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AIM
To develop an integrin avp3-targeted molecular imaging modality to differentiate
NASH.
METHODS

Integrin avB3 expression was assessed in Human LO2 hepatocytes Scultured with
palmitic and oleic acids (FFA). Hepatic integrin avp3 expression was analyzed in
rabbits fed a high-fat diet (HFD) and in rats fed a high-fat, high-carbohydrate diet
(HFCD). After synthesis, cyclic arginine-glycine-aspartic acid peptide (cRGD) was
labeled with gadolinium (Gd) and used as a contrast agent in magnetic resonance
imaging (MRI) performed on mice fed with HFCD.
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RESULTS

Integrin avp3 was markedly expressed on FFA-cultured hepatocytes, unlike the control hepatocytes. Hepatic
integrin avp3 expression significantly increased in both HFD-fed rabbits and HFCD-fed rats as simple fatty liver
(FL) progressed to steatohepatitis. The distribution of integrin avp3 in the liver of NASH cases largely overlapped
with albumin-positive staining areas. In comparison to mice with simple FL, the relative liver MRI-T1 signal value
at 60 minutes post-injection of Gd-labeled cRGD was significantly increased in mice with steatohepatitis (P < 0.05),
showing a positive correlation with the NAFLD activity score (r = 0.945; P < 0.01). Hepatic integrin avp3 expression
was significantly upregulated during NASH development, with hepatocytes being the primary cells expressing
integrin avf3.

CONCLUSION
After using Gd-labeled cRGD as a tracer, NASH was successfully distinguished by visualizing hepatic integrin avf
3 expression with MRI.

Key Words: Non-alcoholic steatohepatitis; Cyclic peptides; Magnetic resonance imaging; Non-invasive diagnosis; Hepatic
integrin avp3

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Early identification of non-alcoholic steatohepatitis (NASH) patients and accurate assessment of non-alcoholic
fatty liver disease severity are crucial for improving patient outcomes. Currently, no non-invasive method can replace liver
biopsy to accurately discern NASH. Hepatic integrin avB3 expression significantly increased as simple fatty liver progressed
to steatohepatitis. Inflammatory-injured hepatocytes, which might be the primary cells expressing integrin avp3 in steatohep-
atitis, were identified on the basis of steatosis. Utilizing gadolinium-labeled cyclic arginine-glycine-aspartic acid peptide as a
contrast agent, steatohepatitis was successfully differentiated by visualizing hepatic integrin avp3 expression using a
magnetic resonance imaging modality.
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alcoholic steatohepatitis by visualizing hepatic integrin avf3 expression with a targeted molecular imaging modality. World J Hepatol
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INTRODUCTION

Currently, non-alcoholic fatty liver disease (NAFLD) has become the most common cause of chronic liver disease
worldwide and is estimated to affect about 25%-30% of the global population[1]. NAFLD encompasses a spectrum of liver
disorders, ranging from simple fatty liver (FL) to non-alcoholic steatohepatitis (NASH), which can ultimately progress to
cirrhosis[2]. NASH, an inflammatory subtype of NAFLD, is histologically characterized by hepatic steatosis accompanied
by hepatocyte injury (ballooning) and intralobular inflammation, with or without fibrosis[3]. Due to the close association
of NAFLD with metabolic disorders such as obesity, hyperlipidemia, and type 2 diabetes, and given the ongoing
epidemic of these conditions, the prevalence of NAFLD, along with the proportion of NASH, is projected to continue
rising in the coming decade[4]. Compared to the general population and patients with simple FL, a significantly higher
proportion of NASH patients can progress to cirrhosis, hepatocellular carcinoma (HCC), and death[4-6]. Consequently,
early identification of NASH and accurate assessment of NAFLD severity are crucial to improving patient outcomes.
Over the past two decades, numerous non-invasive methods have been explored to identify NASH among patients
with NAFLD. These methods include conventional imaging examinations, imaging-based evaluation approaches such as
magnetic resonance imaging-derived proton density fat fraction (MRI-PDFF), serum biomarkers (e.g., cytokeratin 18), and
several complex scoring systems composed of clinical and laboratory values. The characteristics of various non-invasive
diagnostic methods are summarized in Table 1. While the diagnosis of FL and advanced liver fibrosis, even cirrhosis, can
be made using these methods, none can accurately distinguish NASH, and invasive liver biopsy remains the only
accepted method for reliably diagnosing NASH[4,6]. However, performing a liver biopsy on every NAFLD patient is
neither feasible nor necessary, as the procedure has limitations, including sampling errors that affect diagnostic accuracy
and the risk of operative complications such as bleeding, infection, and, rarely, mortality[6,7]. Therefore, there is an
urgent need to develop a novel non-invasive method to accurately distinguish NASH and monitor disease progression.
Integrins are transmembrane glycoprotein heterodimeric receptors that primarily mediate adhesion between different
cells or between cells and the extracellular matrix. They participate in signal transduction related to cell proliferation,
activation, movement, and apoptosis, thereby playing a pivotal role in immune regulation, injury repair, tumor infilt-
ration, and other processes[8-10]. A common feature of integrins is their ability to bind endogenous ligands by
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Table 1 Summary characteristics of diffe on-invasive methods[31-36]

