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Purpose: Large animal models are still used in many studies because of their likeness to humans. It has not been documented that
regular-sized conventional farm-breed pigs, generally bred for meat production, can be used to generate hepatocellular carcinoma
(HCC) animal models. The goal of this study was to investigate how N-diethylnitrosamine (DENA) and phenobarbital (PB) together
can generate HCC in ordinary farmed pigs.

Materials and Methods: Conventional domestic swine (Sus scrofa domesticus) were used. DENA 15 mg/kg was intraperitoneally
injected weekly for 12 weeks, while PB tablets (4 mg/kg) were also administered through food for 16 weeks. Blood testing and
ultrasonography evaluation were performed to monitor the progress. Subsequently, computed tomography was conducted in cases with
suspected nodules, followed by histopathological examination to confirm the diagnosis.

Results: Ten swine (seven males, three females; age: 2 months; weight: 9-15 kg) were included in the study and followed up for 25
months; nine were experimental, and one was control for ethical considerations. The maximum weight of animals during this study
reached 162-228 kg. The weight gain seen in the intervention swine was predominantly lower than that documented in the control.
The laboratory analysis revealed no notable abnormalities in liver function markers but did demonstrate statistically significant
changes in urea (p = 0.028) and creatinine (p = 0.003) levels. Ultrasonography and computed tomography showed multiple liver
nodules with characteristics resembling HCC. Serial imaging screening and more extended observations revealed that all animals
eventually developed tumors. Histopathological confirmation at 15-22 weeks post-induction revealed that all intervened swine
developed multiple nodules of well-differentiated HCC and some with hepatic angiosarcoma.

Conclusion: This study successfully generated HCC in conventional domestic swine with a DENA and PB combination. This
investigation required at least 15 months to develop tumors. This model will be beneficial for future investigations of HCC in large
animals.
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Introduction

Hepatocellular carcinoma (HCC) accounts for >90% of liver cancer cases. Based on data from Global Cancer Statistics
(GLOBOCAN) 2020, HCC is the second leading cause of cancer-related death worldwide.' Treatment options for HCC
remain limited, and the results are unsatisfactory. Unfortunately, curative treatment (ie, resection or liver transplantation)
is only possible for <20% of HCC cases. The majority of patients might undergo several locoregional treatments, such as
radiofrequency ablation, transarterial chemoembolization, transarterial radioembolization, radiotherapy, and systemic
therapy.” Moreover, the 5-year survival rate of patients remains <12%.’ Further investigation is warranted to improve the
available treatment options for this disease. Establishing appropriate animal models for HCC is required for basic and
translational studies, particularly those that can resemble human disease.
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The development of animal models of HCC that are analogous to human disease is challenging, and research in this
field is currently limited. Mouse models are a popular and convenient option for numerous experimental purposes.
However, large-animal models are necessary for some studies, especially for the locoregional treatment of HCC (eg,
radiation therapy, interventional radiology, and hyperthermia). These trials require an appropriate liver size, vasculature,
and tumor microenvironment that mimic those of humans. This animal model may represent human HCC in terms of
primary tumor and metastases, including intravascular invasion, simulation of the human tumor microenvironment,
tumor-parenchymal cell response, and immune system response.

Currently, available animal models can be categorized as chemically induced, genetically engineered, and engrafted.”
Our animal models are chemically induced using N-diethylnitrosamine (DENA), a well-established substance that
induces liver injury, and a genotoxic agent used for the chemical induction of HCC in models. In mice, DENA is
typically used to induce liver cancer; however, it may also induce gastrointestinal, skin, respiratory, and hematopoietic
tumors. The pathogenesis is caused by the alkylation of DNA structures that induces DNA damage and subsequent cell
degeneration, as well as the production of reactive oxygen species through the activation of cytochrome P450 in
hepatocytes.” Moreover, Ho et al recently suggested that the administration of phenobarbital (PB) accelerates tumor
formation. In a miniature pig model, PB shortened the time of tumor latency period from 10-26 months to 5—11 months.®
PB is a non-genotoxic promoter and a well-known inducer of drug-metabolizing enzymes that have been used in various
rodent hepatocarcinogenesis model studies since it was first initiated by Weisburger et al in 1975.” However, Ho et al
were the first to utilize PB as an accelerator for HCC induction in large animal models, using miniature pigs.° PB was
demonstrated to activate CAR via an indirect mechanism. It is revealed that PB induces HCC carcinogenesis by
increasing the CAR-Gadd45B complex that suppresses anti-tumor p38 MAPK activity.®

The induction of HCC into domestic swine could be further used in the field of oncology. In the field of radiotherapy,
preclinical animal models are fundamental for understanding tumor and tissue response, thereby improving the ther-
apeutic approach and treatment strategies in humans.” This HCC induction experiment serves as the initial study for the
spatially fractionated grid radiotherapy technique. This approach can be used to determine the molecular mechanism
involved in the effects of these treatments. Currently, there is a lack of data regarding the DENA-induced liver
carcinogenesis combined with PB in conventional domestic swine, especially in regular-sized conventional farm-breed
swine, in terms of the latency period and rate of cancer development.

