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ARTICLE INFO ABSTRACT
Keywords: To evaluate the efficacy of the 18F-AIF-NOTA-RGD2 positron emission tomography (PET)/
Molecular probe computed tomography (CT) molecular probe for the noninvasive staging of liver fibrosis in mini
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pigs, a potential alternative to invasive diagnostic methods was revealed. This study used
18F-AIF-NOTA-RGD2 PET/CT imaging of mini pigs to assess liver fibrosis. The methods included
synthesis and quality control of the molecular probe, establishment of an animal model of liver
fibrosis, blood serum enzymatic tests, histopathological examination, PET/CT imaging, collagen
content and expression, and mitochondrial reserve function assessment. The 18F-AIF-NOTA-
RGD2 PET/CT molecular probe effectively differentiated various stages of liver fibrosis in mini
pigs. Blood serum enzymatic tests revealed distinct stages of liver fibrosis, revealing significant
increases in AST, ALT, TBIL, and DBIL levels as fibrosis advanced. Notably, ALT levels increased
markedly in severe fibrosis patients. A gradual increase in collagen deposition and increasing
a-SMA RNA expression and protein levels effectively differentiated between mild and severe
fibrosis stages. Pathological examinations and Sirius Red staining confirmed these findings,
highlighting substantial increases in collagen accumulation. PET/CT imaging results aligned with
histopathological findings, showing that increased radiotracer uptake correlated with fibrosis
severity. Assessments of mitochondrial function revealed a decrease in total liver glutathione
content and mitochondrial reserve capacity, especially in patients with severe fibrosis. The
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droxyproline; GSSG, Oxidized glutathione disulfide; HPLC, High-performance liquid chromatography; BDL, Bile duct ligation; ROI, Region of
interest.
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18F-AIF-NOTA-RGD2 PET/CT molecular probe is a promising tool for the noninvasive assessment
of liver fibrosis, offering potential benefits over traditional diagnostic methods in hepatology.

1. Introduction

Liver fibrosis, resulting from chronic liver injury, leads to progressive scarring and is a critical step toward cirrhosis and hepato-
cellular carcinoma development [1,2]. Traditionally, liver fibrosis is staged through liver biopsies [3]. Despite being the standard, this
invasive approach carries risks such as complications and sampling errors, underscoring the need for safer, noninvasive diagnostic
methods [1,4,5].

The emergence of molecular imaging, especially with the use of specific molecular probes in positron emission tomography (PET)/
computed tomography (CT), has revolutionized the noninvasive assessment of liver conditions [6,7]. The 18F-AlF-NOTA-RGD2
PET/CT molecular probe is particularly notable for its affinity for integrin av33, a protein that is significantly expressed in activated
hepatic stellate cells and plays a key role in fibrogenesis [6,8]. The RGD motif, which is crucial for integrin targeting, enhances the
probe’s specificity, making it a promising tool for liver fibrosis imaging [9,10].

Treating liver fibrosis presents significant challenges and often requires surgical intervention [11]. Most liver resections are per-
formed against a background of fibrosis, where postoperative liver function becomes a paramount concern [11]. The diminishing
reserve capacity of the liver as fibrosis progresses underscores the urgency for precise, noninvasive diagnostic techniques to assess liver
function pre- and postsurgery [12,13]. These new methods are vital for optimizing surgical outcomes, reducing postoperative com-
plications, and lowering liver failure mortality rates.

Our study utilized the 18F-AIF-NOTA-RGD2 PET/CT molecular probe to evaluate liver fibrosis in mini pigs, an animal model
closely mimicking human physiology, thereby providing a relevant platform for human liver disease studies [14-16]. This research
aimed to validate the accuracy of the probe for fibrosis staging and compare its effectiveness with that of traditional diagnostic
methods, such as histopathology and serum marker detection. Furthermore, we aimed to confirm whether this noninvasive approach
can reliably reflect liver function, which is essential for its adoption in clinical decision-making surrounding liver surgeries.

In summary, our study sought to affirm the diagnostic value of the 18F-AIF-NOTA-RGD2 PET/CT probe in liver fibrosis, exploring
its potential to transform current practices by offering a safer, more patient-friendly alternative for disease management and
monitoring.

