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Hepatic fibrosis is a chronic disorder caused by viral infection and/or metabolic, genetic and cholestatic
disorders. A noninvasive procedure that enables the detection of liver fibrosis based on redox status
would be useful for disease identification and monitoring, and the development of treatments.
However, an appropriate technique has not been reported. This study describes a novel method for
assessing the redox status of the liver using in vivo dynamic nuclear polarization-magnetic resonance
imaging (DNP-MRI) with the nitroxyl radical carbamoyl-PROXYL as a molecular imaging probe,

which was tested in dimethylnitrosamine-treated mice as a model of liver fibrosis. Based on the
pharmacokinetics of carbamoyl-PROXYL in control livers, reduction rate mapping was performed in
fibrotic livers. Reduction rate maps demonstrated a clear difference between the redox status of control
and fibrotic livers according to the expression of antioxidants. These findings indicate that in vivo DNP-
MRI with a nitroxyl radical probe enables noninvasive detection of changes in liver redox status.

Hepatic fibrosis and cirrhosis are caused by the wound-healing response to chronic liver injury, which results
from viral hepatitis as well as metabolic and alcoholic liver diseases! . During fibrogenesis, sustained production
of growth factors, cytokines, proteolytic enzymes and angiogenic factors stimulates extracellular matrix dep-
osition, a process that destroys the tissue structure*~’. The prognosis and management of chronic liver disease
often depends on the stage of liver fibrosis. Untreated fibrosis may progress to irreversible fibrosis, and induce
molecular events that ultimately lead to organ failure and death. Thus, routine assessment and imaging strategies
are urgently needed.

To evaluate the severity of hepatic fibrosis and cirrhosis, a liver biopsy may be necessary to establish the
diagnosis by histologic inflammatory grade and fibrosis stage®~'!. However, drawbacks of biopsies include the
risk of complications, intra- and inter-observer variability, inaccurate staging due to sampling error, and the
heterogeneous distribution of fibrosis in the liver parenchyma, all of which are not reflected by a single biopsy.
Furthermore, the rapid progression of fibrosis, which tends to be non-linear over time, can not be monitored with
a single biopsy, and serial biopsies are not an attractive solution for several reasons. To address these issues, non-
invasive approaches have been developed such as serum biomarkers of liver fibrosis and ultrasound elastography
to measure liver stiffness'?-°. Although these approaches are helpful for detecting and diagnosing liver fibrosis,
and to frequently monitor disease progression and therapeutic responses, they do not enable the earlier stages of
fibrosis to be identified.
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Figure 1. Redox imaging of mouse liver after intravenous injection of nitroxyl radical. (a) The experimental
set-up using a in vivo DNP-MRI (Keller). (b) The chemical structure of the redox probe, 3-carbamoyl-PROXYL
(carbamoyl-PROXYL), and its nitroxyl reduction by tissue redox status. (c) In vivo DNP-MRI images of the
DMN-treated liver after 1 min injection of carbamoyl-PROXYL, and the plot of image intensity with ESR OFF
and ON.

The redox status, which is the balance between oxidant and antioxidant agents is a key pathophysiologic factor
in numerous liver disorders'®!”. Reactive oxygen species (ROS) play a critical role in the initiation of fibrosis by
stimulating the release of profibrogenic growth factors, and cytokines'®'°. This occurs independently of TGF-£, a
redox-sensitive gene, and free radicals lead to increased TGF-f3 expression in hepatic stellate cells, which activates
collagen-producing cells. Experimental studies indicate that TGF-£ stimulates ROS production in fibroblasts.
Furthermore, patients with oxidative stress caused by fibrosis have low levels of antioxidants (e.g., glutathione,
superoxide dismutase and catalase)?®. Therefore, redox status is emerging as an important marker of liver func-
tion. Currently available methods do not facilitate noninvasive evaluation of liver functional responses in vivo;
therefore, an imaging technique for monitoring liver fibrosis based on the local redox environment would be
highly valuable for the management of liver disorders and the development of novel therapeutic agents.