Materials and Methods

This study was conducted from January 2021 to March 2023 at the animal hospital and laboratories of the School of
Veterinary Medicine and Biomedical Sciences, IPB University, Bogor, West Java, and at Cipto Mangunkusumo Hospital,
Jakarta, Indonesia. All the experimental protocols and swine housing conformed to the Institutional Guidelines for
Animal Care of the IPB University, as well as the Guide for Care and Use of Laboratory Animals: Eighth Edition by the
National Research Council 2011. The Animal Ethics Committee Faculty of Veterinary Medicine and Biomedical
Sciences, IPB University approved this study (approval number: 012/KEH/SKE/X/2020), the Board of the Faculty of
Medicine, Universitas Indonesia (approval number: KET-371/UN2.F1/ETIK/PPM.00.02/2020) and Cipto
Mangunkusumo Hospital (approval number: 03.02/2.2/641/2020).

Experimental Animals

Ten farm-breed domestic swine (Sus scrofa domesticus) of mixed Landrace breeds, consisting of seven males and three
females, aged two months and weighing 9-15 kg, were included in the study. All of the swine were maintained under
observation for acclimatization before initiating the study. All subjects were fed twice daily with a standard diet of known
composition and given access to water ad libitum.

To establish animal models of hepatocellular carcinoma (HCC), nine pigs were treated with DENA, and one healthy
pig served as a negative control. This design was made to compromise between scientific rigor and minimizing the
impact on the animal population while adhering to the 3Rs (replacement, reduction, and refinement) principles and
ethical considerations. This compact design follows known ethical criteria and contributes to the development of useful
HCC animal models for biological research.
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Carcinogenic Agents

Nitrosamines, including DENA, are well-established acute hepatotoxins and carcinogens for the liver in men and
numerous animals.’ Our study used the carcinogenic chemical DENA (N0756; Sigma—Aldrich, St. Louis, MO, USA)
to stimulate the carcinogenesis process in the swine’s liver. DENA was intraperitoneally injected (dose: 15 mg/kg body
weight) into the lower right quadrant of the abdomen weekly for 12 weeks.

To accelerate the process of carcinogenesis, PB (dose: 4 mg/kg body weight) was also added to the swine diet twice
daily for five days per week, for a total of 16 weeks after DENA injection. The dosages of DENA and PB were calculated
weekly depending on the body weight. DENA is sensitive to light; therefore, it was constantly maintained in the dark,
and the substance was prepared in an indoor room to avoid direct exposure to sunlight. According to a previous study by
Ho et al, who used minipigs as the model, tumor nodules were expected to develop within 5-11 months post-DENA and
PB induction.® Animal body weight measurements and laboratory and imaging tests were conducted regularly to monitor
tumor growth.

Laboratory and Radiologic Evaluation

Blood testing, including a complete peripheral blood test, and evaluation of the levels of aspartate transaminase (AST)
and alanine transaminase (ALT), albumin, bilirubin, gamma-glutamyl transpeptidase (GGT), alpha-feto protein (AFP),
urea, and creatinine were performed at baseline (ie, before induction) and every 3—4 months. Blood samples were
collected from the jugular vein or auricular vein. Hematology analysis was assessed using an automated blood cell
counter, and AST, ALT, albumin, bilirubin, GGT, urea, and creatinine were assessed using enzymatic photometry (Auto
Analyzer, BT-3000 plus, Biotechnica, Italy). AFP analysis was conducted using enzyme linked fluorescent assay (ELFA)
with automated immunoassay (mini VIDAS, bioMérieux, UK).

Ultrasonography (USG) imaging was conducted using USG Chison TR-8000 with sector and linear probe to monitor
liver nodules every few months. All swine were anesthetized for the USG procedure using a combination of ketamine
(dose: 20 mg/kg body weight) and xylazine (dose: 2 mg/kg body weight) through intramuscular injection. The procedure
was conducted by a team composed of a radiologist or gastrointestinal consultant and a veterinarian with expertise in
radiology diagnostics.

Computed tomography (CT) imaging was performed on suspected subjects, yielding positive USG results. The CT
scans were conducted using Siemens Somatom CT Simulator 20 slices at Dr. Cipto Mangunkusumo Hospital Jakarta,
approximately 60 km from the animal hospital in Bogor, where the swine was maintained. Lopamidol (dose: 1 mL/kg
body weight) was used as the contrast medium at an injection rate of 3—4 mL/s. Abdominal CT scans were evaluated in
four contrast phases: arterial phase at 15s, early portal at 35s, portal venous at 55s, and 75s after injection.'® The animals
were anesthetized during the procedures. The key criteria of the “wash in and wash out” enhancement pattern were used
to diagnose HCC based on CT imaging. Liver tumors were enhanced (“wash in”) in the arterial phase and reduced

(“wash out™) in the portal venous phase or equilibrium phase.'

