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Abstract

Objective—The purpose of this study was to reduce time to tumor onset in a diethylnitrosamine 

(DEN)-induced hepatocellular carcinoma (HCC) swine model via partial liver embolization (PLE) 

and to characterize the model for use in translational research.

Methods—Eight Yucatan miniature pigs were injected intraperitoneally with either saline (n=2) 

or DEN (n=6) solution weekly for 12 weeks. Three of the DEN-treated pigs underwent PLE. 

Animals underwent periodic radiological evaluation, liver biopsy, and blood sampling, and full 

necropsy was performed at study termination (~29 months).

Results—All DEN-treated pigs developed hepatic adenoma and HCC. PLE accelerated the time 

to adenoma development but not to HCC development. Biomarker analysis results showed that 

IGF1 levels decreased in all DEN-treated pigs, as functional liver capacity decreased with 

progression of HCC. VEGF and IL-6 levels were positively correlated with disease progression. 

Immunohistochemical probing of HCC tissues demonstrated the expression of several important 

survival-promoting proteins.
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Conclusion—To our knowledge, we are the first to demonstrate accelerated development of 

hepatic neoplasia in Yucatan miniature pigs. Our HCC swine model closely mimics the human 

condition (i.e., progressive disease stages and expression of relevant molecular markers) and is a 

viable translational model.
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Introduction

The diagnosis of hepatocellular carcinoma (HCC) in humans is challenging because most 

cases of HCC occur in patients with underlying chronic liver disease, with varying degrees 

and combinations of fatty changes, fibrosis, and cirrhosis [1]. Distinguishing between 

nonneoplastic chronic liver disease and HCC is sometimes difficult because histopathologic 

confirmation of HCC by liver biopsy is the only definitive method of diagnosis. Relevant 

animal models are needed to develop tests that allow early diagnosis of hepatic neoplasia 

and more precise discrimination between nonneoplastic chronic liver disease and HCC.

Much progress has been made on the identification of early genetic alterations, important 

cellular pathways, and molecular changes leading to HCC in rodent models, the most 

common HCC animal model [2]. However, owing to rodents’ small size, researchers are 

unable to obtain multiple serial samples (i.e., blood or tissue) throughout disease progression 

from chronic liver disease to HCC. Considerable differences in anatomy, physiology, and 

mechanisms of carcinogenesis limit the usefulness of rodent models for translational studies 

in HCC. Well-characterized large animal models that have anatomical and radiological 

clinical relevance to humans are needed [3].

Owing to the comparable size and function of pig and human livers, swine models play a 

significant role in hepatology research ranging from physiology to transplantation studies 

[4]. Additionally, the longer life span of pigs compared with rodents supports long-term 

research. Recent developments such as the sequencing and manipulation of the pig genome, 

the development of transgenic pigs, and the development of induced pluripotent swine stem 

cells have made the swine model an even more powerful translational research tool in 

hepatology [5–9].

A well-characterized HCC swine model that can be reliably reproduced is needed to support 

the clinical translation of preventive, diagnostic, and therapeutic discoveries in HCC. 

Chemical induction of hepatic cancer by diethylnitrosamine (DEN) has been demonstrated 

in various species, including pigs [10]. However, the usefulness of this model in pigs has 

been limited by the length of time needed to create the model and the lack of data on its 

biological characteristics. The purpose of this study was to reduce time to tumor onset in a 

DEN-induced HCC model in Yucatan miniature pigs via partial liver embolization (PLE) 

and to characterize this model for use in translational research. We also investigated the 

expression in this model of survival-promoting proteins (GH, IGF1, JAK2, STAT3, and 

STAT5) and biomarkers (VEGF, IL-6, and AFP) that are useful for human HCC diagnosis.
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Materials and Methods

Animals

All procedures performed on animals were approved by the Institutional Animal Care and 

Use Committee at The University of Texas MD Anderson Cancer Center and were 

conducted according to the guidelines set forth in the Guide for the Care and Use of 
Laboratory Animals [11]. Eight female specific-pathogen-free Yucatan miniature pigs (Sus 
scrofa; 5–9 weeks old) were purchased from a commercial vendor of laboratory swine 

(Lonestar Swine/Exemplar Genetics, Sioux Center, IA). Pigs were housed in indoor runs and 

were exposed to an electronically controlled 12:12 light-dark cycle. The pigs were initially 

maintained at 78°F±2°F until 16 weeks of age and then were maintained at 72°F±2°F for the 

remainder of the study. The animals were fed a commercial laboratory diet (Purina LabDiet, 

St. Louis, MO) and were provided water ad libitum. Upon initiation of the study, the pigs 

were separated into three groups: Control (n=2), DEN alone (n=3), and DEN+PLE (n=3). A 

veterinarian clinically observed all pigs daily. Body weight was recorded at least once per 

month.

