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Abstract

Purpose

Metabolic dysfunction-associated steatotic liver disease (MASLD) comprises simple
steatosis (SS), which has a low risk of mortality, and metabolic dysfunction-associated
steatohepatitis (MASH), which can progress to liver cirrhosis and hepatocellular
carcinoma. Because differentiation between MASH and SS is the most important issue
in the diagnosis of MASLD, the establishment of noninvasive diagnostic methods is
urgently needed. In this study, we evaluated the potential of ['**IJIIMU, a thymidine
phosphorylase (TYMP) targeted SPECT imaging probe, for differential diagnosis of

MASLD in a preclinical animal model.

Procedures

SS and MASH mice were prepared by feeding db/db mice with a standard diet and a
methionine/choline-deficient diet, respectively. Control mice were prepared by feeding
m/m mice with a standard diet. TYMP expression in the liver was evaluated by RT-PCR,
western blotting, and immunohistochemistry. The biodistribution of ["*’IJIIMU in the
three model mice was evaluated at 30 min post-injection. SPECT/CT imaging studies of

the three model mice were performed 30 min after injection of ['ZI]IIMU.



Results

Hepatic TYMP expression level was the highest in the SS mice and the lowest in the
MASH mice at both mRNA and protein levels. The immunohistochemistry experiment
showed a patchy distribution of TYMP only in the liver of MASH mice. In the
biodistribution study, the hepatic accumulation of ['>’I]IIMU was the highest in the SS
mice and the lowest in the MASH mice. The SPECT/CT imaging study showed similar

results to the biodistribution experiment.

Conclusion
Hepatic TYMP expression level may serve as a promising imaging biomarker for
differential diagnosis of SS and MASH. SPECT imaging using ['>*IJIIMU potentially

provides a novel noninvasive diagnostic method to differentiate MASH and SS.

KEYWORDS: metabolic dysfunction-associated steatohepatitis (MASH), non-alcoholic
steatohepatitis (SS), Thymidine phosphorylase (TYMP),

5-i0do-6-[(2-iminoimidazolidinyl)methyl]uracil (IIMU), Nuclear medicine imaging



Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a very common

disorder that happens when excess fat is accumulated in the liver. MASLD encompasses

simple steatosis (SS) which has a low risk of liver disease-related mortality, and

non-alcoholic steatohepatitis (MASH) which may progress to liver cirrhosis and

hepatocellular carcinoma (HCC). Accordingly, differentiation between MASH and SS is

the most important issue in the diagnosis of MASLD. Nowadays, liver biopsy is

essential to the differential diagnosis of MASH from SS [1]. However, liver biopsy has

several drawbacks, including sampling error (diagnostic results tend to be different

depending on the biopsy site), interobserver variability, and procedure-related morbidity

and mortality [1-4]. Because of these drawbacks, the establishment of less or

noninvasive diagnostic methods to replace biopsy is urgently desired.

Nuclear medicine imaging technologies, single-photon emission tomography (SPECT)

and positron emission tomography (PET), can visualize an interest molecule and

evaluate disease state in whole organs noninvasively. Therefore, these imaging

technologies have a potential to provide the differential diagnosis of MASH, if imaging

biomarkers with different expression levels between SS and MASH are found.



To date, several nuclear medicine probes have been investigated for the diagnosis and
staging of MASLD [5-6]. For example, ['®F]JFDG has potential to determine liver
inflammation, particularly dynamic PET can derive altered glucose transport (K1) in
MASH [7-8]. ["®F]JFEDAC may be used to image inflammation/fibrosis progression
based on its binding to translocator protein (18 kDa) (TSPO) [9-10]. Recently, Song et
al. indicated the potential of [**Ga]DOTA-FAPI-04 to visualize liver fibrosis through
imaging of fibroblast activation protein (FAP) [11]. However, the clinical application of
these probes still remains limited.