Biopsy, Tissue Collection, Histopathological, and Immunohistochemical Evaluation

A biopsy was conducted on animals, and USG screening was performed to confirm the presence of tumor nodules. The
biopsy was performed through a disposable, fully automatic biopsy gun under anesthesia using ketamine and xylazine (as
described above), with or without the addition of the local anesthetic lidocaine. This procedure was conducted under the
guidance of USG. Tumor tissues were also collected during the necropsy procedures. Humane euthanasia was carried out
through exsanguination under anesthesia. Prior to all the procedures, the animals were anesthetized to ensure compliance
with animal welfare principles.

The tissue samples were fixed in 10% neutral-buffered formalin right away after sacrifice and further processed into
paraffin blocks and sectioned at 5 um. The sections were then stained using hematoxylin and eosin (HE), reticular, and
Masson-Trichrome techniques, and examined under a light microscope. Formalin-fixed tissue sections were employed for
the immunohistochemical staining. Heat pretreatment in a decloaking chamber with 10 mM citrate buffer (pH 6.0) at
121°C for 10 minutes was used to retrieve the antigen. Primary antibodies for Hepatocyte Paraffin-1 (Hep Par 1; BioSB,
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Santa Barbara, USA; 1:150), Glypican-3 (Biocare Medical, California, USA; 1:100), alpha-fetoprotein (AFP; Zymed,
ThermoFisher Scientific, Massachusetts, USA; 1:200), Glutamine Synthetase (Millipore Sigma, California, USA;
1:1000), and Ki-67 (Abcam, Massachusetts, USA; 1:150) were applied to sections for 1 hour at room temperature.
The slides were then rinsed in PBS and treated with horseradish peroxidase-conjugated polymer as a secondary antibody
for 30 minutes at room temperature, followed by visualization of positive reactions with 3,3-diaminobenzidine (Flexylab
Mouse/Rabbit Polyvue HRP DAB Detection Kit, Diagnostic Biosystems, California, USA). Sections were lightly
counterstained with hematoxylin. To replace primary antibodies, nonimmunized sera were used as negative controls.

Results

We monitored the body weight of the subjects every week. The domestic swine grew and gained weight rapidly, with
a steady increase in body weight observed in each subject. The weight peaked at 14-20 months post-induction (ie, 162—
228 kg) and subsequently stabilized or fluctuated (2—6 kg differences, 1.1-3.2% body weight). As shown in Figure 1, the
average increase in body weight was lower in the treated swine versus the control subject. We also found that most of the
body weights of the ten subjects continued to increase or became stable until the last observation. This trend was also
observed in the control animal. Multiple tumor nodules in the liver lobes were discovered during the necropsy (Figure 2).
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Figure | Difference in average weight between the intervention animals (subjects #1—#9) and the control animal #10 (in kg).

Figure 2 Macroscopic observations in the livers of DENA-treated swine. Multiple nodules varying in size were found throughout the liver lobes (a). Small to large, randomly
scattered tumor nodules (b) in the right lateral lobe of the liver. A cross-section of a tumor nodule displays a white mass with prominent blood vessels (c). Bar = 5 cm.
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Laboratory Testing

The data analysis did not show significant differences between the intervention and control animals at baseline and 18
months, except for an increment in creatinine levels (intervention animals: 1.2 vs 9.1 mg/dL, respectively; control
animal: 0.91 vs 0.59 mg/dL, respectively) and AFP (intervention animals: 0.2 vs 11 ng/mL ng/mL, respectively; control
animal: 0.5 vs 8.3 ng/mL, respectively). Table 1 provides a comparison of the laboratory results. Our findings revealed
statistically significant differences in thrombocytes, leukocytes, creatinine, urea, and tumor marker AFP at the end of the
observation compared with baseline. Table 2 compares laboratory parameters in intervention animals between the
baseline and the last observation. Notably, clinically significant differences were observed only in creatinine and urea
levels.

Imaging

USG imaging was conducted at 5, 7, 12, and 17 months after induction. In the initial USG examination, suspected tumor
nodules were detected in only three (33.3%) subjects (ie, subjects #2, #5, and #9). Biopsies were also performed
following the third USG examination in subjects with nodules (ie, subjects #5 and #9). Eventually, the development of
liver nodules in the remaining subjects induced with DENA was detected through the fourth USG examination. USG
examination could evaluate up to three nodules (size range: 1.2-6.8 cm). In subject #7, assessing the liver through USG
was impossible due to abdominal thickness.

CT scans indicated characteristics of “wash in” and “wash out” in some of the tumor nodules examined. As a result,
this approach was deemed appropriate for the diagnosis of HCC. Subject #4 was overweight and so could not be
evaluated using CT. Subject 7 had a probable mesenteric cyst lesion. However, macroscopic examination revealed that
this lesion was normal anatomy; instead, seven tiny nodules (0.3 cm) were discovered in the liver.