Sensitivity Specificity

Methods Advantages Flaws Patients (n) AUROC
(%) (%)
Imaging Quantitative ~ Ultrasound Low cost and wide The diagnostic 125 S0vsS1,52, 0.951 821 B
modalities  ultrasound attenuation availability; High  performance is (Excluding S3
biomarkers coefficient[31] sensitivity and affected by the liver fibrosis)
specificity in presence of fibrosis. S0,S1vsS2, 0.987 94.3 93.9
grading S3
S0,S1,52ws 0931 94.1 85.5
S3
Ultrasound- ~ Low cost and wide High interobserver 46 S0wvsS1,52, 0.950 90.0 94.0
derived fat availability; Real-  variability S3
fraction[32] time data
collection S0,S1vsS2, 0.980
S3
CT Contrast- Common in Exposes patients to 1204 Steatosis>  0.669 34.0 94.2
enhanced CT  clinical practice; ionizing radiation 5%
[33] Quantify liver fat
without additional Steatosis>  0.854
radiation exposure 10%
Steatosis > 0.962 75.9 95.7
15%
Non-contrast  Reliable for Influenced by 128 Right lobe 0.834 57.0 94.0
dual-energy  detection of varying contrast
CT[34] moderate steatosis  bolus and scan Left lobe 0.872 68.0 90.0
timing, cardiac
output
MR-PDFF[35] Itisused as a Expensive; 77 S0wvsS1,S2, 0989 97 100
reference for availability-limited; S3
testing other unable to assess
clinical or liver inflammation, S0,S1vsS2, 0.825 61 90
biochemical ballooning S3
markers
S0,S1,52ws  0.893 68 91
S3
Serum Laboratory NAFLD Data availability =~ Unable to differ- 422 With and 0.880 95 87
biomarkers parameter- bridge score  and cost-effect- entiate NASH from without
based model  [36] iveness simple steatosis NAFLD
with high
sensitivity and
specificity

MR-PDFF: Magnetic resonance imaging-estimated proton density fat fraction; AUROC: Area under the receiver operating characteristic curve; CT:
Computed tomography; NAFLD: Non-alcoholic fatty liver disease; NASH: Non-alcoholic steatohepatitis.

recognizing the amino acid binding motif arginine-glycine-aspartic acid (RGD)[9,11]. Among the 24 known integrin
heterodimers, consisting of 18 a-subunit and 8 B-subunit variants, integrin avf3 has been the most studied over the past
two decades. Numerous RGD-binding drugs targeting integrin avp3 have been developed for the treatment of integrin av
B3-associated diseases[12-14].

In our previous studies, cyclic RGD pentapeptide was prepared and demonstrated to specifically bind to integrin avp3
on activated hepatic stellate cells both in vitro and in vivo[15,16]. Additionally, after the synthesized cyclic RGD peptide
was directly radiolabeled or used to modify the dendrimer nanoprobe, molecular imaging approaches using single
photon emission computed tomography or MRI were developed to non-invasively distinguish the severity of liver
fibrosis[15,16]. In this study, hepatic expression of integrin avp3 was observed in different animal models of NAFLD.
Furthermore, after synthesizing cyclic RGD peptides modified with gadolinium (Gd) and using them as an MRI contrast
agent, we aimed to develop a molecular imaging modality to distinguish NASH by visualizing hepatic integrin avp3
expression.

MATERIALS AND METHODS

Animals

Eight-week-old male Sprague-Dawley rats, six-week-old male C57BL/6] mice, and four-month-old male New Zealand
white rabbits were obtained from the Experimental Animals Department of Zhongshan Hospital, Fudan University
(Shanghai, China). All experiments were conducted in accordance with governmental and international guidelines on
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animal experimentation. The study was reviewed and approved by the Zhongshan Hospital Institutional Review Board,
and all experiments were performed following these guidelines.

Synthesis of cyclic RGD peptide and its derivative

Cyclic RGD (cRGD) peptide [cyclo (Arg-Gly-Asp-D-Tyr-Lys)] was synthesized and labeled with Gd as previously
described[15-17]. Briefly, cRGD was initially synthesized using an Fmoc-protected solid-phase peptide synthesis method
and subsequently labeled with Gd through 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to form
cRGD-DOTA-Gd. The molecular weights of cRGD and cRGD-DOTA-Gd were determined using analytical reverse-phase
high-performance liquid chromatography, and their purities were assessed by electrospray ionization mass spectrometry.
The Gd* content of cRGD-DOTA-Gd was determined using a Hitachi P-4010 (Tokyo, Japan). Inductively Coupled Plasma
Atomic Emission Spectroscopy system.