2. Materials and methods
2.1. Materials

18F-fluoride with no carrier added was obtained from Jiangsu Xinrui Pharmaceutical (Jiangsu, China). 18F-FDG was purchased
from Jiangsu Xinrui Pharmaceutical (Jiangsu, China). The peptides pegylated into dimeric RGD peptides PEG3-E[c(RGDyK)]2
(denoted as PRGD2) and NOTA-PRGD2 were synthesized by Jiangsu Xinrui Pharmaceutical (Jiangsu, China). Mini pigs (28-30
weeks old) were purchased from Sichuang Western Hospital Experimental Animal Center (Chengdu, China). A Sirius Red Staining Kit
was purchased from Abcam (Cambridge, UK). Hydroxyproline (HYP), glutathione (GSH) and oxidized glutathione disulfide (GSSG)
were purchased from the Jiancheng Institute of Biotechnology (Nanjing, China).

2.2. Synthesis and quality control of the 18F-AIF-NOTA-RGD2PET/CT molecular probe

The synthesis of the 18F-AIF-NOTA-RGD2 PET/CT probe was conducted according to a previously reported protocol [17]. In brief,
3 pL of aluminum chloride (2 mM) in 0.2 M sodium acetate buffer at pH = 4 was added to 0.1 mL of aqueous [18F] fluoride (0.37 GBq)
in a 1.0 mL V-vial. The resulting solution was heated at 100 °C for 10 min to generate the aluminum-fluoride complex. After the vial
was cooled, 6 pL of NOTA-PRGD2 (2 mM) in 0.2 M sodium acetate buffer at pH 4 was added. Subsequently, the vial was heated at
100 °C for an additional 10 min. After the reaction finished, the mixture was directly applied to a C18 cartridge, bypassing
high-performance liquid chromatography (HPLC) purification, and then eluted with 0.3 mL of 80 % ethanol/water containing 2 %
acetic acid. The ethanol in the solution was evaporated using an argon flow, and the resulting product was diluted in PBS for further
studies.

The radio-chemical purity of 18F-AIF-NOTA-RGD2 was measured on an Agilent 1100 HPLC instrument equipped with an FC3200
gamma detector (Eckert & Ziegler). An Agilent ZORBAX SB-C18 column (4.6 x 250 mm, 5 pm) was used to analyze the final product on
the HPLC system under the following conditions: 1. Mobile phase A: acetonitrile, mobile phase B: 0.1 % trifluoroacetic acid in H20; 2.
Flow rate: 1 mL/min; 3. For the gradient, see Table S1. The HPLC chromatogram of 18F-AlF-NOTA-RGD2 is presented in Fig. S1, which
indicates that the radiochemical purity of 18F-AlIF-NOTA-RGD2 was greater than 99 %, with a retention time of 25.45 min.

2.3. Animal model

All procedures for animal care and experimental operation were approved by the Institutional Animal Care and Use Committee
(IACUC) of Sichuan University West China Hospital following the guidelines of the US National Institutes of Health (approval no.
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20231023004). An animal model of liver fibrosis was established through the application of common bile duct ligation (BDL). Six-
month-old male mini pigs were anesthetized using the ShuTai method. Following satisfactory anesthesia, a midline laparotomy was
performed, and a transverse incision was made at the site of the common bile duct.

2.4. 18F_AIF-NOTA-RGD2 PET/CT imaging

Dynamic PET/CT scans at different stages of liver fibrosis were performed for 1 h on a Biograph mCT scanner (Siemens). Briefly, the
pigs were fasted for at least 6 h prior to the procedure to optimize the imaging conditions. Following anesthesia, !F—AIF-NOTA-RGD2
was administered intravenously, and PET/CT scans were conducted at specific time points postinjection to obtain optimal imaging
data.

2.5. Blood serum enzymatic tests

Blood samples were collected from the submandibular vein plexus prior to the pigs being euthanized. Serum alanine amino-
transferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), direct bilirubin (DBIL), alkaline phosphatase (ALP) and
albumin (ALB) levels were measured using an automatic biochemical analyzer (COBAS 6000 C501, Roche Diagnostics).

2.6. Histopathological examination

Liver tissues were fixed in a 10 % neutral formalin solution, dehydrated and embedded in paraffin. The dehydration process
involved gradient ethanol, and subsequent paraffin embedding was performed. Sections were then stained with hematoxylin and eosin
(HE) or picrosirius red following previously reported methods [18].