In summary, a CT scan evaluated up to 11 tumor nodules in one subject and detected 1.5-6.2 cm nodules. Table 3
describes each subject’s imaging, macroscopic, and histopathology findings in detail. Figure 3 shows the findings of the
USG examination, CT scan, and macroscopic evaluation in subject #9.

Macroscopic Findings, Biopsies, Histopathology, and Immunohistochemistry

Necropsy revealed some whitish-yellow nodules in the liver lobes. There were anywhere from 7 to over 100 nodules,
ranging in size from 0.5 to 11 cm. There were also a few hemorrhages and distinct blood vessels (Figure 2). Imaging
(USG and CT) revealed fewer tumor nodules in the livers of DENA-treated swine, but macroscopic investigations
revealed more. For example, in subject #1, macroscopic analysis found up to seven nodules but USG and CT only
detected one. Notably, 30-100 nodules were seen in other subjects suspected of having multiple nodules (Figure 3).

Subject #2 died nine months after induction from a non-liver cancer-related condition. Despite the discovery of
suspicious small nodules with USG, the necropsy, and histopathology revealed high-grade dysplastic nodules rather
than HCC.

Individuals #5 and #9 underwent biopsies for suspicious tumor nodules during the third USG examination (ie, 12
months following induction) under USG guidance. The trabecular patterns of hepatocytes were found to be similar to
those of dysplastic nodules or well-differentiated HCC. Fifteen months following induction, the two subjects were
sacrificed. Histopathological results were re-evaluated, and multiple nodules in both individuals were diagnosed as HCC
and hepatic angiosarcoma. Table 3 highlights the research findings for each subject.

Figure 4 describes the histopathological and immunohistochemical evaluations of liver tumor nodules, which showed the
presence of HCC and hepatic angiosarcoma in DENA-treated animals. The histopathology of nodular lesions was clearly
defined, with hepatocytes organized in a trabecular arrangement. The neoplastic cells generate trabeculae that vary in width;
some are small, while others are somewhat thicker; the tumor cells in the liver usually contain 3—10 cell thick trabeculae,
minor pleomorphism, and no bile duct proliferation. Those defining many plates of trabeculae thicker than three cells revealed
a decrease in reticulin staining among hepatocytes. There were also fibrotic lesions with collagenous fibrous tissue thickening
surrounding the cirrhotic nodules. Hepatic angiosarcoma is distinguished by an unencapsulated mass of neoplastic endothelial
cells that generate many vascular spaces that are either filled with or empty of erythrocytes. To discriminate between HCC and
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Table | Average Laboratory Test Results for the Intervention Animals and Control Animal

Parameters Normal Baseline Post Induction Duration Post-Induction
Value
3 Months 6 Months 10 Months 14 Months 18 Months
Intervention Control Intervention Control Intervention Control Intervention Control Intervention Control Intervention Control Intervention Control
(n=9) (n=1) (n=9) (n=1) (n=9) (n=1) (n=9) (n=1) (n=9) (n=1) (n=8) (n=1) (n=4) (n=1)
Erythrocytes 5.0-9.5 52 57 6.2 7 55 43 7.1 6.9 7 N/A 6.5 6.9 73 74
(*x10°/pL)
Hemoglobin 9.9-16.5 13.1 12.7 13 13.3 12.2 12.9 13.5 13.1 13.3 N/A 133 13.6 14 14.5
(g/dL)
Hematocrit (%) 32-50 394 39 403 42 36.1 38 44.8 44 43.6 N/A 42.1 45 47.3 49
Thrombocytes 200-700 557.3 333 489.6 448 412 464 386.7 395 4134 N/A 3311 169 3425 299
(x10%/uL)
Leucocytes 11.0-22.0 222 9.4 12.6 13.1 14.6 13.1 147 14.9 1.9 N/A 9.8 79 8.6 12.2
(x10%mL)
ALP (U/L) 97-388 N/A N/A 356.7 320 202 178 214.1 155 145.9 N/A 76.6 67 168.8 47
SGPT/ALT (U/L) 31-108 73.0 35 67.7 62 53.6 43 48.1 29 66 N/A 54 45 58 49
SGOT/AST (U/L) 25-142 428 19 41.3 132 387 57 49.8 47 26.8 N/A 547 24 353 22
Urea (mg/dL) 9.0-31.5 45.2 475 337 41 379 34 34 30 37 N/A 19.1 21 54.4 385
Creatinine 0.6-2.2 1.2 0.91 3.1 4.77 0.8 0.67 33 341 1.9 N/A 38 25 9.1 0.59
(mg/dL)
Albumin (mg/dL) 3.1-48 38 3.88 4.1 4.24 38 4.17 38 422 42 N/A 42 43 4.7 3.87
Bilirubin total 0-0.2 0.9 0.78 0.8 0.76 0.9 0.65 0.4 0.33 08 N/A 0.5 0.4 1.8 1.12
(mg/dL)
Direct (mg/dL) 09-34 03 0.25 03 0.36 0.2 0.25 0.2 0.19 0.2 N/A 0.2 0.29 1.3 0.65
Indirect (mg/dL) 0-34 0.6 0.53 0.6 0.4 0.6 0.4 03 0.14 0.5 N/A 03 0.1l 0.6 0.47
GGT (U/L) 33-93 50 30 58.3 141 412 50 538 51 40.8 N/A 48.6 31 493 12
AFP (ng/mL) 0-8 0.2 0.5 <0.05 <0.05 <0.5 <0.5 <0.05 <0.05 0.5 N/A 0.5 0.5 11 83