Expression of integrin avf3 in cultured hepatocytes

Human LO2 hepatocytes (from the Cell Bank of the Chinese Academy of Sciences, Shanghai, China) were cultured in a
medium supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin in a 5% CO,
humidified atmosphere at 37 °C.

Firstly, LO2 cells were cultured in a medium containing 100 pmol/L palmitic acid and 200 pmol/L oleic acid (FFA) for
24 hours, after which they were stained with Oil-Red O. LO2 cells cultured in medium without FFA served as controls.
Secondly, after being fixed with 4% paraformaldehyde and permeabilized with phosphate-buffered saline (PBS) con-
taining 0.1% Triton X-100 and 0.1 mg/mL RNase A when appropriate, the control and FFA-cultured hepatocytes were
incubated with primary antibodies against integrin av subunit (1:1000, Abmart, T56887) or integrin B3 subunit (1:1000,
Abmart, M015908), and albumin (1:1000, Servicebio, GB122080) at 4 °C overnight. Subsequently, these cells were
incubated with secondary antibodies, including Alexa Fluor 594-conjugated immunoglobulin (Ig) G (1:200, Jackson, PA,
United States) and Alexa Fluor 488-conjugated IgG (1:200, Jackson, PA, United States), counterstained with 6-diamidino-
2-phenylindole at room temperature for 1 hour, and then photographed with a fluorescence microscope (Olympus,
Japan). The message RNA (mRNA) levels and protein amounts of integrin av and integrin B3 subunits were then
determined in the control and FFA-cultured hepatocytes as described below.

Rabbit model of NAFLD induced by high-fat diet

Rabbits were fed a high-fat diet (HFD), which included an additional 20% corn oil in the regular diet containing 3.81% fat,
17.8% protein, and 46.5% carbohydrate (provided by the Experimental Animals Department of Zhongshan Hospital).
Based on preliminary experimental results, rabbits fed with HFD for 2, 6, and 8 months were selected for further
experiments [referred to as HFD-2 months (M), HFD-6M, and HFD-8M rabbits, respectively]. Rabbits fed with a regular
diet for 8 months served as the control group (n = 10 for each group).

Murine models of NAFLD induced by high-fat high-carbohydrate diet

Sprague-Dawley rats and C57BL/6] mice were fed a high-fat high-carbohydrate diet (HFCD), which contained 60 kcal%
fats, 20 kcal% proteins, and 20 kcal% carbohydrates (D12492, SHUYISHUER bio, Changzhou, China), along with high
fructose/glucose (55% fructose and 45% glucose, Sigma, United States) in drinking water at a concentration of 42 g/L.
Two months, four months, or six months after the treatment, treated rats and mice were used for further experiments
(referred to as HFCD-2M, HFCD-4M, and HFCD-6M rats or mice, respectively). Rats and mice fed with a regular diet for
6 months served as the control group.

Histological analysis

After fixation in neutralized formalin for 48 hours, liver sections were stained with hematoxylin and eosin. Liver sections
from rats and mice were stained with Masson, while those from rabbits were stained with Sirius red to assess the degree
of liver fibrosis. Additionally, Oil-Red O staining was used to evaluate the degree of hepatic steatosis in frozen liver
sections. The severity of NAFLD was semi-quantitatively scored according to the NAFLD activity score, which included
steatosis (0-3), lobular inflammation (0-3), and ballooning (0-2)[18]. A score greater than 4 was defined as NASH.

Immunohistochemistry analysis

Hepatic expression of integrin avp3 was initially assessed in control and HFD-fed rabbits using immunohistochemistry
analysis as previously described[17]. Briefly, mouse monoclonal anti-integrin B3 antibody (1:400 in blocking solution,
Millipore, Massachusetts, United States, MAB1974) and biotin-conjugated goat polyclonal anti-mouse IgG (1:100 in
blocking solution, Abcam, ab6788) were used as the primary and secondary antibodies, respectively. Ten fields (400 x
magnification) from each liver section were randomly selected and recorded, and the integrin B3 subunit positive-staining
areas were quantified using NIN Image 1.62 software. The percentage of positive-staining areas in each section was then
calculated.

Quantitative real-time polymerase chain reaction analysis

Hepatic mRNA levels of integrin av and integrin B3 subunits in control and HFCD-fed rats were quantified using
quantitative real-time polymerase chain reaction analysis analysis as described previously[15]. The forward primers for
integrin av and integrin B3 subunits were CGAAGCCTTAGCAAGACTGTCCTG and GACTCGGACTGGACTGGC-
TACTAC, respectively. The reverse primers were CAGTTGAGTTCCAGCCTTCATCGG and ACTTCTCGCAGGT-
GTCTCCATAGG, respectively. GAPDH was used as the reference, with forward and reverse primers TCCCTCAAGAT-
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TGTCAGCAA and AGATCCACAACGGATACATT, respectively. The relative expression of integrin av and integrin 3
subunits mRNA was analyzed using the comparative cycle threshold method. Additionally, total RNA was extracted
from control and FFA-cultured LO2 hepatocytes, and the mRNA expression levels of integrin av and integrin B3 subunits
in these cells were also determined.