DEN administration

DEN (0.95 g/mL; Sigma-Aldrich, St. Louis, MO) was stored in a light-protected container at 

4°C. On the day of administration, the stock solution was diluted in sterile 0.9% sodium 

chloride solution to yield a final concentration of 50 mg/mL and was injected within 12 h. 

Remaining diluted solution was discarded.

For each treatment, pigs were anesthetized, weighed, and placed in a dorsal recumbent 

position. Pigs in the control group received intraperitoneal injections of 0.9% saline solution 

weekly for 12 weeks. Pigs in the DEN alone group received 12 weekly doses of 

intraperitoneal DEN (10 mg/kg). Pigs in the DEN+PLE group received 2–4 doses of DEN 

weekly (10 mg/kg) before PLE and then received a single reduced dose (5 mg/kg) 3–5 days 

after PLE. Subsequent weekly doses of DEN (10 mg/kg) were given for a total of 12 doses. 

For both groups, the total cumulative dose of DEN was approximately 2500 mg/pig.

Anesthesia

For all procedures, pigs were anesthetized via intramuscular injection with either tiletamine-

zolazepam (6 mg/kg; Zoetis, Florham Park, NJ) in a mixture of ketamine hydrochloride (15 

mg/kg) and acepromazine maleate (0.15 mg/kg). At the time of anesthesia, atropine sulfate 

(0.04 mg/kg) was also intramuscularly injected. For imaging, surgical procedures, and 

biopsy, pigs were maintained on isoflurane (1.5%–2.0%) and oxygen (0.8–1.5 L/min). A 22-

gauge intravenous catheter was placed in an auricular vein for injection of the contrast 

material.

Partial liver embolization

The portal vein blood supply to approximately 70% of the liver was occluded using a 

transhepatic technique for portal vein embolization, as described previously [12]. Briefly, a 

scout abdominal radiograph was obtained before catheterization. Using sonographic 

guidance, a 22-gauge Chiba needle (Neff Percutaneous Access Set; Cook Medical, Inc., 
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Bloomington, IN) was inserted percutaneously and advanced through the liver into a branch 

of the right portal vein. Under fluoroscopic guidance, a 0.018-inch guidewire was advanced 

into the main portal vein, and the needle was removed. A 5-F flush catheter was then 

advanced over the wire into the main portal vein. Portography was performed to delineate 

portal venous anatomy. The flush catheter was then exchanged for a 5-F angled Kumpe 

access catheter (Cook Medical, Inc., Bloomington, IN). Under fluoroscopic monitoring, 

embolic particles (355–500 µm; Boston Scientific, Marlborough, MA) suspended in diluted 

contrast medium (20 mL; 50% contrast and 50% saline solution) were injected into the 

portal vein branches supplying the left lateral lobe and left medial lobe until near stasis of 

flow was achieved. Following particulate embolization, metallic vascular occluding coils 

ranging from 5 mm to 12 mm were deployed within proximal secondary portal vein 

branches. Portography via the main portal vein was repeated to verify technical success. 

After completion of the PLE, coils were placed within the tract to prevent hemorrhage.

Computed tomography

Serial computed tomography (CT) images were obtained every 30–60 days beginning at 

baseline (i.e., before the first DEN or saline solution administration). Plain and contrast-

enhanced whole-body CT imaging was performed on a multi-detector 4-slice helical scanner 

(LightSpeed Plus; General Electric Medical Systems, Milwaukee, WI) using 3.57-mm slices. 

For contrast studies, a total of 25 mL of angiographic contrast (Conray 60; Mallinckrodt, 

Inc., St. Louis, MO) was injected at a rate of 2.5 mL/s through the auricular vein catheter. 

After a 12-s delay, arterial and venous CT images of the liver were acquired, followed by a 

total body scan. Images were reconstructed at 2.5-mm slice thickness in the axial plane 

using a standard soft tissue algorithm. CT images were evaluated for development and 

progression of cirrhosis and early-stage and late-stage tumors in the liver.