Abbreviations: AFP, alpha-fetoprotein; ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; GGT, gamma-glutamyl transferase; N/A, not applicable; SGOT, serum glutamic oxaloacetic transaminase; SGPT,
serum glutamic pyruvic transaminase.
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Table 2 Comparison of Laboratory Parameters of the Intervention Animals at Baseline and Last Observation

Parameter Baseline (n=9) Last Observation (n=9) p-value
Mean Median SD Min Max Mean Median SD Min Max

Thrombocytes 557.3 627 162.8 277 730 410.0 353.0 181.7 281.0 882.0 0.015%*
Leukocytes 222 20.7 37 17.3 28.7 9.4 85 29 6.0 15.2 0.008**
Creatinine 1.2 | 0.5 0.8l 1.99 5.7 37 7.6 1.0 25.8 0.01I**
SGOT 73.0 37 13.5 30 64 56.2 35.0 56.2 17.0 194.0 0.859
GGT 50.0 50 15.6 33 83 458 44.0 16.7 20.0 76.0 0.859
Urea* 14.00 11.00 9.50 5.00 36.00 32.44 40.90 12.65 18.00 46.70 0.028**
SGPT* 73.0 71 10.7 56 89 50.4 47.0 13.0 38.0 73.0 0.11
Total bilirubin* 0.9 0.89 0.1 0.86 1.03 0.8 0.6 0.7 0.3 25 0.214
AFP* 0.2 0.1 0.2 0.1 0.5 5.6 0.5 6.2 0.5 13.8 0.018%*

Notes: *Analysis was conducted using the Wilcoxon test. *p<0.05 indicates statistical significance.
Abbreviations: AFP, alpha-fetoprotein; GGT, gamma-glutamyl transferase; Max, maximum; Min, minimum; SD, standard deviation; SGOT, serum glutamic oxaloacetic
transaminase; SGPT, serum glutamic pyruvic transaminase.

benign lesions, we labeled nodular tumors with Hep Par 1, glypican-3, glutamine synthetase, and Ki-67 immunohistochem-
istry. The cells in the tumor nodules were immunohistochemically positive for Hep Par-1 and Ki-67 but negative for glypican-
3 and glutamine synthetase antibodies, indicating that the HCC was early, proliferative, and well differentiated. In addition to
histopathology in the liver, there was multi-focal tubular necrosis in the kidney cortex, indicating DENA nephrotoxicity.

Discussion

Conventional domestic swine has been used in this study due to the unavailability of miniature pigs. A miniature pig is
a preferred animal model for medical studies owing to its cost-effectiveness, ethical factors, and biological characteristics
that resemble the human anatomy, physiology, pathophysiology, and disease course.'* However, miniature pigs are not
readily available in Indonesia. Hence, full-sized farm-breed domestic swine were used to conduct the present study. In
1977, Graw et al investigated the use of swine models to induce HCC with DENA for the first time, using Gottingen
miniature pigs.'> Subsequently, research studies continued to explore methods that could be utilized to enhance the
carcinogenic effect. Li et al, using China Taihu pigs, was the first to introduce the intraperitoneal administration of
DENA for the induction of HCC, resulting in a faster response than oral administration.'® This method was also
conducted in other studies using Yucatan miniature pigs, with the addition of PB as an accelerator of
carcinogenesis.”!” DENA is an established hepatocarcinogen naturally present in a variety of foods. It induces
hepatocarcinogenesis by forming alkyl DNA adducts, DNA structure alteration, chromosomal aberrations, micronuclei
induction, and oxidative stress.'"® DENA can be administered via several routes, namely peritoneal injection, oral gavage,
or gaseous inhalation.

A previous study with DENA-treated conventional domestic swine produced only mesenchymal tumors (hepatic
angiosarcoma and leiomyoma) with no progression to HCC; the study used repeated DENA treatments without PB."® To
the best of our knowledge, this is the first study using full-sized farm breed (conventional) domestic swine to induce
HCC by administering DENA and PB. The successful induction of HCC in our study may be a milestone for other
investigators aiming to develop large-animal models for medical research using widely available domestic swine.
Compared with the induction of HCC in the miniature pig study conducted by Ho et al, the present study yielded
similar results regarding detecting suspected tumor nodules by imaging (ie, at 5-11 months vs 5-17 months, respec-
tively). Nevertheless, the present analysis revealed a slightly longer latency period for the pathologic results (ie, initiated
at 10-18 months vs 15-22 months, respectively).® The first pig (subject #2) expired nine months post-induction;
however, based on the pathological examination, the suspected nodule was not HCC. Hence, a longer latency period
may be required for detecting HCC. In our investigation, the latency period was initiated at 15 months post-induction.
The longer latency period observed in our study might be attributed to the larger species than miniature pigs. Despite
using younger animals at the time of induction (age: 2 months) and the addition of PB, the tumor latency period was not
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Table 3 Radiologic, Macroscopic, and Histopathological Findings of the Subjects