Western blot assay

The protein amounts of integrin av and integrin p3 subunits in the livers of control and HFCD-fed rats were determined
by western blot analysis. Additionally, protein was extracted from control and FFA-cultured LO2 hepatocytes, and the
protein expression levels of integrin av and integrin p3 subunits in these cells were analyzed. p-tubulin was used as the
reference. After chemiluminescent signals were generated and detected on radiographic film, the relative expression of
integrin av and integrin B3 subunits was quantified by scanning densitometry analysis.

Immunofluorescent co-localization of integrin av3 in various hepatic cells

Immunofluorescent staining was performed to reveal the co-localization of integrin B3 subunits with markers of various
hepatic cells, including albumin (hepatocytes), a-smooth muscle actin (a-SMA) (activated hepatic stellate cell), cluster of
differentiation (CD) 31 (hepatic sinusoidal endothelial cells), CD68 (macrophages), and CD163 (Kupffer cells), in liver
sections of control and HFCD-fed rats as previously described[15]. Primary antibodies against integrin B3 subunit (1:500;
Abmart), monoclonal anti-albumin (1:500; Servicebio), monoclonal anti-SMA (1:500, Servicebio, GB111364), monoclonal
anti-CD31 (1:500, Servicebio, GB11063-1), monoclonal anti-CD68 (1:500, Servicebio, GB11067), and monoclonal anti-
CD163 (1:500, Servicebio, GB11340-1) were used. Secondary antibodies included Alexa Fluor 594-conjugated IgG (1:200,
Jackson) and Alexa Fluor 488-conjugated IgG (1:200, Jackson). Multicolored fluorescent staining of liver sections was
analyzed, and 10 randomly selected amplifying fields (400 x) in each section were assessed using Image-Pro Plus version
6.0.0.260. The percentage of integrin B3 subunit-stained green area in each section and the ratio of the merged yellow
color area to the total integrin B3 subunit-stained area in each section were calculated.

In vivo MRI studies

MRI was performed in mice using a Biospec 70/20 MRI scanner (7.0 T, Bruker, Germany) to assess the accumulation of
cRGD-DOTA-Gd in livers after cRGD-DOTA-Gd was injected intravenously at a dose of 0.05 mmol/kg [Gd*'] in a total of
0.25 mL PBS solution in the control and HFCD-fed mice, as described previously[16]. Briefly, dynamic T1-weighted MRIs
of the liver were collected before and at 30, 60, 90, and 120 minutes after cRGD-DOTA-Gd injection. Cross-sectional
images of the liver were acquired using a fast low-angle shot sequence and processed with Weasis software version 3.8.1.
The signal intensity of the hepatic region [T1 (liver)] was measured, and the muscle signal intensity [T1 (muscle)] from
the region of interest in the same section was used to normalize the hepatic signal intensity. The relative hepatic signal
intensity was denoted as T1 (liver)/T1 (muscle). The relative hepatic signal intensity before (T0) and at different time
points (Tt) after the injection of cRGD-DOTA-Gd were calculated, and the relative liver MRI-T1 signal value at a specific
time point post-injection was determined by subtracting TO from Tt.

Statistical analysis

Data were presented as the mean + SD and analyzed by a one-way analysis of variance followed by the least significant
difference test. Statistical product and service solutions 24.0 statistical software (Chicago, United States) was used, and a P
value of < 0.05 was considered statistically significant.

RESULTS

Properties of cRGD and its derivative

Cyclic peptides (cCRGD) were prepared and labeled with Gd (cRGD-DOTA-Gd). The molecular weights of cRGD and
cRGD-DOTA-Gd were 623 and 1362 Da, respectively, and their purities exceeded 95%. The Gd* content in cRGD-DOTA-
Gd was 8.1%.

Expression of integrin avf3 in hepatocytes in vitro

After LO2 hepatocytes were cultured with FFA for 24 hours, the accumulation of fat droplets was observed in most cells
through Oil-Red O staining (Figure 1A), indicating the development of hepatocyte steatosis. Integrin avp3 was expressed
on FFA-cultured hepatocytes as shown by immunofluorescent staining, but not on the control hepatocytes (Figure 1B and
C). Compared to the control cells, the mRNA expression levels and protein amounts of integrin av and integrin B3
subunits were significantly increased in FFA-cultured hepatocytes (Figure 1B-F, P < 0.05 for all comparisons).

