo  aminoxyl metabolism 
rate decreased signifi cantly in lesioned hemispheres 
compared to their corresponding contralateral hemi-
spheres of the rat brain. To elucidate the source of 
the decreased metabolism, we fractionated lesioned 
and corresponding contralateral hemispheres of the 
rat brain to obtain mitochondrial and cytoplasmic 
fractions separately. When the aminoxyl molecule 
was mixed with the mitochondrial fraction, the 
metabolism of the aminoxyl molecule was slower with 
the sample from the lesioned hemispheres than that 
of the corresponding contralateral hemispheres. There 
was no difference in the metabolism of the molecule 
after mixing with the cytoplasm fractions from 
lesioned or corresponding hemispheres. The data was 

  Figure 3.     Redox-status changes in rat gastric injury model. (A) 
Sequential OMR images obtained after intragastrical administration 
of aminoxyl radical to rats. (B) The contrast decay rate at the ROI. 
After administration of 2 mM TEMPOL, OMRI measurement 
was carried out. OMRI scan parameters: FOV, 64  �  64; matrix, 
128  �  128; slice thickness, 100 mm; TR/TE/TESR, 1000/70/400 ms. 
Each value represents the mean  �  SE of 3 – 6 rats.   ∗  ∗   p   �    0.01 vs. 
control group. Ctrl: Control, IND: Indomethacin, AA: Adjuvant 
Arthritis.  
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supported by the decreased activity of mitochondrial 
complex I in lesioned hemispheres.   

 Tumour model examined using OMRI/
aminoxyl probe technique 

 Tumour tissue is reported to be in reducing cir-
cumstances [11,21] and the imaging of  in vivo  
redox-status in tumour is considered as a potential 
marker for tumour diagnosis. Tumour bearing 
mouse model was prepared by inoculation of NL-17 
colon carcinoma into the hind footpad of Balb/c 
female mouse. An aminoxyl radical was adminis-
tered intravenously to the tumour-bearing mouse 
and OMRI scan was carried out. Anatomical infor-
mation was also obtained with MRI to superimpose 
the OMRI and MRI images. The image intensities 
of OMR images increased according to tumour 
growth in the footpad of the mouse, due to the 
increased distribution volume of the aminoxyl mol-
ecule in the tumour tissue (Figure 4). The redox-
status image in the tumour showed the aminoxyl 
metabolism was faster in the tumour area in the 
footpad. Histological observation of the tissue 

 supported the faster metabolism of aminoxyl mol-
ecule in the tumour region.   

 Conclusion 

 The OMRI technique can be applied to  in vivo  exper-
iments to investigate the redox-status and mechanism 
of oxidative injury in high spatial resolution. This 
method has a large potential as a new diagnostic 
 system for applications from biomedical to clinical 
applications in the future. 

  Declaration of interest  

 The data in this manuscript was obtained in part 
supported by Development of Systems and Technol-
ogy for Advanced Measurement and Analysis of the 
Japan Science and Technology Agency; and a Grant-
in-Aid for Scientifi c Research (B) from the Japan 
Society for the Promotion of Science (JSPS).  Support 
was also given by the JSPS Core-to-Core Program 
and  “ Formulation of Advanced Collaborative Medi-
cal Innovation Center ”  as Special Coordination 
Funds for Promoting Science and Technology, 

  Figure 4.     OMRI image obtained using carbamoyl- PROXYL as redox-molecular probe. (A) A photograph of tumour region of the animal 
6 days after inoculation of colon carcinoma in hind footpad. Surface-coil type ESR coil was used to enhance OMRI sensitivity in the 
region. (B) Aminoxyl radical distribution in the region. (C) Aminoxyl radical metabolism rate. For this specifi c mouse, the metabolic rates 
were 0.057 and 0.14 for control and tumour regions respectively.  
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