Subject Sex Imaging Findings Macroscopic Findings Histopathology
Ultrasonography (Duration Post-Induction) CT scan
Ist 2nd 3rd 4th (17 Months)
(5 Months) | (7 Months) | (12 Months)
#l Male No abnormalities found Suspected tumor Single solid hypodense nodule: 2.6 cm Nodule approximately 2.5 cm HCC
nodule: 2.8 cm with liquefactive necrosis; and up
to 7 tumor nodules: <0.3-0.5 cm
#2 Male Suspected Suspected tumor nodule: Expired N/A Normal liver, no tumor nodules Dysplastic
tumor 6.5 cm (at 9 month post-induction) nodules
nodule: Fibrosis
2.7 cm
#3 Female No abnormalities found Suspected tumor Two hypodense nodules: 2.9 and 2.2 cm Multiple tumor nodules; largest HCC, HA
nodule: 1.8 cm diameter: 6 cm; enlarged lymph Cirrhosis
nodes
#4 Male No abnormalities found Two suspected tumor N/A (subject weight: >225 kg, not suitable | Multiple tumor nodules (up to HCC, HA
nodules: 2.4 and 1.9 cm | for CT scan couch) 34); largest diameter: 4.5 cm; Cirrhosis
enlarged lymph nodes
#5 Male 3 tumor Suspected Suspected Expired N/A Multiple tumor nodules (up to HCC, HA
nodules: tumor tumor 80); largest diameter: 7 cm Cirrhosis
1.6-2 cm nodule: 5 cm nodule:
1.6 cm
#6 Male No abnormalities found Suspected tumor Multiple solid hypodense nodules (up to Multiple tumor nodules (up to HCC, HA
nodule: 3 cm I'1); largest diameter: 5.1 cm; observed 100); largest diameter: 12 cm; Cirrhosis
widely in homogenous liver parenchyma enlarged lymph nodes
#7 Male No abnormalities found Not detected; difficult to | Mesenteric cyst lesion: 7 small tumor nodules: i0.3 mm HCC
observe, liver 6.2x4.9 cm in liver; enlarged lymph nodes Cirrhosis
excessively deep for
observation
#8 Female No abnormalities found Suspected tumor Single solid hypodense nodule: 2.5 cm Multiple tumor nodules (up to HCC, HA
nodule: 2.8 cm 28); largest diameter: 3 cm Cirrhosis
#9 Female | Single tumor No Suspected Expired Multiple solid tumor hypodense nodules Multiple tumor nodules (up to HCC, HA
nodule: abnormalities tumor (up to 10): 1.5-6.2 cm; single cyst lesion: | 40); largest diameter: 5.5 cm; Cirrhosis
1.2 cm found nodule: 1.8 cm enlarged lymph nodes
5.6 cm
#10 Male No abnormalities found N/A Normal liver Normal liver

Notes: Data from CT scans and macroscopic findings were collected within 622 and 15-22 months after induction, respectively. Subject 2#: expired at week 56 (ie, 9 months post-induction) due to reasons not related to liver cancer
(necropsy); Subject 5#: sacrificed at week 79; Subject #9: sacrificed at week 83; Subject #7: sacrificed at week 89; Subject #8: sacrificed at week 91; Subject #6: sacrificed at week 93; Subject #3: sacrificed at week 107; Subject #3:
sacrificed at week |108; Subjects #1, #4, and #10: sacrificed at week 110.
Abbreviations: CT, computed tomography; DENA, N-diethylnitrosamine; HCC, hepatocellular carcinoma; HA, hepatic angiosarcoma; N/A, not applicable; PB, phenobarbital.
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Figure 3 These figures depict the correlation between (a) Ultrasonography, (b) Computed tomography (CT) scan, and (c) Macroscopic findings. Green arrows indicate
a solitary tumor found in subject #9 of DENA-treated swine using ultrasonography, CT scan, and macroscopic examination, respectively.
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Figure 4 Histopathological and immunohistochemical assessments of tumors in DENA-treated animals. Hematoxylin-and-eosin (HE) evaluation in (a) showing trabecular
pattern of HCC composed of variably thick trabeculae formed by neoplastic hepatocytes separated by vascular channels of various widths. Some trabeculae in this case are
two cells thick and in other regions the hepatocytes pile together to form variably thick trabeculae (arrows). There are small foci of reticulin loss (arrows) among hepatocyte
plates (b) in reticulin staining slide. Masson-Trichrome staining (c) revealed thick collagenous fibrous bundles (asterisks) surrounding the cirrhotic nodules in DENA-treated
liver. Immunostaining of Hep Par-1 (d) intensely positive in trabeculae of tumor cells (arrows). A Ki-67 immunostaining (€) shows an increased proliferative rate in the liver
of DENA-treated swine (arrow). A HE section of hepatic angiosarcoma (f) shows a densely cellular neoplasm made up of spindle cells that form different diameters of blood
vessels. Bar = 50 pm.

shortened in our study compared with the other research. The involvement of young animals was necessary to produce
a swine model for radiotherapy that avoids the rapid increment in body weight, which could potentially exceed the
weight limit of the weighing machine (ie, 200 kg).