In vivo dynamic nuclear polarization magnetic resonance imaging (DNP-MRI), also known as proton-electron
double resonance imaging or Overhauser MRI, is a technique that allows imaging of the distribution of free rad-
ical species within anatomical structures of living animals?!-2*>. DNP enhances the MRI signal from nuclei such
as 'H by irradiating the tissue at the electron paramagnetic resonance (EPR) frequency of the free radical prior to
the MRI pulse sequence, thus enhancing the image intensity of free radicals. The redox reaction is modulated by
nitroxyl radicals, and the reduction rate depends on the redox environment, which is influenced by factors such as
over-production of ROS and reduced antioxidant levels. In a previous study using in vivo DNP-MRI with nitroxyl
radicals, unique information was obtained on the redox status in living mice**-2. Because the results of many in
vitro studies suggest a relationship between redox balance and liver disorders, a method for noninvasive mon-
itoring of liver redox status, such as DNP-MRI, may represent a powerful tool for understanding the dynamics
of redox alterations and for assessing the efficacy of drugs for the treatment of certain liver disorders. Therefore,
the objective of this study was to evaluate the redox status in liver fibrosis using in vivo DNP-MRI with nitroxyl
radicals as molecular imaging probes, and to apply this method to a dimethylnitrosamine (DMN)-treated animal
model.

Results

Redox imaging using in vivo DNP-MRI. To demonstrate the feasibility of in vivo DNP-MRI for liver fibro-
sis, surface coils were constructed for highly sensitive local imaging (Fig. 1a). The custom-curved surface coils
were used to cover the abdomen of mice in all experiments?”?8. Carbamoyl-PROXYL was chosen as the nitroxide
imaging probe for determining the redox status in the liver. The chemical structure of carbamoyl-PROXYL is
shown in Fig. 1b. Stable nitroxide free radicals and their one-electron reduced products, the hydroxylamines,
are recycling antioxidants®*. By undergoing one-electron transfer reactions, nitroxyl radicals are reduced to
the corresponding hydroxylamine or oxidized to the corresponding oxoammonium cation species. Therefore,
nitroxyl radicals are redox-active species, which can be oxidized or reduced by specific reactants in cells and
tissues. Nitroxyl radicals are reduced to hydroxylamines by reducing agents such as ascorbate and semiquinone
radicals, as well as by intercepting reducing equivalents from the electron transport chain. In this study, carba-
moyl-PROXYL, which is thought to be cell permeable, was used in all in vivo DNP-MRI experiments. In vivo
DNP-MRI imaging of mice was performed after intravenous injection of carbamoyl-PROXYL. The signal inten-
sity was clearly enhanced by EPR irradiation (ESR ON) without heating (Fig. 1c).

Physiologic characteristics and liver pathology. Histologic changes in the liver tissue of mice were
examined to evaluate the extent of hepatic fibrosis caused by DMN. Intact lobular architecture with central
veins and radiating hepatic cords were present in control mice, whereas DMN-treated mice exhibited severe
hepatic damage, as indicated by collagen synthesis, sinusoidal congestion, massive necrosis of hepatocytes and
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Figure 2. Histologic analysis and assessment of mouse liver tissue after dimethylnitrosamine (DMN)
treatment. (a) Haematoxylin and eosin (H/E) staining, Masson’s trichrome staining and immunofluorescence
staining of a-smooth muscle actin (SMA). Original magnification: 100 x, 200 and 200 x, respectively.

(b) Serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) after 4 weeks of DMN
treatment versus control. *P < 0.05, **P < 0.01.
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Figure 3. Distribution of carbamoyl-PROXYL in dimethylnitrosamine (DMN)-treated mouse liver after
intravenous injection. (a) DNP-MRI images of the spatial distribution of carbamoyl-PROXYL as a function of
liver area after 1-min injection. (b) The plot of the area of enhanced image intensities. *P < 0.01.

inflammation (Fig. 2a). Immunostaining of a-smooth muscle actin (a-SMA), a marker of fibrogenesis, revealed
a prominent signal in DMN-treated mice, but a relatively weak signal in control mice.