Liver biopsies

All pigs underwent a series of image-guided liver biopsies beginning 1 month after the first 

treatment. Biopsies were obtained at 1-month intervals for the first 6 months and then at 2-

month intervals until the end of the study. For most pigs, a total of 20–24 biopsies were 

obtained. Most of the pigs that received DEN had received 5 doses at the time of the first 

liver biopsy. Biopsy sites were selected on the basis of the CT scan, which was performed 

just before the biopsy. A 16–18-gauge core biopsy needle was placed percutaneously into 

the hepatic parenchyma using either CT or ultrasonography guidance. Biopsy samples were 

fixed in 10% formalin or snap frozen in liquid nitrogen and stored at −80°C. Biopsy samples 

representing early, middle, and late-stage time points of the experiment were evaluated 

histologically.

Blood samples

Blood was collected from the pigs on a monthly basis for complete blood count and serum 

chemistry, usually in conjunction with imaging or biopsy procedures. Venous blood (5–10 

mL) was obtained from a peripheral vein. Samples were analyzed using the Roche Cobas 

Integra 400+ Chemistry analyzer (Basel, Switzerland) and the ADVIA 120 analyzer 

(Siemens Healthcare, Malvern, PA). Residual serum was aliquoted and frozen at −80°C for 

biomarker analysis.
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Enzyme-linked immunosorbent assay

Commercially available enzyme-linked immunosorbent assay kits were purchased from 

Biomatik Corporation (Cambridge, ON, Canada). The kits were used to measure the levels 

of GH (EKU04610), IGF1 (EKU04969), IGF2 (EKU04978), AFP (EKU02293), VEGFA 

(EKU08092), and IL-6 (EKU05362) in fresh frozen serum samples collected from the pigs. 

The samples were diluted in phosphate-buffered saline solution to 0.01 mol/L (pH, 7.2) if 

required (1:3 for GH, 1:200 for IGF1, and 1:50 for IGF2). Optical density was measured 

using a microplate enzyme-linked immunosorbent assay reader with a 450-nm filter.

Necropsy

Approximately 29 months after initiation of the study, two of the pigs in the DEN+PLE 

group died owing to complications unrelated to the study. The study was terminated at that 

time, and the remaining animals were euthanized by an intravenous overdose of a 

commercial euthanasia solution (Beuthanasia-D special, Merck Animal Health, Summit, 

NJ). All animals underwent necropsy, major organ systems were visually examined, and 

lesions were noted. Samples from each liver lobe were collected and fixed in 10% formalin.

Histopathology

Liver biopsies and post-mortem liver tissues were stained with hematoxylin and eosin. 

Specimens with pathologic lesions were stained with reticulin and trichrome for further 

analysis. All tissues were evaluated by board-certified pathologists (CVP, AR, and HMA).

Immunohistochemistry

Biopsied liver samples obtained between 1 month and 6 months after the first treatment were 

immunostained with Ki67 antibody to evaluate the proliferative index of hepatocytes. Total 

hepatocyte nuclei and Ki67-positive hepatocyte nuclei in six random high-power fields from 

each biopsied sample were counted automatically using a macro program (Image-Pro, 

Meyer Instruments, Inc., Houston, TX). Once the program tabulated the total and Ki67-

positive hepatocyte nuclei, the operator viewed each field to determine whether the counted 

cells were hepatocyte nuclei and corrected the counts if needed. The proliferative index for 

hepatocytes was calculated as the number of Ki67-positive nuclei per 1000 nuclei.

The following antibodies were purchased: GHR (ab11380), STAT5 (A+B; ab194898), 

pSTAT5 (Tyr694; ab32364), and pIGF1R (Tyr1161; ab39398; Abcam, Cambridge, MA); 

IGF1Rβ (sc-713), STAT3 (sc-8019), and pJAK2 (Tyr1007/Tyr1008; sc-21870; Santa Cruz 

Biotechnology, Dallas, TX); and JAK2 (3230) and pSTAT3 (Tyr705; 4113; Cell Signaling 

Technology, Danvers, MA). Immunohistochemical staining was performed on formalin-

fixed and paraffin-embedded tissue sections from the swine livers using a standard approach 

as previously described [13]. Initial deparaffinization was performed using an alcohol 

gradient. After washing the samples in phosphate-buffered saline solution (0.5% Tween), 

antigen retrieval was performed for 20 min in a steamer using Target Retrieval Solution 