2.7. Pathological staging

Pathology of the liver was conducted on tissue samples. All sections were scored (double-read) based on the METAVIR system [19].
The pigs were categorized into five groups: FO, indicating no fibrosis; F1, indicating mild fibrosis characterized by portal fibrosis
without septa; F2, representing moderate fibrosis with few septa; F3, denoting severe fibrosis with numerous septa but no cirrhosis;
and F4, indicating cirrhosis. Pigs without fibrosis were sourced from the control group. F1 and F2 were classified as mild fibrosis, while
F3 and F4 were classified as severe fibrosis.

2.8. Sirius red staining

Collagen deposition in liver tissues was evaluated with Sirius red staining, which was performed according to the instructions of the
Sirius Red Staining Kit. Quantitative analysis was conducted on five randomly selected fields from each slice using ImageJ for visu-
alization and measurement.

2.9. PET/CT imaging operation and quantification

The dynamic PET data consisting of 17 images were reconstructed with durations of 15, 15, 15, 15, 30, 30, 30, 30, 60, 60, 60, 120,
120, 300, 300, 300, and 300 s. Each image was represented by a matrix with a pixel size of 0.95 mm and a fixed slice thickness of 0.8
mm using a two-dimensional ordered subset expectation imization (OSEM2D) protocol with four iterations. Dynamic PET images were
analyzed to obtain multiple numeric kinetic data. Regions of interest (ROIs) were manually selected for plotting liver areas at different
times. The SUV was calculated for regions of interest (ROIs) to quantify radiotracer uptake. Given a tissue density of 1 g/cm3, these
values were subsequently normalized by the injected activity, yielding an image-derived mean ROI and the maximum percentage of
injected dose per gram of body weight (%ID/g).

2.10. Hydroxyproline assay

Hepatic HYP was measured by a commercial kit according to the manufacturer’s instructions.

2.11. Reverse transcription and qRT-PCR

Total RNA was extracted using a commercial kit (Aidlab, China) following the manufacturer’s instructions. The concentration of
total RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher, USA). cDNA was synthesized by reverse tran-
scribing 1 pg of RNA using a Prime Script RT reagent kit (RR037A, TaKaRa). cDNA was amplified using SYBR Premix Ex Taqll
(TaKaRa) with primers for a-SMA (forward primer 5- ACTTCCAGTACGGTCTCCC-3, reverse primer 5- AGTCTCTGACATCCGCCCTA-
3. B-Actin (forward primer 5- CCTCACTGTCCACCTTCC -3/, reverse primer 5- GGGTGTAAAACGCAGCTC -3') served as a loading
control.
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2.12. Western blotting analysis

Total proteins were extracted using a commercial kit (Aidlab, China) following the manufacturer’s instructions. The protein
concentrations were determined by a BCA protein assay kit (Thermo). Equal amounts of protein (20 pg) were separated by SDS-PAGE
and transferred to a polyvinylidene fluoride membrane (Bio-Rad). The membranes were blocked in 5 % nonfat milk for 1 h at 37 °C and
then incubated with primary antibodies (rat anti-SMA, 1:1000, ABclonal; rat anti-Integrin oV, 1:500, ABclonal; rat anti-Integrin (3,
1:500, ABclonal) overnight at 4 °C and HRP-conjugated goat anti-rabbit secondary antibodies (AC026, ABclonal) for 1 h at 37 °C. The
blot was visualized using a chemiluminescence HRP substrate (Millipore) and analyzed by FusionCapt Advance software.