The results of this study demonstrated an increment in the weight of domestic swine, thereby depicting their rapid
growth following induction and during the carcinogenesis phase. These data were minimal. Therefore, this evidence
could be helpful as a reference or example for future studies since the weight of swine might exceed the maximum
weight limit of specific weighing machines. Moreover, higher body weights complicate the handling and transportation
of animals. Based on the findings of our study, the tumors appeared after the animals reached a weight ranging from 160
to 228 kg. A comparison of all animal studies performed thus far using pigs for the induction of liver tumors is shown in
Table 4.

Laboratory monitoring indicated that the parameters of routine blood tests and liver function tests did not change
significantly from baseline. Serum AFP is a biomarker commonly used to diagnose HCC and monitor treatment response.
Elevating serum AFP levels (ie, >400 ng/mL) highly suggest HCC.?® In our study, the levels of AFP did not exceed the
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Table 4 Comparison of Other Studies Involving Swine Models of DENA-Induced HCC

Author, Year | Species N | Sex Chemical Substances, Doses Route of Age at Imaging | Lesion Latency | Tumor Latency Liver
Administration | Treatment by Imaging (By Pathology) Pathology
(Months) (Months) Findings
Graw, 1977'° Gottingen | 6 Unknown | DENA 0.4 mg/kg Per os 6 None None 3-5 years, HCC, Cirrhosis,
minipig HA, sarcoma fibrosis,
necrosis
Li, 2006'¢ China 6 | 4 males, DENA 10 mg/kg i.p. 3 CT, MRI 10-12 10—12 months, Normal
Taihu 2 females HCC
Mitchell, Yucatan 8 Female DENA 15 mg/kg i.p. 3 CT 9-15 1627 months, Cirrhosis,
2016'7 minipig HCC, HA, sarcoma | fibrosis
Ho, 2017¢ Yucatan Il | Female DENA 15 mg/kg + PB 3-5 mg/kg DENA: i.p.; PB: 6 MRT 5-11 10-18 months, Normal
minipig per os HCC, HA, FNH,
fibrotic lesions
Kessler, 2019'? | Domestic 6 3 males, DENA 15 or 30 or 50 mg/kg weekly i.p - CT Not specifically 284-365 days (~9— Hepatic
swine 3 females | or every 2 weeks, or 200 mg/kg single reported 12 months) angiosarcoma
dose
Present study Domestic 10 | 7 males, DENA 15 mg/kg + PB 3-5 mg/kg DENA: i.p.; PB: 2 USG, CT | 5-17 15-22 months, Cirrhosis,
swine 3 females per os HCC, HA Fibrosis

Abbreviations: CT, computed tomography; DENA, N-diethylnitrosamine; FNH, focal nodular hyperplasia; HA, hepatocellular adenoma; HCC, hepatocellular carcinoma; HA, hepatic angiosarcoma; i.p., intraperitoneal; MRI, magnetic
resonance imaging; MRT, magnetic resonance tomography; N/A, not applicable; PB, phenobarbital; USG, ultrasonography.
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threshold for HCC at any point. Importantly, even when the necropsy results revealed the presence of multiple tumor
nodules in all lobes, the blood parameters of liver function remained within the standard limit. A possible explanation for
this finding may be the presence of sufficient remnant healthy tissues in the liver to perform its function. It has been
reported in humans that as low as 20-30% of the total liver volume is sufficient to maintain liver function.?'

The creatinine and urea levels were higher at the last laboratory examination than at the baseline. The mean creatinine
levels were also higher in the intervention animals compared with the control animals (intervention animals: 9.1 mg/dL at
18 months vs 1.2 mg/dL at baseline; control animals: 0.91 mg/dL at 18 months vs 0.59 mg/dL at baseline). These
findings are statistically and clinically significant since creatinine and urea levels could explain renal damage in this
study. Additionally, multiple tubular necrosis in the histopathology of the kidney supports DENA nephrotoxicity.
Elguindy et al** and Vargas-Olvera et al*® reported that the administration of DENA significantly altered kidney function
in mice by elevating serum urea and creatinine levels, indicative of renal damage.””** DENA administration induces
oxidative stress and reactive oxygen species attack on mesangial and endothelial cells, thereby altering the structure and
function of the glomerulus and further inducing kidney cell injury.*?