We previously found the hepatic expression level of thymidine phosphorylase (TYMP)
was significantly lower in the methionine and choline deficient (MCD) diet-induced
MASH mice compared with that in the control mice [12]. The underlying cause is
unclear. However, a recent study [13] suggested that dysfunction of Hedgehog, a
lipid-regulated morphogenic signaling pathway, and decreased TYMP create a vicious
cycle that impairs mitochondrial activity and accelerates senescence, thereby leading to
MASH. They also suggested that TYMP directly acts on hepatocytes to inhibit
lipotoxicity and senescence, protecting against MASH formation. Therefore, TYMP
imaging may offer an alternative approach for diagnosing and staging MASLD, by

evaluating mitochondrial dysfunction and lipotoxicity associated with dysfunction of



Hedgehog signaling pathway. On the other hand, we have developed TYMP-targeting
probe ['2¥12%]]5-i0do-6-[(2-iminoimidazolidinyl)methyl]Juracil (['>*'**I]IIMU) [14] and
demonstrated that ['23'>’I]IIMU accumulated in cells and tissues, depending on TYMP
expression level [15-18], and was safely injected in humans [19]. Furthermore, we
found that the hepatic accumulation level of ['2¥!>’I]IIMU was significantly lower in the
MASH mice compared with that in the control mice, being consistent with the
expression levels of TYMP [12]. However, there have been no studies to investigate
whether the hepatic expression of TYMP is different between SS and MASH, and
whether TYMP imaging is applicable to the differential diagnosis of MASH. Therefore,
in this study, we compared the hepatic TYMP expression levels among SS and MASH
models and control mice, and evaluated the potentials of a TYMP-targeting probe

['1]IIMU for the differential diagnosis of MASH from SS.



Materials and Methods

Preparation of mouse SS and MASH models

Male obese mice (db/db mice; BKS. Cg-+Lepr®/+Lepr?®/Jcl), and gender and age
matched lean mice (m/m mice; BKS. Cg-m+/m+/Jcl) were purchased from CLEA Japan,
Inc. (Tokyo, Japan). These mice were housed under a 12-h light/12-h dark cycle with
food and water supplied ad libitum. All experimental protocols were approved by the
Laboratory Animal Care and Use Committee of Hokkaido University and performed in
accordance with the Guidelines for Animal Experiments of the Graduate School of
Medicine, Hokkaido University.

SS and MASH mice were prepared by feeding the db/db mice (8 weeks old) with a
standard diet (CE-2, CLEA Japan, Inc.) and a methionine/choline-deficient (MCD) diet
(A02082002B, Research Diet, Inc.) for 4 weeks, respectively. Control mice were

prepared by feeding the m/m mice (8 weeks old) with the standard diet for 4 weeks.

Real-time reverse-transcription polymerase chain reaction (RT-PCR) analysis



RNA extraction and purification, reverse transcription of mRNA, and PCR analysis

were performed in the same way as our previous studies [12]. Total RNA was isolated

from the liver of control, SS, and MASH mice with TRIZOL® reagent (Thermo Fisher

Scientific Inc., Waltham, MA) and purified with a PureLink™ RNA Mini Kit (Thermo

Fisher Scientific Inc.). Reverse transcription of the total RNA (500 ng) was then

performed using a ReverTra Ace® qPCR RT Master Mix with a gDNA Remover

(TOYOBO Co., Ltd., Osaka, Japan) and a PCR Thermal Cycler Dice (Takara Bio Inc.,

Kusatsu, Japan). The gene expression levels of TNF-a, interleukin-1p (IL-1p), collagen

type I alpha 1 (COL1A1), collagen type I alpha 2 (COL1A2), a-smooth muscle actin

(a-SMA), and TATA-binding protein (TBP) were analyzed by real-time RT-PCR using

FastStart Universal SYBR Green Master (Rox) (Roche Diagnostics, Indianapolis, IN),

the primer set specific for each molecule, and Thermal Cycler Dice Real Time System

II. Primer sequences are listed in Supplementary Table S1. The expression level of

TYMP was examined by real-time RT-PCR analysis using primer-probe sets of

TagMan Gene Expression Assays (Mm00460357 ml; Thermo Fisher Scientific Inc.),

TagMan™ Universal Master Mix II, with UNG (Thermo Fisher Scientific Inc), and

Thermal Cycler Dice Real Time System II (Takara Bio Inc.). TBP was used as an

internal control, and each gene expression level was normalized with that of TBP.