2.13. Immunohistochemical staining

Some sections were deparaffinized in easy tissue clearant and rehydrated in gradient alcohol followed by 3 % hydrogen peroxide
treatment. The tissue sections were then incubated overnight with a primary antibody (rat anti-av, rat anti-3) (ABclonal) at 4 °C and
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Fig. 1. Serum indicators of liver fibrosis. (A) Serum ALT, (B) AST, (C) TBIL, (D) DBIL, (E) ALP and (F) ALB concentrations. The data are expressed as
the mean =+ standard error (SEM) (n = 3 for each group). *P < 0.05, **P < 0.01, ***P < 0.001.
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subsequently incubated with an HRP-labeled goat anti-rabbit secondary antibody (Cell Signaling Technology) at 37 °C for 1 h. Finally,
the sections were processed with a freshly mixed diaminobenzidine kit according to the manufacturer’s instructions, and the nuclei
were counterstained with hematoxylin. Three to five visual fields of each sample were randomly selected and collected with a
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Fig. 2. Collagen content and expression. (A) Hepatic hydroxyproline. (B) The mRNA levels of a-SMA. (C) The protein levels of a-SMA and (D) its
quantification by Western blot. f-actin served as a loading control. (E) The protein levels of integrin aV and integrin p3 and (F) its quantification by
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microscope (Eclipse 80i, Nikon) and analyzed by ImageJ software.
2.14. APRI calculation
The APRI was calculated as the APRI = [AST (IU/L)/upper limit of normal] x 100/PLT (10°/1).
2.15. Glutathione assay
Hepatic GSH and GSSG were measured by a commercial kit according to the manufacturer’s instructions.
2.16. Assessment of mitochondrial reserve function

Tissue samples (100 mg) from pigs with varying degrees of liver fibrosis were immediately obtained and placed in a dish containing
PBS. Within a clean bench, the liver fascia was removed, and the liver tissue was shredded, followed by the addition of 10 mL of
digestion fluid. The mixture was then oscillated at 37 °C for approximately 10 min for digestion. The suspension was filtered through a
70-75-pym membrane and a Dual Mfg filter. Then, 50 g of the filtrate was centrifuged at 4 °C for 3 min, after which the supernatant was
discarded. The pellet was washed three times with DMEM containing 10 % FBS, each at 1000 rpm and 4 °C, for 5 min. Finally, the cells
were resuspended in 5 mL of DMEM containing 5 % FBS. After assessing cell viability with 10 pl of the cell suspension, primary cells
were seeded on an XF24 cell plate. The plate was then filled with analysis detection liquid containing 2 mM glutamine, 10 mM glucose,
and 1 mM pyruvate. Oligomycin, FCCP, and antimycin combined with rotenone were sequentially injected to final concentrations of 5
pM, 3 pM, and 1 pM, respectively. The cellular oxygen consumption rate was measured using a Seahorse XFp Analyzer, and OCRs were
measured as pmol s~ mg™! tissue weight [20].

2.17. Statistical analysis

All the data were analyzed using GraphPad Prism 9.0 and are presented as the mean + SEM. ANOVA was used to compare
continuous variables. Comparisons between groups were made using one-way analysis with Tukey’s multiple comparisons test. The
level of significance was considered at P < 0.05.

3. Results
3.1. Serum indicators of liver fibrosis

Following bile duct ligation, we conducted routine hepatic fibrosis tests on mini pig blood samples at various time points. Com-
bined analysis of the AST, ALT, TBIL, and DBIL levels revealed that disease progression occurred in three stages: preoperative normal,
mild fibrosis, and severe fibrosis (Fig. 1A-D). AST, DBIL, TBIL and ALP significantly increased with increasing degrees of fibrosis
(Fig. 1A-C-E). Significant differences in ALT levels were observed between normal controls and pigs with severe fibrosis (Fig. 1B),
while serum ALB levels varied across stages but were not significantly different (Fig. 1F).

3.2. Collagen content and expression

The hydroxyproline results indicated that collagen deposition gradually increased with the progression of fibrosis (Fig. 2A).
Correspondingly, the RNA expression levels of a-SMA also increased with the increase in fibrosis severity (Fig. 2B). Notably, during the
severe stage, there was a significant difference in a-SMA protein expression between the normal and mild groups and between the
severe group (Fig. 2C and D). However, no significant difference was observed between the mild and normal groups (Fig. 2C and D).

As shown in Fig. 2E-H, the protein abundance of avp3 increased with increasing fibrosis severity. Integrin av and integrin 3 in the
mild fibrosis group was slightly increase than that in the normal group, and they in the severe fibrosis group was significantly than that
in the mild group.