Owing to its ease of operation, real-time results, non-invasiveness, and portability, USG is the most commonly used
liver imaging method in clinical practice. In this study, USG imaging was completed every 2—5 months. However, the
USG examination is an operator-dependent procedure; hence, experts should perform it. The thickness of swine skin and
fat layers poses another challenge to the use of USG. Domestic swine exhibited a rapid increment in body weight,
reaching a peak of 160-225 kg. This increase impaired our ability to observe some parts of the liver entirely in depth.
Moreover, considering the limitation of our USG device and its probe, detecting nodules in the liver became difficult.
This might explain some inconsistencies in the recorded size of nodules. However, it is possible to conduct biopsies
through USG guidance.

Dynamic contrast-enhanced CT scans and multimodal magnetic resonance imaging (MRI) scans are the preferred
imaging methods for diagnosing HCC.>* This study showed that CT is more effective than USG in detecting tumor
nodules. CT scans could detect more tumor nodules than USG (eg, 11 vs one nodule in subject #6) and could detect
limited to three nodules (subject #5). Nonetheless, a phenomenon termed “iceberg” occurred, in which the reported
number of tumor nodules detected through imaging is markedly lower than that discovered during the necropsy. In one
subject, >30 or even 100 small tumor nodules were detected (average diameter: 0.3—2 cm). This finding may be due to
the limitation of CT to detect such small lesions. MRI detects smaller liver tumors (diameter: <2.0 cm) more effectively
than CT imaging.”**> Furthermore, detecting liver tumors with a size <1 cm involves using the hepatocyte-specific MRI
contrast agent gadoxetic acid disodium.?*?’

In the present study, administering DENA through intraperitoneal injection led to the development of multiple
nodules in all swine’s livers. Further pathological examination revealed the presence of two different malignancies,
namely HCC and hepatic angiosarcoma. Various tumor entities following DENA-induced carcinogenesis have also been
found in other studies, such as those conducted by Graw et al, Mitchell et al, and Ho et al.>">17 In those studies,
the second tumor entity was typically sarcoma.

The current study’s tumor histopathology, notably the trabecular type of HCC and hepatic angiosarcoma, is consistent
with prior findings in DENA-treated swine.'” All of the HCCs detected in the current investigation were well
differentiated rather than poorly differentiated, implying that dysplastic alterations progressed throughout time rather
than becoming de novo carcinoma.®*® The high levels of immunopositivity for Hep Par-1, which reveals both normal
and malignant hepatocytes, and Ki-67, which demonstrates cell proliferation, are consistent with earlier research on HCC
in DENA-treated swine.'® Our findings did not indicate immunopositivity to Glypican-3 or AFP, which is consistent with
earlier findings of well-differentiated HCC in many cases.®**?° AFP and glypican-3 levels may not consistently indicate
positivity during the initial phases of well-differentiated and chemically induced hepatocellular carcinoma (HCC). This is
due to the limited sensitivity and specificity of AFP and glypican-3 in detecting early-stage HCC.?%%°

Our observation demonstrated the eventual appearance of tumor nodules as time progressed. At the initial USG
screening (ie, at five months post-induction), suspicious nodules were detected in only three subjects. However, during
the last USG screening performed 17 months after induction, the remaining intervention subjects without previously
visible tumors had eventually developed nodules. In total, eight of nine subjects that received DENA developed tumor
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nodules, which were confirmed pathologically. Only one subject expired at week 56 (ie, nine months post-induction),
thereby not allowing the exhibit of the final carcinogenesis result at the end of the investigation. The first confirmed case
of HCC in this study was found after 15 months.

Limitations of the Study

In our animal model, the actual timing of HCC development is not precisely known. This limitation is due to the lack of
imaging equipment for screening and diagnosing tumor nodules in the liver. Our facility does not have any CT or MRI
equipment. Consequently, the screening for liver nodules was performed using a USG device, which is characterized by
several limitations compared with CT or MRI. Thus, more frequent screening and better imaging modalities (eg, MRI)
are warranted to more accurately determine the actual timing of HCC development in future studies. Due to the small
number of subjects included in this study, the power of the statistical analysis is limited.

Conclusion

In this investigation, we successfully produced a swine model with HCC induced by the genotoxic agent DENA. The
administration of DENA and PB in pigs was effective, though a long time was required to develop HCC in domestic pigs
versus minipigs (ie, 15-22 months). The use of younger swine did not shorten the latency period previously reported in
similar studies. The choice of imaging modality may affect the prompt diagnosis of HCC. The discrepancy in the
detection of tumor nodules between USG, CT, or macroscopic findings was associated with the size of the tumors and the
sensitivity and specificity of the modality used. Moreover, the present approach can induce more than one type of cancer;
in this study, the detected malignancies were HCC and hepatic angiosarcoma. This study demonstrates that the liver in
swine treated with DENA exhibits gross characteristics, histopathology, and immunohistochemistry results that closely
resemble those of early, well-differentiated hepatocellular carcinoma (HCC) in humans.
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