Expression of integrin av3 in livers of rabbits with NAFLD

The expression of integrin avp3 in NAFLD livers was initially observed in HFD-fed rabbits. After 2 months of HFD
feeding, lipid accumulation in hepatocytes was observed, indicating the development of hepatic steatosis. With
prolonged HFD feeding for 6 and 8 months, hepatic steatosis worsened, and hepatocyte ballooning became prominent,
accompanied by inflammatory cell infiltration in hepatic lobules and the formation of perisinusoidal fibrosis, even bridge
fibrosis (Figure 2A). The NAFLD activity score was significantly higher in HFD-6M and HFD-8M rabbits compared to
control and HFD-2M rabbits (Figure 2B, P < 0.05 for all comparisons). After immunohistochemical staining of hepatic
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Figure 1 Expression of integrin avf3 in cultured hepatocytes. Human LO2 hepatocytes were cultured with the medium containing 100 pmol/L paimitate
acid and 200 umol/L oleic acid (FFA) for 24 hours, and the cells cultured in the medium without FFA served as the control. A: Representative micrographs of the
control and FFA-cultured hepatocytes after stained with Oil-Red O. Images were taken at original magnification (200 x), scale bars = 20 ym; B and C: Representative
fluorescent images of the control (B) and FFA-cultured (C) hepatocytes after separately stained with integrin av and B3 subunits antibody (green color) and
counterstained with albumin antibody (red color). 6-diamidino-2-phenylindole was used for nuclei staining. The merged images show the yellow color area by
overlaying images of the counterstaining. Images were taken at original magnification (400 x), scale bars = 100 ym; D: Comparison of the message RNA levels of
integrin av and B3 subunits in the control and FFA-cultured hepatocytes. The message RNA levels of integrin av and B3 subunit were determined by quantitative real-
time polymerase chain reaction analysis; E and F: Comparison of the protein amounts of integrin av and 3 subunits in the control and FFA-cultured hepatocytes.
The protein amounts of integrin av and B3 subunits were analyzed by western-blot assay, and B-Tublin was used as the reference. All experiments were undertaken
in triplicates. In all panels, data are expressed in means + SD. FFA: Oleic acid; DAP!I: 6-diamidino-2-phenylindole.

slices for integrin B3 subunits, abundant positive-staining areas were observed in HFD-6M and HFD-8M rabbits
(Figure 2A). The percentage of integrin B3 subunit positive-staining areas in the livers of HFD-6M and HFD-8M rabbits
(22.83 £ 4.93 and 37.22 * 2.88, respectively) was significantly higher than in control (2.68 £ 0.97) and HFD-2M rabbits
(10.82 + 1.48) (Figure 2C, P < 0.05 for all comparisons). These results indicated that hepatic expression of integrin avf3
increased consistently with the progression of NAFLD, with a significant increase observed when the condition
progressed to NASH.

Expression of integrin avf3 in livers of rats with NAFLD

As shown in Figure 3A, after rats were fed with HFCD, massive fat droplets accumulated in hepatocytes, which was most
prominent in HFCD-6M rats. As hepatic steatosis worsened, hepatocyte ballooning and inflammatory cell infiltration
became more pronounced in hepatic lobules after 4 months of HFCD feeding. When the HFCD feeding was prolonged to
6 months, perisinusoidal fibrosis was observed in hepatic lobules. Compared to control rats (1.17 £ 0.41) and HFCD-2M
rats (1.83 £ 0.75), the NAFLD activity score of hepatic tissue was significantly increased in HFCD-4M and HFCD-6M rats
(4.00 £ 0.89 and 6.83 + 0.75, respectively), with the highest score in HFCD-6M rats (Figure 3B, P < 0.05 for all
comparisons). These results indicated that simple FL developed in rats after 2 months of HFCD feeding, progressed to
steatohepatitis after 4 months, and further advanced to NASH with liver fibrosis after 6 months.

Hepatic integrin avp3 expression during the development and progression of NAFLD was further assessed in HFCD-
fed rats. Compared to control and HFCD-2M rats, hepatic nRNA expression levels of integrin av and integrin B3 subunits
were significantly increased after 4 months of HFCD feeding, reaching the highest levels in HFCD-6M rats (Figure 3C, P <
0.05 for all comparisons). Additionally, the protein amounts of integrin av and integrin B3 subunits in hepatic tissue
gradually increased in HFCD-fed rats, with levels significantly higher than those in control rats (Figure 3D-F, P < 0.05 for
all comparisons). These results indicated that hepatic integrin avp3 expression progressively increased with the
development and progression of NAFLD.

Localization of integrin avf3 in livers with NAFLD

To identify the principal cells expressing integrin avB3 in livers with NAFLD, double immunofluorescent staining was
performed to visualize the co-localization of the integrin B3 subunit with albumin, a-SMA, CD31, CD68, and CD163 in
control and HFCD-fed rats. Integrin avp3 expression was negligible in the livers of control rats, as no integrin p3 subunit
positive-staining (green) areas were found in the liver slices (Figure 4A). In contrast, increasing integrin p3 subunit
positive-staining areas were observed in the liver slices of HFCD-fed rats, particularly in HFCD-6M rats (Figure 4B-D).
The percentage of integrin 3 subunit positive-staining areas in the liver slices of HFCD-4M and HFCD-6M rats was
significantly higher than in control and HFCD-2M rats (Figure 4E, P < 0.05 for all comparisons).