3.3. Pathological examination and PET/CT imaging of ‘®F-AIF-NOTA-RGD2

To accurately assess the fibrosis stages in the mini pigs, further pathological biopsies were performed. Fibrosis progression was
scored according to the Metavir system. As illustrated in Fig. 3A, HE staining revealed fibrosis without portal vein bridging or with a
moderate few septa, which was defined as mild liver fibrosis (Fig. 3A and B). Further analysis using SR staining revealed a significant
increase in collagen deposition as fibrosis progressed (Fig. 3C). Statistical analysis revealed significant differences between the mild
and normal groups in terms of collagen accumulation (Fig. 3D). Similarly, significant disparities were also observed between severe
conditions and both normal and mild conditions, underscoring the extent of fibrotic changes across different stages of liver fibrosis
(Fig. 3D).

In our bile duct ligation BDL model, as shown in Fig. 3E, images at the mild and severe stages were comparable. We also quan-
titatively assessed the images for radiotracer heat, as shown in Fig. 3F. In the BDL model, 18p_AIF-NOTA-RGD2Al uptake increased
from mild to severe fibrosis, indicating an increase in liver radioactivity. Compared to those in the control group, the radioactivity
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Fig. 3. Hepatic pathology and PET/CT imaging. (A) HE staining of the liver. Scale bar = 200 pm for all images. (B) METAVIR scoring of liver
fibrosis. (C) SR staining of the liver. Scale bar = 200 pm for all images. (D) Propotional area of regenerated collagen (SR) stained. (E) PET/CT image.
(F) Quantification of PET/CT data. (G) APRI score for liver fibrosis. (H) There was a linear correlation between the APRI score and the collagen
propagation area, with a regression coefficient r = 0.52. (I) Linear correlation between the quantification of PET/CT and the collagen propagation
area; regression coefficient r = 0.85. The data are expressed as the mean =+ standard error (SEM) (n = 3 for each group). *P < 0.05, **P < 0.01, ***P
< 0.001, ****P < 0.0001.

<
<

ratios in the livers of both mild and severe BDL pigs were significantly greater, corroborating that the PET imaging results are
consistent with the pathological findings (Fig. 3F).

Compared with existing noninvasive approaches, we calculated the APRI score and found no significant difference between the
normal and mild fibrosis groups, although there was a significant difference between the mild and severe fibrosis groups (Fig. 3G).
Further analysis revealed that the APRI (Fig. 3H) and PET/CT (Fig. 3I) were positively correlated with the collagen proportional area,
but the correlation of PET/CT was stronger than that of the APRI.

3.4. Mitochondrial reserve function

The function of hepatocytes reflects their functional state. The examination of glutathione revealed a decrease in both hepatic total
glutathione content and glutathione levels as liver fibrosis progressed (Fig. 4A and B). Furthermore, a significant difference in the
GSH/GSSG ratio was detected between the severe-stage group and both the normal-stage group and mild-stage group (Fig. 4C). This
indicates a gradual deterioration of liver function as fibrosis progresses.

Furthermore, analysis of the mitochondrial Seahorse oxygen consumption curve provided insights into several key parameters:
reserve capacity, ATP-linked oxygen consumption rate, nonmitochondrial respiration, and proton leakage (Fig. 4D). There was a
significant decrease in the liver mitochondrial density in the tissue with the progression of fibrosis (Fig. 4E and F). Compared with that
in patients with mild fibrosis, maximal respiration in patients with severe fibrosis was significantly lower (Fig. 4F). Notably, in severe
liver fibrosis, there was a marked impairment in the mitochondrial reserve capacity of the mini pigs.
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4. Discussion

This study highlights the considerable promise of !®F-AIF-NOTA-RGD2 PET/CT as a noninvasive diagnostic tool for the assessment
of liver fibrosis stages in mini pigs. Notably, the differential uptake of 18F-AIF-NOTA-RGD2, which is correlated with the various
stages of liver fibrosis, underlines the specificity of the probe for integrin avp3. This integrin plays a pivotal role in liver fibrogenesis
and is upregulated during this process [6]. Such specificity distinctly sets this molecular imaging method apart from conventional
imaging approaches, which typically lack the sensitivity required for early fibrosis detection.