Mice treated with DMN had a lower body weight than control mice, and had a slightly lower liver weight
(Table S1). To assess the effect of DMN on liver function, serum levels of aminotransferases were analysed. As
depicted in Fig. 2b, DMN induced a significant increase in alanine transaminase (ALT) and aspartate transami-
nase (AST) compared with the control (Fig. 2b). The clearance/retention volume of liver function was evaluated
by indocyanine green (ICG) in blood at 15 min after injection. DMN-treated mice displayed a significant signal
(Fig. S1).

In vivo DNP-MRI measurement of liver fibrosis.  Figure 3 shows the radical distribution at 1 min after
injection of carbamoyl-PROXYL. The area of enhanced image intensity was reduced in the liver of DMN-treated
mice compared with control mice because the liver was became atrophied in DMN-treated mice (see Table S1).
In vivo DNP-MRI imaging enabled the liver morphology to be visualized.

To noninvasively monitor the redox status of the liver, in vivo DNP-MRI was performed after DMN treatment
in living mice (Fig. 4a). At 1 min after injection of carbamoyl-PROXYL, the image intensity was clearly enhanced
in the livers of both control and DMN-treated mice. By 10 min after injection, there was a substantial decrease in
control mice, whereas only a slight decrease occurred in DMN-treated mice. Figure 4b shows a plot of the time
course of the signal intensity of carbamoyl-PROXYL in the liver. The decline in carbamoyl-PROXYL concentra-
tions was linear in both control and DMN-treated mice. Solid lines through the data points indicate a linear fit to
the respective data set. The reduction rate in DMN-treated mice (0.11 & 0.02 min ') was significantly slower than
that in control mice (0.18 +0.02 min™"), as depicted in Fig. 4c.

The reduction constant of carbamoyl-PROXYL is likely to depend on the location within the mouse liver.
Thus, the reduction rate of carbamoyl-PROXYL per pixel was estimated using the experimental EPR signal
intensity data, and reduction rate maps of carbamoyl-PROXYL were calculated. The redox maps clearly demon-
strated the site-specific distribution of the reduction rate of carbamoyl-PROXYL in the liver (Figs 5a and S2). In
DMN-treated mice, the reduction rate of carbamoyl-PROXYL was significantly slower than that in the control
mice (Fig. 5b).

To confirm that the images directly corresponded to the liver, mice were sacrificed at 5min after intrave-
nous injection of the probes. The abdominal organs were removed and the blood samples were collected. The
samples were homogenized and analysed using conventional X-band EPR spectroscopy (Fig. 6). This ex vivo

SCIENTIFICREPORTS | 6:32604 | DOI: 10.1038/srep32604 3



www.nature.com/scientificreports/

control

Hi

g
2
(7}
=
[}
2
=

DMN

Time (min)

*
C _ o2
e E
[”] -
I E o2 : T
£ 9 ° ;;%;;;
= © |
=} = 0.15
58 5
2 g o1
57 g2 "
Q
6 T 0.05
0 5 10 15 control DMN

Time (min)

Figure 4. Redox imaging ofliver in dimethylnitrosamine (DMN)-treated mice using in vivo DNP-MRI.
(a) Temporal changes in DNP-MRI images of DMN-treated mouse liver after intravenous injection of
carbamoyl-PROXYL. ROIs are indicated by the yellow box. (b) Time course of the image intensity of nitroxyl
radicals of carbamoyl-PROXYL in control mice (blue circles) and DMN-treated mice (orange circles). (c) Rate
constants of carbamoyl-PROXYL reduction in the liver. *P < 0.01.
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Figure 5. Mapping of redox status of liver in dimethylnitrosamine (DMN)-treated mice. (a) Carbamoyl-
PROXYL reduction rate mapping in control and DMN-treated mice. The reduction rate of carbamoyl-PROXYL

was evaluated per pixel and mapped on MRI images. (b) Frequency plot of reduction rates of carbamoyl-
PROXYL.

study revealed the no observation the difference of the oxidized and reduced form of carbamoyl-PROXYL in
the blood between control and DMN-treated mice. DMN-treated mouse livers had a higher level of residual
carbamoyl-PROXYL than those of control livers. DMN-treated mice had decreased clearance. An increase in
the oxidized form/total carbamoyl-PROXYL ratio was found in the DMN-treated mouse livers. These results
suggested that the slower reduction rates of the carbamoyl-PROXYL in DMN-treated mice were mainly due to
the redox reaction in the fibrotic livers.