Western blot analysis

The liver samples of control, SS, and MASH mice were homogenized in RIPA Lysis

and Extraction Buffer (Thermo Fisher Scientific, Inc.) containing a protease inhibitor

cocktail (cOmplete™, Roche Co., Ltd., Mannheim, Germany) and then centrifuged to

remove insoluble products. The proteins (1-20 pg), recombinant uridine phosphorylase

1 (rUPP1; 1 ng; Cloud-Clone Co., Katy, TX), and rUPP2 (10 ng ; Cloud-Clone Co.)

were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) on a 5-20% polyacrylamide. Proteins were transferred onto

polyvinylidene fluoride membranes (Bio-Rad Laboratories, Inc. Hercules, CA). The

membranes were washed with 25 mM Tris—HCI, 137 mM NacCl, and 2.68 mM KCl

(pH 7.4) (TBS buffer), and then blocked with 50 mM Tris—HCI, 138 mM NaCl, 2.70

mM KCIl, and 0.5 ml/L Tween 20 (pH 8.0) (TBS-T buffer) plus 5% skim milk. The

membranes were incubated with a sheep polyclonal anti-TYMP primary antibody

(1:1000; R&D Systems, Inc., Minneapolis, MN) or a rabbit monoclonal anti-TBP

primary antibody (1:1000; Cell Signaling Technology Inc., Beverly, MA), an

anti-UPP1 primary antibody (1:400; Lifespan Biosciences Inc., Seattle, WA), and an
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anti-UPP2 primary antibody (1:3000; Abcam, Inc., Cambridge, UK) diluted in TBS-T

buffer plus 5% skim milk. The membranes were washed with TBS-T buffer and

incubated with a horseradish peroxidase (HRP)-conjugated anti-sheep secondary

antibody (1:1000; R&D Systems, Inc.) or anti-rabbit secondary antibody (1:4000;

Promega Inc., Madison, WI) diluted in TBS-T buffer plus 5% skim milk. The proteins

of interest were detected using the ECL Prime Western Blotting Detection Reagent (GE

Healthcare Inc., Chicago, IL) and the luminescent image analyzer LAS-4000 mini

(Fuji Photo Film Co., Ltd., Tokyo, Japan). TBP was used as the protein-loading

control for immunoblotting.

Histopathological evaluation

Hematoxylin and eosin (H&E)-staining was performed in the same way as our

previous studies [12] using 5-pum-thick liver sections embedded in paraftin.

Masson's trichrome staining was performed as follows. Five-micrometer-thick liver

sections embedded in paraffin were heated in Bouin’s Solution (HT10132; Merck

KGaA, Darmstadt, Germany) at 56°C for 15 minutes and washed in running water. The

sections were stained with Weigert’s iron hematoxylin solution (HT1079; Merck
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KGaA), washed in running water, and rinsed in deionized water. The sections were

stained in Biebrich Scarlet-Acid Fucshin Solution (HT151; Merck KGaA) for 5 minutes,

washed in running water, and rinsed in deionized water. The sections were placed in

Phosphotungstic/Phosphomolybdic Acid Solution (HT152-153; Merck KGaA) for 5

minutes, washed in running water, and rinsed in deionized water. Then, the sections

were stained with Aniline Blue Solution (HT154; Merck KGaA) for 5 minutes. The

sections were placed in 1% acetic acid for 2 minutes and washed in deionized water.

Finally, the sections were dehydrated in an ethanol series, placed in xylene, and

mounted.