This study also addresses the limitations of noninvasive markers, such as common hematological parameters, in distinguishing
between the mild and normal stages of liver fibrosis. Although these markers can identify severe liver fibrosis, their effectiveness is less
pronounced when differentiating between the initial stages of the disease, as demonstrated by parameters such as AST, ALP, and DBIL
[21]. Despite these limitations, our research suggested that PET/CT could serve as a robust noninvasive alternative, complementing
histopathological evaluations by providing quantitative insights into the extent of liver fibrosis.

An interesting aspect revealed by this study is the correlation between elevated liver enzyme levels and advanced stages of fibrosis,
which is consistent with the literature [22]. However, these biochemical markers, while informative, often fall short in the precise
staging of liver fibrosis [1]. This shortfall underscores the potential of combining 18F-AIF-NOTA-RGD2 PET/CT imaging with serum
enzyme profiling to enhance the overall diagnostic accuracy, providing a more detailed assessment of liver health.

Although histopathological analysis continues to be the definitive standard for liver fibrosis staging, its invasive nature and
associated patient risks limit its utility for frequent monitoring [21]. In contrast, the noninvasive nature of 18F-AlF-NOTA-RGD2
PET/CT facilitates ongoing monitoring of fibrosis progression, potentially reducing the need for regular biopsies and thereby mini-
mizing patient discomfort and risk [23].

Considering the current paucity of quantitative diagnostic methods for liver fibrosis and building upon our team’s previous
research, we employed the ability of 18F-alfatide to specifically bind to avf3 integrin on activated hepatic stellate cells (aHSCs). The
18F-labeled radioactive tracer can detect fibrotic liver tissue, and PET/CT was used for imaging calculations. Concurrently, hy-
droxyproline quantification, Sirius red staining, and image analysis were performed on the liver tissue of animal models with different
degrees of fibrosis, revealing the quantitative relationship between avp3 expression and the liver collagen content. Additionally, we
explored the feasibility of 18F-Alfatide PET/CT imaging of the av(3 protein to evaluate liver mitochondrial function, aiming to
accurately assess different degrees of liver fibrosis and reflect liver reserve function.

Furthermore, this study sheds light on mitochondrial dysfunction, identified through reduced mitochondrial enzyme activity, as a
significant aspect of liver fibrosis [20]. This insight opens up new avenues for understanding the pathogenesis of liver fibrosis and
positions mitochondrial impairment as a potential therapeutic target. The ability of 18F-AIF-NOTA-RGD2 PET/CT to indirectly assess
mitochondrial function represents a promising new direction for research.

This study demonstrated that the correlation between PET/CT imaging and liver mitochondrial function provides new perspectives
for evaluating liver health, which is especially relevant in the pre- and postsurgical setting. This correlation is vital because mito-
chondrial function is integral to energy metabolism and reflects the ability of the liver to recover postresection. Our results show that
molecular probes can differentiate the degree of fibrosis at different stages. It would be a significant discovery if they could also
evaluate mitochondrial function.

The implications of our findings extend beyond mere diagnostic utility; they underscore the potential of PET/CT as a predictive tool
for assessing the risk and feasibility of liver surgeries. By providing a noninvasive means to gauge mitochondrial function, PET/CT
imaging could help clinicians tailor their surgical approaches and postoperative care to the individual patient’s liver function,
enhancing recovery prospects and minimizing complications.

Additionally, integrating PET/CT metrics with conventional liver function tests could lead to more refined patient selection criteria
for liver resection and enhance prognostic models [14]. Although these findings are promising, further investigations are needed to
confirm their clinical applicability and to develop standardized protocols for incorporating PET/CT into liver surgery planning and
postoperative care.

Furthermore, this study sheds light on mitochondrial dysfunction, identified through reduced mitochondrial enzyme activity, as a
significant aspect of liver fibrosis [20]. This insight opens up new avenues for understanding the pathogenesis of liver fibrosis and
positions mitochondrial impairment as a potential therapeutic target. The ability of 18F-AIF-NOTA-RGD2 PET/CT to indirectly assess
mitochondrial function represents a promising new direction for research.

In conclusion, our study reaffirms the significant potential of 18F-AlF-NOTA-RGD2 PET/CT imaging in the noninvasive assessment
of liver fibrosis, providing a valuable alternative to traditional diagnostic methodologies. These results could significantly influence
patient management and treatment strategies for liver diseases, highlighting the necessity for longitudinal studies and human clinical
trials to further validate and extend these findings.
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