Additionally, in the livers of HFCD-6M rats, the positive staining of the integrin p3 subunit (green) extensively
overlapped (yellow) with albumin staining (red) and showed minimal overlap with a-SMA, CD31, CD68, or CD163
staining (Figure 4D). The ratio of the overlapped area of integrin f3 subunit staining with albumin positive-staining was
significantly higher than the overlapped staining with other cellular markers (Figure 4F, P < 0.05 for all comparisons).
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Figure 2 Expression of integrin av3 in livers of rabbits with non-alcoholic fatty liver disease. Non-alcoholic fatty liver disease was induced in
rabbits by high-fat diet (HFD) for 2, 6, and 8 months (referred to as HFD-2M, 6M and 8M), and rabbits fed with regular diet for 8 months served as the control group (n
=6 per group). A: Representative micrographs of hepatic histology stained with hematoxylin-eosin staining (200 x), Sirius red (100 x), and immunohistochemistry for
integrin B3 subunit (400 x). In immunohistochemistry staining images, the brown areas indicated integrin 3 subunit positive staining, scale bars = 50 ym; B:
Comparison of non-alcoholic fatty liver disease activity score in the control and HFD-fed rabbits; C: Comparison of the percentage of integrin 33 subunit positive-
staining area in liver sections of the control and HFD-fed rabbits. For semi-quantitative analysis of hepatic integrin av(3 expression level, 10 fields were randomly
selected and recorded from each section stained with immunohistochemistry for integrin B3 subunit. Then integrin B3 subunit positive-staining area was measured,
and the percentages of the positive-staining area in liver sections were compared. In all panels, data are expressed in means + SD. IHC: Immunohistochemistry; HE:
Hematoxylin-eosin staining; CTRL: Normal control group; M: Month; NS: Not significant; NAFLD: Non-alcoholic fatty liver disease.

These findings suggest that hepatic expression of integrin avf3 markedly increased as simple FL progressed to steato-
hepatitis, with hepatocytes being the primary cells expressing integrin avp3 in livers with NASH.

Imaging the progression of NAFLD by MRI in vivo

After being fed with HFCD for 6 months, the rats became so obese that no suitable coil was available for MRI
examination. Therefore, mice were used for in vivo MRI experiments. After the mice were fed with HFCD, similar
histopathological findings were observed in their livers: Simple FL developed in HFCD-2M mice and progressed to
steatohepatitis in HFCD-4M and HFCD-6M mice (Figure 5A).

A dynamic T1-weighted MRI approach was employed to assess the deposition of cRGD-DOTA-Gd in the livers after
the radiotracers were intravenously injected in control and HFCD-fed mice. As shown in Figure 5B, there was no
significant change in hepatic signal intensity in control mice before and up to 120 minutes after cRGD-DOTA-Gd in-
jection. In contrast, in HFCD-6M mice, compared to pre-injection levels, the hepatic signal was markedly intensified at 60
minutes post-injection of cRGD-DOTA-Gd and then gradually decreased. Compared to control mice, the relative liver
MRI-T1 signal value at 60 minutes post-injection of cRGD-DOTA-Gd was significantly increased in mice fed with HFCD
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Figure 3 Expression of integrin avB3 in livers of rats with non-alcoholic fatty liver disease. Non-alcoholic fatty liver disease was induced in rats by
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high-fat high-carbohydrate diet (HFCD) for 2, 4, and 6 months (referred to as HFCD-2M, 4M and 6M), and rats fed with regular diet for 6 months served as the control
group (n= 6 per group). A: Representative micrographs of hepatic histology stained with H&E (200 x), Masson (100 x), and Qil-red O (200 x), scale bars = 50 um; B:
Comparison of non-alcoholic fatty liver disease activity score in the control and HFCD-fed rats; C: Comparison of hepatic integrin av33 message RNA level in the
control and HFCD-fed rats. Hepatic message RNA levels of integrin av and 3 subunits were respectively determined by quantitative real-time polymerase chain
reaction analysis; D-F: Comparison of the protein amounts of integrin avp3 in livers of the control and HFCD-fed rats. The protein amounts of integrin av and B3
subunits were analyzed by western-blot assay, and B-Tublin was used as the reference. In all panels, data are expressed in means + SD. HE: Hematoxylin-eosin
staining; CTRL: Normal control group; M: Month; NS: Not significant; NAFLD: Non-alcoholic fatty liver disease.

for 4 months, with the highest values observed in HFCD-6M mice (Figure 5C, P < 0.05 for all comparisons). Furthermore,
the relative hepatic MRI-T1 signal value at 60 minutes post-injection of cRGD-DOTA-Gd showed a strong positive
correlation with the NAFLD activity score in HFCD-fed mice (r = 0.945, P < 0.01, Figure 5D).