Immunohistochemical (IHC) staining of TYMP was performed as follows. The livers

were embedded in Optimal Cutting Temperature (O.C.T.) compound (Sakura Finetek

Japan Co., Ltd., Tokyo, Japan) and frozen in isopentane/dry ice. Ten-um-thick frozen

tissue sections were prepared and mounted on MAS-coated glass slides (Matsunami

Glass Ind., Co., Ltd., Kishiwada, Japan) and fixed with M-Fix™ spray fixative (Merck

KGaA). The hepatic tissue sections were washed in 100 mL of phosphate-buffered

saline (-) [PBS (-)] containing a drop of 13-fold diluted Triton-X, and blocked with a

blocking solution (protein block, serum-free; Agilent Technologies, Inc., Carpinteria,

CA). The tissue sections were incubated with an anti-TYMP antibody (1:100; R&D

12



Systems, Inc.) in 0.1% BSA/PBS (-) and washed in the PBS (-) plus the Triton-X
solution. Endogenous peroxidase inactivation of the tissue section was performed with
0.3% H202/methanol. The tissue sections were washed in the PBS (-) plus the Triton-X
solution, incubated with an HRP-conjugated anti-sheep antibody (1:100; R&D System:s,
Inc.) in 0.1% BSA/PBS (-), and washed with PBS (-). Immunocomplexes were detected
with a Peroxidase Stain DAB Kit (Nacalai Tesque Inc., Kyoto, Japan) and

counterstained with hematoxylin.

Biodistribution study

['I]IIMU (44-99 kBq) [14] in saline was injected to the control, SS, and MASH mice
via the tail vein under isoflurane anesthesia. Then, the mice were returned to their cages
and allowed to move freely. Thirty minutes after the injection, the mice were euthanized
under isoflurane anesthesia, and their blood and organs were immediately collected.
After washing the organs with saline, the blood and the organs were weighed. The
radioactivity in the blood and organs was measured with a gamma counter (2480
WIZARD 2 Automatic Gamma Counter, PerkinElmer Inc., Waltham, MA).

Decay-corrected accumulation in the blood and organs was expressed as standardized
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uptake value (SUV). SUV was defined as [tissue radioactivity concentration

(Bg/g)/injected radioactivity (Bq)] x body weight (g).

Small animal SPECT/CT imaging study

A SPECT/CT imaging study was performed on control, SS, and MASH model mice (n
= 4 for each) using an Inveon preclinical small-animal multimodality SPECT/CT
system (Siemens Medical Solutions, Knoxville, TN, USA) equipped with a single
pinhole collimator (1-MHS-2.0). Mice were intravenously injected with ['ZI]JIIMU
(4.6-8.3 MBq) in saline containing 1% ascorbic acid via tail vein under isoflurane
anesthesia. SPECT data were acquired over 30-45 min after the injection, and CT scans
were performed after SPECT acquisitions. The SPECT and CT images were
reconstructed using OSEM3D (8 iterations, 6 subsets) and the Feldkamp method,
respectively. The isotropic image voxel sizes of the SPECT and CT images were 0.5
mm and 92.7 pum, respectively. For SPECT image reconstruction, attenuation correction
was performed based on the CT images, and scatter correction was applied using the
triple energy window method. The obtained images were analyzed using an Inveon

research workplace software (Siemens Medical Solutions, Knoxville, TN, USA). All

14



SPECT/CT fusion images (coronal slices) are displayed on the same SUV scale ranging

from O to 7.

Statistical analysis

All data are expressed as means # standard deviation (SD) and analyzed using

one-way analysis of variance (ANOVA) followed by Tukey-Kramer test. The level of

significance was taken as p < 0.05. All statistical analysis was carried out using

GraphPad Prism 7 software (GraphPad Software Inc., San Diego, CA).
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Results

Physiological characteristic and pathological evaluation in control, SS, and MASH

mice

Body and liver weights in the control, SS, and MASH mice are shown in Fig. 1. The

SS and MASH mice had higher body weight than the control mice whereas the MASH

mice had lower body weight than the SS mice [Body weight: 22.3 + 0.7 (Control), 40.2

+ 2.2 (SS), 32.7 £ 0.4 (MASH)] (Fig. 1a). On the other hand, the liver weight was the

highest in the MASH mice, followed in the decreasing order by the SS and control mice

[Liver: 0.923 % 0.016 (Control), 1.510 = 0.333 (SS), 2.210 + 0.222 (MASH)] (Fig. 1b).