Analysis of liver reduction activities. Redox data demonstrated that DMN treatment significantly
decreased the rate constant of nitroxide reduction in the liver. Because DMN exposure catalyses an excessive
amount of ROS, the antioxidant capacity and molecular markers, including glutathione, superoxide dismutase
(SOD) and catalase, in the liver were investigated (Fig. 7a-e). Decreased hepatic antioxidant levels were observed
in the DMN-treated mice compared with control mice. DNA and protein carbonylation, which are considered to
be oxidative markers, were significantly increased in DMN-exposed compared with control liver tissue (Fig. 7f,g).
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Figure 6. Analysis of the oxidized and reduced form of carbamoyl-PROXYL in mouse blood and liver.
(a) The distributions of the oxidized form (opaque bar) and total carbamoyl-PROXYL (transparent bar)

after a 5-min intravenous injection. Total carbamoyl-PROXYL was measured after the addition of potassium
ferricyanide. (b) The oxidized/total carbamoyl-PROXYL ratio was determined. Data represent the mean & SE
from three mice per group. *P < 0.05, **P < 0.01.

Discussion

Excessive ROS production and reduced antioxidant defences may contribute to numerous degenerative liver
diseases. Despite the importance of noninvasive assessment of oxidative stress, the redox status of liver diseases
has not been investigated, even in vitro. In contrast to these classic methods, the in vivo EPR/nitroxide spin-probe
method has been used since the early 1990s and has been recognized to be suitable for the examination of
free radical reactions in in vivo experimental disease models®*2. When using this approach, selection of the
appropriate nitroxide molecule is important because the probe detects the specific locations of these molecules.
In vivo molecular-level redox imaging was considered suitable to determine the redox status of target organs and
to directly assess the activity of pharmaceutical drugs. Using nitroxyl radicals as redox probes, any shift in reduc-
tion rate caused by either radical overproduction or defective scavenging systems will be visible as a change in the
redox status of living animals.

Changes in signal intensity due to magnetic nitroxide-diamagnetic hydroxylamine conversion is known to
reflect the redox state of cells and tissues. Mapping of the reduction rate or half-lives of nitroxide probes on
DNP-MRI images can provide useful information on oxidative stress by comparing the reduction capability of
nitroxide probes in control livers, as shown in this study. The reduction rate of carbamoyl-PROXYL was visual-
ized in 2D slices, and the distribution of reduction rate was remarkably heterogeneous throughout the tissue area.
Previous in vitro evidence indicates that the reduction rate of redox probes is strongly affected by cellular metab-
olism due to their stability in blood, suggesting that the behaviour of redox probes is determined predominantly
in the tissue compartment®. Therefore, more sophisticated imaging techniques are required to directly determine
the pharmacokinetic behaviour of probes in specific organs.