(Dako, Carpinteria, CA), and then the samples were allowed to cool to room temperature for 

20 min. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide, and the 

sections were then blocked in serum-free blocking solution (Universal LSAB+ kit, Dako) for 

30 min for GHR and STAT3 antibodies and for 2 h for IGF1Rβ antibody. The primary 
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antibodies were diluted in blocking buffer (GHR, 1:100; IGF1Rβ, 1:150; JAK2, 1:400; 

STAT3, 1:50; STAT5, 1:2000; pJAK2, 1:100; pSTAT3, 1:25; and pSTAT5, 1:75) and were 

applied to the slides, which were then incubated overnight at 4°C. Slides were then treated 

for 30 min with secondary antibody LINK (Dako) and then were developed with 3,3′-

diaminobenzidine tetrahydrochloride substrate with horseradish peroxidase. Counterstaining 

was performed using hematoxylin. Photomicrographs were captured using a Nikon 

Microphot FXA microscope (Nikon Instruments, Melville, NY), an Olympus DP70 camera 

(Olympus America, Center Valley, PA), and QCapture Suite PLUS software (QImaging, 

Surrey, BC, Canada).

Statistical analysis

All statistical analyses were performed using SAS software (SAS Institute, Inc., Cary, NC) 

and S-Plus software (TIBCO Software, Inc., Palo Alto, CA). The Kaplan-Meier method and 

log-rank test were used to evaluate the time to neoplasia occurrence among the two 

treatment groups (DEN alone or DEN+PLE). Spearman correlation coefficients were 

calculated to estimate associations among the serum biochemical markers. Linear mixed 

models with group, time, and the interaction of group and time as fixed effects were fitted to 

evaluate changes of marker expression over time in each treatment group. To account for 

correlation among markers from the same pig measured over time, the experimental pigs 

were included as a random effect in the linear mixed models. Log-transformed marker 

values were used for model fitting. P values less than 0.05 were considered statistically 

significant.

Results

Physical appearance and body condition

All pigs exhibited normal appearance, appetite, and body condition throughout the study. 

The average final body weight was 58 kg in the control group, 64 kg in the DEN alone 

group, and 62 kg in the DEN+PLE group, all of which were consistent with normal, mature 

body weight in this species [14]. None of the pigs exhibited clinical signs of hepatic 

dysfunction during the study.

Imaging

Serial multiphase CT scans of the abdomen were obtained from each animal. In control 

animals, no abnormalities were identified in the liver during the study. Homogeneous 

parenchymal enhancement was observed in arterial and portal venous phases, and all major 

vessels were readily apparent. The liver extended laterally to the left abdominal wall in every 

animal, and in most cases the spleen extended to the right abdominal wall.

In the DEN-treated groups, perfusion abnormalities were observed with gradual growth of 

lesions over several months. The parenchymal enhancement patterns changed considerably 

during the study; within 12–14 months, we observed heterogeneous and irregular patterns, 

which became more pronounced over time.
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In the DEN+PLE group, mixed results were observed regarding degree of atrophy of the 

embolized portion of the liver and hypertrophy of the remnant liver. The changes occurred 

within several weeks after embolization and remained stable thereafter. In one animal, the 

atrophy/hypertrophy changes resulted in a persistent medial shift of the gallbladder, as 

demonstrated in figure 1. The portal vein in the animals that received PLE did not enhance 

well and, in some cases, was not easily identified even in the nonembolized region. With 

respect to lesion distribution, numerous enhancing lesions were identified in all liver lobes in 

all DEN-treated animals regardless of whether the portal vein was embolized. It was not 

possible to distinguish between nodules with different degrees of dysplasia. Adenomas and 

carcinomas had a similar appearance on the imaging findings.

Complete blood counts and serum chemistry

There were no significant differences in complete blood count and serum chemistry between 

the control and DEN-treated groups or between the two DEN-treated groups (data not 

shown).