The hepatic gene expression levels of inflammation (TNF-a, IL-1B) and fibrosis

markers (COL1A1, COL1A2, a-SMA) in the control, SS, and MASH mice are shown

in Fig. 2. The expression levels of TNF-a, IL-1B, COL1A1, COL1A2, and a-SMA were

significantly higher in the MASH mice than in the control and SS mice, whereas there

were no significant changes in the markers between the control and SS mice. Figure 3

displays H&E and Masson's trichrome-stained liver sections from the control, SS, and

MASH mice. Prominent steatosis, cellular infiltration, and ballooning degeneration of
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hepatocytes were observed in the MASH model mice, whereas only steatosis was

observed in the SS model mice (Fig. 3, panel a-c). The above histological features were

not observed in the liver of control mice. Hepatic fibrosis was observed in 2 out of 5

MASH mice, whereas not in the control and SS mice (Fig. 3, panel d-f).

Hepatic TYMP and UPP expressions in control, SS, and MASH mice

The hepatic gene expression levels of TYMP were significantly higher in SS mice and

tended to be lower in MASH mice than in the control mice [relative expression of

mRNA: 1.00 = 0.32 (Control), 1.72 + 0.27 (SS), 0.58 = 0.13 (MASH)] (Fig. 4a).

Similarly, the TYMP protein levels was higher in the SS mice and lower in the MASH

mice (Fig. 4b). UPP1 and UPP2 were not detected in all mice, whereas rUPP1 (1 ng)

and rUPP2 (10 ng) (positive controls) were clearly detected (Fig. S1).

Hepatic localizations of TYMP protein in control, SS, and MASH mice
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Representative IHC staining of TYMP are shown in Fig. 4, panel c-e. TYMP was
entirely distributed in the liver of the control and SS mice, whereas it showed a patchy

distribution in the liver of the MASH mice.

Biodistribution analyses of ['*’IJIIMU in control, SS, and MASH mice

The biodistribution of ['*’I]IIMU in the control, SS, and MASH mice, 30 min after
administration are shown in Fig. 5. ['*I]IIMU highly accumulated in the liver and small
intestine compared to other organs including the heart, lung, pancreas, spleen, stomach,
large intestine, kidney, and thigh muscle and bone. The hepatic accumulation level of
['I]IIMU was significantly higher in the SS mice and lower in the MASH mice than
the control mice [standard uptake value (SUV) : 5.40 + 1.29 (Control), 7.25 £ 0.58 (SS),
3.39 + 0.39 (MASH)]. Furthermore, the hepatic accumulation level of ['*’I]IIMU was
significantly lower in MASH mice than the SS mice (p < 0.001). The accumulation
level in the small intestine of the SS and MASH mice was significantly higher than that
of the control mice, whereas there were no significant differences between the SS and
MASH mice [standard uptake value (SUV): 1.23 + 0.21 (Control), 2.39 + 0.81 (SS),

2.91 +0.21 (MASH)].

18



SPECT/CT imaging of ['ZIJIIMU in control, SS, and MASH mice
Representative SPECT/CT images of the control, SS, and MASH mice after the
injection of ['*I]IIMU are shown in Fig. 6 and Fig. S2. The liver uptake of ['**I]IIMU

in MASH mice was visually lower than that in SS and control mice.
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Discussion

To the best of our knowledge, this is the first study to compare the hepatic expression
levels of TYMP among the control, SS, and MASH mice and to examine the usability of
a TYMP imaging probe for differentiating MASH from SS. We found that the hepatic
expression levels of TYMP were higher in the SS mice and lower in the MASH mice
than in the control mice (Fig. 4, panel a-b). TYMP was distributed in a patchy fashion in
the liver of MASH mice, whereas it was evenly distributed in the liver of control and SS
mice (Fig. 4, panel c-e). Consistent with these different expression levels of TYMP in
the liver, the hepatic accumulation of ['*’I]IIMU were significantly lower in the MASH
mice than in the control and SS mice (Fig. 5). Finally, SPECT imaging using ['*I]IIMU
provided visually distinguishable images between SS and MASH model mice,
suggesting the usefulness of ['ZIJIIMU-SPECT as a non-invasive means for the
differential diagnosis of MASH.