DISCUSSION

To date, the development of a non-invasive method that can accurately diagnose NASH and determine the disease
severity of NAFLD, thereby replacing the need for liver biopsy, remains one of the urgent unmet needs in the NASH field
[4]. Compared to other conventional imaging modalities, such as ultrasound and computed tomography, MRI offers the
highest spatial resolution for soft tissues and is considered the most sensitive modality for evaluating hepatic steatosis
[19]. While these imaging modalities can also detect advanced liver fibrosis and cirrhosis, none can accurately distinguish
NASH. Recently, several MRI-based imaging modalities, such as MRI-PDFF and magnetic resonance elastography (MRE),
have been developed for NAFLD diagnosis. MRI-PDFF is currently the gold standard for diagnosing and quantifying
hepatic steatosis, showing excellent accuracy in detecting dynamic changes in steatosis, but it fails to provide information
on steatohepatitis and fibrosis[20,21]. Conversely, MRE is recognized as the most accurate imaging modality for diag-
nosing liver fibrosis in NAFLD, primarily by measuring elastic shear wave propagation through liver parenchymal[22,
23]. However, MRE cannot accurately discriminate NASH without significant fibrosis, and more importantly, the
presence of inflammation in the liver with NASH negatively impacts its accuracy in diagnosing fibrosis. Therefore, no
current non-invasive imaging method can accurately discern NASH.

Many animal models are currently available for basic and translational research on NAFLD, primarily grouped into
two categories: specific gene knockout models and special diet-induced models. Compared to gene knockout NAFLD
models, the animal models induced by special diets, particularly high-fat (+ high-carbohydrate) diets, more compre-
hensively mimic the spectrum of metabolic and histological features of human NAFLD[24]. In the present study, the
HFD-induced NAFLD rabbit model was initially used to observe the expression of integrin avp3 in the liver with NAFLD.
However, significant individual variability in hepatic histopathological manifestations was found in HFD-fed rabbits.
Therefore, HFCD-induced NAFLD murine models were used to further assess hepatic integrin avp3 expression and
conduct in vivo MRI examinations. With prolonged HFCD feeding, hepatic steatosis developed and progressed to steato-
hepatitis in most rats and mice, as demonstrated histologically.

In our previous study, it was found that integrin avp3 in fibrotic livers was primarily expressed on activated hepatic
stellate cells, and its expression level strongly correlated with the degree of liver fibrosis, while it was scarcely expressed
on hepatocytes[15,25]. Additionally, Rokugawa et al[26] recently reported quantitatively evaluating hepatic integrin avp3
expressed on activated hepatic stellate cells using positron emission tomography imaging in rats with NASH[26,27].
However, in the present study, hepatocytes - not activated hepatic stellate cells-were found to be the primary cells
expressing integrin avp3 in NASH livers. In the in vivo study, hepatic expression of integrin avp3 was significantly
increased in NASH livers, with no expression in normal livers and mild expression in livers with simple FL. More
importantly, most integrin avp3 was found to be expressed on hepatocytes in NASH livers, as demonstrated by double
immunofluorescent staining for integrin avp3 and markers of various hepatic cells. In the in vitro study, integrin avp3 was
markedly expressed on hepatocytes cultured with palmitic acid and FFA, but not on normal control hepatocytes. It has
been demonstrated that hepatocytes develop not only steatosis, but also inflammatory injury and apoptosis after being
cultured with palmitic acid and FFA[28]. These results indicate that on the basis of steatosis, hepatocytes injured by
inflammation express abundant integrin avp3 in NASH livers. Additionally, based on these results, we speculate that
integrin avp3 might play a role in the pathogenesis of NASH, which needs to be further elucidated in future studies.

In this study, hepatic integrin avp3 expression significantly increased as simple FL progressed to steatohepatitis, with
or without fibrosis, which correlated with the increased NAFLD activity score. Therefore, we aimed to visualize hepatic
integrin avp3 expression during the development and progression of NAFLD using an MRI-based molecular imaging
modality. After Gd-labeled cRGD, targeted to integrin avp3, was injected, the hepatic signal markedly intensified at 60
minutes post-injection compared to pre-injection levels, and the relative liver MRI-T1 signal value at 60 minutes post-
injection was significantly increased in mice with NASH compared to control mice and those with simple FL, showing a
linear correlation with the NAFLD activity score. These results indicated that the binding amount of Gd-labeled cRGD in
the liver significantly increased secondary to elevated hepatic integrin avf3 expression during the development of NASH.
Thus, NASH was successfully differentiated from simple FL in NAFLD by visualizing hepatic integrin avp3 expression
with the targeted molecular imaging modality.