Nitroxide levels were lower in the fibrotic mouse liver than in control mouse livers. This finding may be
explained by an imbalance in redox status due to liver fibrosis (Figs 4 and 5). The liver has a specialized defence
mechanism to scavenge ROS, in which nuclear factor E2-related factor 2 (Nrf-2) plays an central role®*-. Nrf-2
acts as a cellular sensor of redox status and promotes antioxidant system activation®’. DMN treatment is thought
to induce liver damage by causing oxidative stress, which is established to be a critical contributor to the develop-
ment of hepatic fibrogenesis. It has been shown that DMN has the capacity to damage Nrf-2, which inactivates the
Nrf2/ARE pathway and stimulates the expression of multiple antioxidant enzymes®. As a result, DMN augments
oxidative damage by decreasing levels of SOD and catalase. Studies in different animal models have indicated
that the Nrf-2/ARE pathway counteracts viral hepatitis, nonalcoholic fatty liver disease (NAFLD), nonalcoholic
steatohepatitis (NASH) and cancer by activating gene expression®. Moreover, this pathway supports liver regen-
eration. Nrf-2 knockout increases liver damage in response to toxins and a high-fat diet, consequently leading to
elevated mitochondrial ROS production. Mitochondrial biogenesis is an important determinant of tissue redox
status due to electron transfer for ATP and free radical production®®*!. It is thought that increased mitochondrial
biogenesis in DMN-treated animal models may partially underlie changes in redox status. Research has expanded
knowledge of the mechanisms of oxidative stress, and DNP-MRI may enable the design of new therapies for
other liver disorders connected to redox state such as NAFLD and NASH, which are difficult to assess by serum
biomarkers.

Ex vivo analysis showed that clearance of carbamoyl-PROXYL was lower in fibrotic livers. This is in concord-
ance with the ICG test, which indicated that liver metabolism was impaired in DMN-treated mice. The ex vivo
experiments also suggested that the reducing activity of the DMN-treated liver was diminished, consistent with
in vivo data on the oxidized form/total carbamoyl-PROXYL ratio. Because carbamoyl-PROXYL is water soluble
and excreted via the urine, changes in renal plasma flow or the glomerular filtration rate may alter its signal
decay rate*?. The redox maps for carbamoyl-PROXYL demonstrated synergistically contributed the clearance/
retention and hepatic reducing activity. Clinical evaluation of liver function requires blood tests to assess the
status of hepatocytes and the biliary tract, clearance/retention tests such as ICG, and scintigraphy techniques
such as galactosyl human serum albumin (GSA) labelled with *™Technetium (**™Tc)***4. Although clearance/
retention tests and scintigraphy have some similarities, the latter technique is less popular. DNP-MRI is a prom-
ising approach for comprehensive evaluation of liver function using the combination of in vivo redox mapping
and ex vivo analyses.
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Figure 7. Analysis of liver reductive activity in dimethylnitrosamine (DMN)-treated mice. (a) Total
antioxidant capacity, (b) GSH level, (c) GSH/GSSG ratio, (d) SOD activity, and (e) catalase activity
were measured in control and DMN-treated mice. Data represent the mean £ SE from three mice

per group. *P < 0.05, **P < 0.01 vs control mice. (f) 8-OHdG and (g) 4-HNE levels were measured by
immunocytochemistry. Original magnification: 100 x.

A recent study used the DNP-MRI technique, in combination with nitroxyl radicals possessing different struc-
tures and physicochemical properties, for spatiotemporal mapping of redox status, pH and oxygen concentration
in various animal models*~*¢. For in vivo redox imaging, DNP-MRI was confirmed to be feasible for noninvasive
visualization of the distribution and elimination of redox probes in the body. Based on this technique, changes
in image intensity as a function of time and location have the potential to reflect the presence of free radicals and
oxidative stress, thus providing a quantitative measure of the local redox status of target organs.

In the present study, in vivo DNP-MRI using nitroxyl radicals and a customized surface coil resulted in visual-
ization of mouse liver tissue. In vivo DNP-MRI enables analysis of the redox environment of fibrotic mouse liver
after DMN treatment. The redox maps and decay rates clearly identified local redox changes as well as differences
between control and DMN-treated mice. The ability of in vivo DNP-MRI to noninvasively detect the focal redox
status of the liver suggests that it has the potential to be a valuable tool for the diagnosis and monitoring of liver
disorders, and preclinical assessment of novel treatment strategies.