We previously reported that the gene and protein of TYMP were more highly
expressed in the normal liver and small intestine than in the other normal organs,
including the brain, heart, lung, stomach, spleen, kidney, large intestine, and muscle

[16]. ["*'*°I]IIMU also accumulated mostly in the liver and small intestine of normal,
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MASH, and tumor bearing mice [12, 14, 16, 18]. Moreover, we performed the blocking
study in MCD diet-induced MASH and control mice using tipiracil [12]. The tipiracil is
a TYMP inhibitor and has a similar chemical structure to IIMU. In the blocking study,
the accumulation of ['?’I]IIMU in the liver and small intestine of both MASH and
control mice was significantly reduced [12]. These results suggested that the
accumulation of ['ZI]IIMU in the liver and small intestine is ascribed to its binding to
the TYMP expressed in the liver and small intestine. Together, the present results
indicate that ['>*I]IIMU has a potential of differentiating MASH from SS based on the
expression levels of TYMP.

It is crucial, however, to discuss why the TYMP level and ['?*'*I]IIMU accumulation
(SUV) in the liver were higher in SS mice and lower in MASH mice compared to
controls. As mentioned above, JUN et al. (2024) [13] recently reported that dysfunction
of Hedgehog signaling pathway decreases TYMP levels (and vise versa), leading to
reduced mitochondrial activity and increased susceptibility to lipotoxicity, thereby
causing MASH. These findings likely explain the lower TYMP level and ['2¥'>’T]IIMU
accumulation (SUV) in MASH mice. On the other hand, the reason for the higher
TYMP level and ['2'>5T]IIMU accumulation (SUV) in SS mice remains unclear. Based

on the findings by Jun et al. (2024) and the role of TYMP in maintaining mitochondrial
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integrity and optimizing DNA repair [20], TYMP appears to play a protective role
against MASLD progression. Thus, the higher TYMP level and ['2/!>ST]IIMU
accumulation (SUV) in SS mice may reflect an adaptive response protecting
hepatocytes from injury.

Significant differences in body and liver weights were observed among the three
groups of mice (Fig. 1). Therefore, their effects on hepatic ['2*'?’I]IIMU accumulation
must be considered. We used SUV, corrected for body and liver weights, to evaluate
hepatic ['*IJIIMU accumulation (Fig. 5), which is widely used in clinical settings.
However, this correction may overestimate hepatic accumulation of labeled probes in
cases of high body and liver fat contents and low probe distribution in fat. Conversely,
without correction, hepatic accumulation may be underestimated. Indeed, without body
weight correction, the difference in hepatic accumulation of ['*’I]IIMU between the SS
and control mice was eliminated, suggesting the need to consider the influence of body
weight including body fat content (Fig. S3). On the other hand, even without body
weight correction, hepatic accumulation of [?’IJIIMU in MASH mice remained
significantly lower than in SS and control mice. Unfortunately, the current data on body
and hepatic fat content, as well as the distribution of ['**'*I]IIMU in fat, are

insufficient. This limitation complicates appropriate corrections and requires further
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studies. Although extensive research on the correction methods has been conducted for
['®F]FDG, these methods have not yet been widely adopted [21-22].