Recently, it has been found that long-term outcomes, including overall mortality in patients with NAFLD, are strongly
associated with the severity of liver fibrosis but not with the NAFLD activity score[29]. However, non-NASH NAFLD
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Figure 4 Inmunofluorescent co-localization of integrin avf3 and the markers of various hepatic cells including a-smooth muscle actin,
cluster of differentiation 31, cluster of differentiation 68 or cluster of differentiation 163 in livers of the control and high-fat high-
carbohydrate diet-fed rats. Representative fluorescent images of integrin B3 subunit (green color) and albumin, a-smooth muscle actin, cluster of differentiation
(CD) 31, CD68 and CD163 (red color) in liver sections, which were separately stained with specific first antibodies and visualized by second antibodies, and
counterstained with 6-diamidino-2-phenylindole for nuclei staining. The merged images show the yellow color area by overlaying images of the counterstaining, and
amplified images corresponding to the indicated areas in boxes are present. Images were recorded at original magnification (400 x), scale bars = 100 pm. A: Control;
B: High-fat high-carbohydrate diet (HFCD)-2M; C: HFCD-4M; D: HFCD-6M rats; E: Comparison of the percentage of integrin 3 subunit positive-staining area in liver
sections of the control and HFCD-fed rats. Ten fields were randomly selected and recorded from each section. Then integrin 33 positive-staining area was measured,
and the percentages of the positive-staining area in liver sections were compared; F: Comparison of the ratio of the overlapped yellow area to integrin B3 subunit
positive-staining green area in liver sections of HFCD-6M rats. Ten fields were randomly selected and recorded from each section. Then integrin $3 subunit positive-
staining area and the area of integrin B3 subunit positive-staining overlapped with hepatic cellular markers positive-staining were respectively measured, and the
ratios were compared. In all panels, data are expressed in means + SD. DAPI: 6-diamidino-2-phenylindole; CTRL: Normal control group; M: Month; CD: Cluster of
differentiation; aSMA: a-smooth muscle actin.
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Figure 5 Imaging non-alcoholic fatty liver disease using a magnetic resonance imaging modality with cyclic arginine-glycine-aspartic
acid peptides labeled with gadolinium through 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid as a tracer in mice. Non-alcoholic
fatty liver disease was induced in mice by high-fat high-carbohydrate diet (HFCD) for 2, 4, and 6 months (referred to as HFCD-2M, 4M and 6M), and mice fed with
regular diet for 6 months served as the control group (n= 3 per group). A: Representative micrographs of hepatic histology stained with hematoxylin-eosin staining
(200 x), Masson (100 x), and Oil-red O (200 x), scale bars = 50 um; B: Representative hepatic T1-weighed magnetic resonance imaging (MRI) of the control and
HFCD-6M mice prior to and at 30, 60, 90 and 120 minutes after cyclic arginine-glycine-aspartic acid (c(RGD)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
(DOTA)-gadolinium (Gd) injection; C: Comparison of the relative liver MRI-T1 signal value in the control and HFCD-fed mice 60 minutes after cRGD-DOTA-Gd
injection. Data are expressed in means + SD; D: Correlation of the relative liver MRI-T1 signal value at 60 minutes post-injection of cRGD-DOTA-Gd with non-
alcoholic fatty liver disease activity score was assessed. HE: Hematoxylin-eosin staining; CTRL: Normal control group; M: Month; NS: Not significant; NAFLD: Non-
alcoholic fatty liver disease; HFCD: High-fat high-carbohydrate diet; MRI: Magnetic resonance imaging.

seldom progresses to significant fibrosis, indicating that steatohepatitis is a cornerstone in the development and
progression of liver fibrosis in NAFLD[4-6]. More importantly, HCC has been found to develop in NASH patients
without liver cirrhosis[30]. Consequently, it is essential to discern NASH early and regularly monitor the progression of
NAFLD, but invasive liver biopsy, the only currently accepted method for diagnosing NASH, fails to achieve this goal. In
contrast, non-invasive molecular imaging modalities could potentially be utilized for routine screening and regular
follow-up of NASH in the NAFLD population. Over the past decades, numerous molecular imaging modalities have been
developed for diagnosing tumors and their metastases, especially those with integrin avp3-positive expression[14].
Furthermore, in our previous studies, two molecular imaging modalities were explored to diagnose liver fibrosis by
visualizing hepatic avp3 expression in the development and progression of fibrosis[15,16]. All these developments will
aid in promoting the clinical application of integrin avp3-targeted molecular imaging modalities in NASH diagnosis.

However, the availability and cost-effectiveness of MRI are still worth considering. There is no doubt that MRI is more
expensive than ultrasound or computed tomography-based imaging modalities and tends to be more time-consuming.
Nevertheless, the reliability of MRI is widely accepted, and other non-invasive methods are often compared with MRI-
based methods like MRI-PDFF, which are limited in assessing inflammation, to evaluate their potential in clinical applic-
ations. In this study, we developed an RGD-based MRI contrast agent to differentiate steatohepatitis by visualizing
hepatic integrin avp3 expression, which could counteract the interference of inflammation in MRI detection. This
approach holds promise for future development and use.

CONCLUSION

In conclusion, this study demonstrated that hepatic integrin avp3 expression significantly increased as simple FL
progressed to NASH. Hepatocytes, injured by inflammation on the basis of hepatic steatosis, were the primary cells
expressing integrin avp3 in NASH livers. After cyclic RGD peptides were labeled with Gd and used as a contrast agent,
NASH was successfully distinguished by visualizing hepatic integrin avp3 expression with an MRI modality.
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