Materials and Methods

Animal experiments. Male 5-week-old balb/c mice (KBT Oriental, Ltd., Saga, Japan) were maintained in
a 12-h light/dark cycle, and provided with water and food ad libitum. Mice were intraperitoneally injected with
10 mg/kg of DMN (N-nitrosodimethylamine; Wako Pure Chemical Ind. Ltd., Osaka, Japan) in 0.9% physiologic
saline twice a week for 4 weeks. All animal care and experimental procedures were approved by the committee on
the Ethics of Animal Experiments, Kyushu University, and were conducted in accordance with the Guidelines for
Animal Experiments of Kyushu University.

Serum biochemical analysis. At least three mice were sacrificed after 4 weeks of DMN treatments to col-
lect blood. Serum ALT and AST levels were determined with the Fuji DRI-CHEM NX500V system (Fuji Film,
Tokyo, Japan) according to the manufacturer’s instructions.

Histological analysis. After fixing in 10% neutral-buffered formalin, liver tissue was paraffin-embedded,
and sliced into 5-um sections. For histologic assessment, the sections were stained with haematoxylin-eosin
and Masson’s trichrome. Immunohistochemistry was performed with anti-a-smooth muscle actin antibodies
(Abcam, Cambridge, UK) and the sections were visualized under a fluorescence microscope (BioRevo BZ-9000;
Keyence, Osaka, Japan).

In vivo DNP-MRI measurement. Redox imaging was performed with low field type of in vivo DNP-MRI
system (Keller, Japan Redox Inc. Japan). The external magnetic field BO for EPR irradiation and MRI was
fixed at 16 mT, and the frequencies of EPR irradiation and MRI were 455 MHz and 683 kHz, respectively. For
EPR irradiation during liver imaging, a rectangular, one-turn curved surface coil (longitudinal 20 mm, lateral
32mm) was constructed. In in vivo experiments, mice were anaesthetized with 2% isoflurane and secured in
sternal recumbency on a specialized holder with adhesive skin tape. The holder was placed in the resonator and
in vivo DNP-MRI imaging of the upper abdomen was started immediately after intravenous administration of
carbamoyl-PROXYL (150 mM, 10 uL/Kg). Pharmacokinetic DNP-MRI images were obtained at several time
points from 1 to 13 min after injection. Normal MRI images were obtained without EPR irradiation. The in vivo
redox map was generated from the slope of the image intensity of each pixel in four pharmacokinetic images
using a customized Excel macro program. The scanning conditions for in vivo DNP-MRI were as follows: power
of EPR irradiation, 7 W; flip angle, 90°; repetition time (TR) x echo time (TE) x EPR irradiation time (TEPR),
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500 x 25 x 250 ms; number of averages, 2; slice thickness, 100 mm, including the entire width of each mouse;
phase-encoding steps, 32; field of view (FOV), 40 x 40 mm; and matrix size, 64 x 64 after reconstruction.

Assessment of nitroxyl radicals concentration in liver and blood. A carbamoyl-PROXYL (10uL/g
body weight of 150 mM) solution was intravenously administered to control or DMN-treated mice. A liver and
blood sample were collected at 5 min after injection, and the radical and total nitroxyl radical reoxidized by potas-
sium ferricyanide (final 2mM) concentration in the blood and liver were measured by X-band EPR after liver
sample was homogenized by PBS.

Measurement of reduction activities. Liver tissues were homogenized in lysis buffer, centrifuged, and
the supernatants were collected. The total antioxidant capacity (TAC), GSH, SOD and catalase activity in tis-
sue homogenates were analysed using an OxiSelect Total Antioxidant Capacity Assay Kit (Cell Biolabs Inc., San
Diego, CA, USA), a GSSG/GSH Quantification Kit (Dojindo Laboratories, Kumamoto, Japan), a SODAssay
Kit-WST (DOJINDO) and a catalase colorimetric assay kit (ARBOR ASSAYS, Bangor, ME, USA), respectively,
according to the standard protocols. The samples were analysed using the microplate reader EnSpire 2300
Multilabel (PerkinElmer Inc., Waltham, MA, USA).

Statistical analysis. Differences between the groups of mice were analysed using the unpaired Student’s
t-test. P-values less than 0.05 were considered to denote statistical significance. Results are expressed as the
means £ SD.
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