In this study, we utilized the db/db mice fed with the standard and MCD diet as SS and
MASH models, respectively. The db/db mice have persistent hyperphagia, and are
obese and diabetic, because their leptin receptor function is deficient [23]. Although the
db/db mice have hepatic steatosis, they do not spontaneously develop MASH. Moreover,
MASH can be easily induced when the db/db mice are given with a methionine and
choline-deficient diet. Therefore, db/db mice alone and the mice fed with the MCD-diet
are good models of SS and MASH, respectively [23]. Also in our study, although the
body weight of MASH mice was lower than that of SS mice due to MCD diet feeding
[12, 24], both SS and MASH mice had higher body and liver weights than the control
mice (Fig. 1). The hepatic expression levels of markers of inflammation and fibrosis
(Fig. 2) were significantly higher in the MASH mice than in the control mice, while
there were no significant changes between the control and SS mice. Furthermore, the
main histopathological features of MASH, such as prominent steatosis, cellular
infiltrations, and ballooning degeneration of hepatocytes, were observed in the liver of
MASH mice, whereas only steatosis was observed in the SS model mice (Fig. 3, panel

a-c). The hepatic fibrosis was observed only in 2 out of 5 MASH mice and not in the
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control and SS mice (Fig. 3, panel d-f). These results indicated that MASH model
without fibrosis or with mild fibrosis, and SS model were successfully prepared in our

study.

It should be noted that ['**'>*I]IIMU may accumulate organs expressing the UPPs,
since mouse UPPs (UPP1 and UPP2) also have TYMP activity unlike human UPPs [25].
Unfortunately, we have not examined whether UPP affects the biodistribution of
['2*I]IIMU. However, our study clearly revealed that UPP1 and UPP2 expressions were
not detected in the liver of the control, SS, and MASH mice (Fig. S1), indicating that
UPPs are not involved in the hepatic accumulation of the IIMU.

To date, various noninvasive imaging methods have been established for the diagnosis
of MASLD patients, such as ultrasonography (US), computed tomography (CT),
magnetic resonance imaging (MRI), and elastographic imaging. Although US, CT, and
MRI are highly useful for quantifying hepatic steatosis, it is difficult to distinguish
MASH from SS by using these conventional techniques [2]. The elastographic imaging,
including magnetic resonance elastography (MRE) and ultrasound elastography (UE),
are promising imaging methods to measure liver stiffness (i.e. the degree of liver

fibrosis) [2, 26]. The elastographic imaging has the potential to differentiate MASH
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with hepatic fibrosis from SS. However, the performance of elastographic imaging to
diagnose MASH without significant fibrosis is unknown but appears to be limited. On
the other hand, this study demonstrated that the accumulation levels of ['*’I]IIMU were
lower in the liver of MASH mice without fibrosis or with mild fibrosis, when compared
to those of the control and SS mice. ['*I]IIMU may be applicable to the differential
diagnosis of MASH at early stage, although the reason for the different hepatic

expression levels of TYMP among the control, SS and MASH mice is to be clarified.

Conclusions

The hepatic expression levels of TYMP were significantly lower in the MASH mice
with the patchy distribution, whereas significantly higher in the SS mice, in comparison
with the control mice. The hepatic accumulation levels of ['°I]JIIMU were consistent
with the hepatic expression levels of TYMP. These results indicated that the expression
level and distribution of TYMP are promising imaging biomarkers of MASH, and
SPECT imaging using ['>*IJIIMU may be applicable to the differential diagnosis of

MASH and SS.
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Figure legends

Fig. 1 Anthropometric measurements of control, SS, and MASH mice. (a) Body
weights of the control, SS, and MASH mice (n =4 - 5). (b) Liver weights of the control,
SS, and MASH mice. Data are expressed as means (bar: standard deviation). For
statistical evaluation, one-way ANOVA followed by Tukey-Kramer’s test was applied.

The symbols ““and ™" denote p < 0.01 and p < 0.001, respectively.

Fig. 2 Hepatic gene expression level in control, SS, and MASH mice by real-time
RT-PCR. Relative hepatic expression levels of inflammatory (TNF-o, IL-1B) and
fibrosis (COL1A1, COL1A2, a-SMA) markers in the control (n = 5), SS (n = 5), and
MASH mice (n = 5). Each expression level was normalized to that of TBP. Data are
expressed as means (bar: standard deviation). For statistical evaluation, one-way
ANOVA followed by Tukey-Kramer’s test was applied. The symbols “and ** denote p

<0.05 and p < 0.001, respectively.

Fig. 3 Histopathological evaluation in the liver of the control, SS, and MASH mice.

Representative H&E-staining in the control (a), SS (b), and MASH (¢) mice are shown.
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The yellow and blue arrows indicate cellular infiltration and ballooning degeneration of
hepatocytes, respectively. Representative Masson's trichrome-staining in the control (d),
SS (e), and MASH (f) mice are shown. The green arrow indicates the region of fibrosis.

Scale bar = 100 pm.

Fig. 4 TYMP expression in the liver of the control, SS, and MASH mice. (a) Hepatic
gene expression levels of TYMP were evaluated in the control (n = 5), SS (n =5), and
MASH mice (n = 5) by real-time RT-PCR. Each TYMP expression level was
normalized to that of TBP. Data are expressed as means (bar: standard deviation). For
statistical evaluation, one-way ANOVA followed by Tukey-Kramer’s test was applied.
The symbols “and ™" denote p < 0.05 and p < 0.001, respectively. (b) Hepatic protein
expression of TYMP were evaluated in the control, SS, and MASH mice by western
blot analyses. The expression levels of TBP are shown as an internal control.
Representative IHC staining of TYMP in the liver of the control (¢), SS (d), and MASH

(e) mice are shown. Scale bar =200 um.

Fig. 5 Biodistribution of ['*’IJIIMU in the control, SS, and MASH mice. Data show

SUVs of ['®I]IIMU in the control (n = 4), SS (n = 4), and MASH mice (n = 4) and are
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expressed as means (bar: standard deviation). For statistical evaluation, one-way

ANOVA followed by Tukey-Kramer’s test was applied. The symbol ", , and *" denote

p <0.05, p<0.01, and p <0.001, respectively.

Fig. 6 SPECT/CT images of control, SS, and MASH model mice after injection of

['PI]IIMU. All SPECT images (coronal slices) are displayed on the same SUV scale

ranging from 0 to 7.
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Fig. S1 UPP expression in the liver of the control, SS, and MASH mice. Hepatic protein
expression levels of UPP1 and UPP2 were examined in the control, SS, and MASH mice

(n=3) by western blot analysis. Recombinant UPP1 (1 ng) and UPP2 (10 ng) are positive

controls. TBP was used as a loading control.
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Fig. S2 Additional SPECT/CT images of control, SS, and MASH model mice after
injection of ['2*IJIIMU. All SPECT images (coronal slices) are displayed on the same
SUYV scale ranging from 0 to 7.
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Fig. S3 Effects of the body weights on the hepatic ['2°I]JIIMU accumulation. (a) SUV,
body weight-corrected values, and (b) %ID/g, non-corrected values, calculated using the
same data as in Fig. 5. Data are expressed as means (bar: standard deviation). For
statistical evaluation, one-way ANOVA followed by Tukey-Kramer’s test was applied.
The symbol * and *** denote p < 0.05 and p < 0.001, respectively.



Table S1

List of primer sequences for Real-time RT-PCR

Gene Primer Sequence (5' to 3")
TNF-a Forward ccccaaagggatgagaagtt
Reverse cacttggtgotttgctacga
IL-1B Forward ggtgtatgacgttcecattag
Reverse tegttgettggttetecttg
COL1A1 Forward ttcacctacagcacccttgtgg
Reverse tggagggagtttacacgaagcag
COL1A2 Forward attgcgtacctggatgaggag
Reverse caggcgagatggcttatttg
a-SMA Forward ggatgcagaaggagatcacag
Reverse tagacagcgaagccaggatg
TBP Forward tgacccaccagcagttcag
Reverse caggagaacatggcagacaac




	Manuscript IIMU SS NASH_REV2_20241110Proof
	Thymidine phosphorylase imaging probe for differential diagnosis of metabolic dysfunction-associated steatohepatitis
	Running title: TYMP imaging probe for MASH

	IIMU NASH論文 Figure (SS NASH)_revised2_20241026
	スライド番号 1
	スライド番号 2
	スライド番号 3
	スライド番号 4
	Fig. 5　(Revised in rev.2)
	スライド番号 6

	Electronic supplementary materials_revised2_Proof