Gross pathology

At necropsy, the pigs were in a good nutritional state with moderate amounts of 

subcutaneous and intra-abdominal fat deposits. The livers of the control pigs were of normal 

size, weight, and appearance on both the capsular and cut surfaces. The livers of DEN-

treated pigs had similar gross appearance with a pale, irregular gray color and an indurated 

and pitted capsular surface (fig. 2). DEN-treated pigs had smaller livers than the control 

pigs. In the DEN+PLE pigs, the left lobes were markedly larger than the embolized right 

lobes. On the cut surfaces, livers of the DEN-treated pigs contained multiple nodules of 

varying size and shape that were separated by thick cords of fibrous tissue. The gallbladders 

appeared normal.

Histopathology

Histopathologic changes in the liver tissue were observed starting 5 weeks after initiating 

DEN injections. These changes consisted of mild, mixed inflammatory cell infiltrates (i.e., 

neutrophils and mononuclear cells) and increased eosinophilic granularity of hepatocellular 

cytoplasm typically observed after xenobiotic administration that results in enzyme 

induction. Foci of altered hepatocytes (clear, eosinophilic, or mixed) were observed in both 

DEN-treated groups as early as 9 months after study initiation and were observed in all post-

mortem liver tissue from the DEN-treated pigs. These foci were presumptive preneoplastic 

lesions that varied from barely perceptible to cytomorphologically and tinctorially discrete 

lesions. Foci typically blended imperceptibly with and did not compress surrounding hepatic 

parenchyma, though minimal compression occasionally occurred. Foci were classified on 

the basis of hematoxylin and eosin tinctorial properties and cytoplasmic features [15]. One 

pig from the control group had foci of cellular alteration (clear or mixed) in post-mortem 

tissue, but not in the biopsied samples. Neoplastic lesions were observed in all DEN-treated 

pigs at several time points throughout the study, but no neoplastic lesions were observed in 

either of the control animals during the study.
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Hepatocellular adenomas (singular and multiple) occurred in all six DEN-treated pigs. The 

adenomas were composed of well-demarcated nodules of normal-appearing hepatocytes that 

varied in size and tinctorial characteristics. These nodules lacked normal lobular 

architecture: central veins and portal tracts were not readily apparent. In some adenomas, 

cellular atypia, basophilia, and vacuolization of the cytoplasm were observed. A carcinoma 

arising within an adenoma was observed in one of the pigs treated with DEN alone.

Hepatocellular carcinomas (singular and multiple) were observed in all six DEN-treated 

pigs. Carcinomas consisted of neoplastic hepatocytes that approximated the appearance of 

normal hepatocytes but varied in size and tinctorial appearance (fig. 3). The growth pattern 

was mostly trabecular, with thickened hepatic cords (2–3 cells thick). Frequently, the pattern 

was trabecular/glandular and trabecular/compact.

Sarcomas were observed in two of the DEN+PLE pigs. These were diffuse infiltrations of 

histiocytic appearing cells (data not shown). Immunophenotyping of the sarcoma lesions 

was not performed; therefore, the lesions were classified as sarcoma, not otherwise 

specified.

The DEN+PLE pigs showed a robust regenerative response that was confirmed by an 

increase in Ki67-positive hepatocytes (data not shown). The hepatocellular proliferation 

index indicated an increase in cellular proliferation starting at approximately 1 month from 

initiation of DEN administration in the treated groups. The proliferation index was greatest 

in the DEN+PLE group, followed by the DEN group and was least in the control group. At 

10 months, the proliferation index level was lower than the initial values observed in the first 

3 months after DEN administration, but both DEN-treated groups maintained a slightly 

higher proliferation index over the 10–11 months it was measured than that of the control 

group at 9 months.

Tumor latency

Neither of the two control pigs developed hepatic neoplasia. All DEN-treated pigs showed 

progressive hepatitis, bile duct hyperplasia, hepatic lipidosis (steatosis), fibrosis 

(predominantly in the peribiliary region), and cirrhosis that progressed throughout the course 

of the study. Starting at approximately 9 months after the first DEN injection, two of the 

three pigs in the DEN+PLE group developed putative preneoplastic lesions (i.e., foci of 

hepatocellular alteration [clear or eosinophilic]). By month 15, all DEN-treated pigs 

developed foci of altered hepatocytes (clear, eosinophilic, or mixed; data not shown). The 

first incidence of hepatocellular neoplasia (i.e., hepatocellular adenoma) was confirmed at 

15 months in the DEN+PLE group via CT-guided biopsy. HCC was first confirmed in the 

same animal at 18 months. At the end of the study (29 months), hepatocellular adenomas 

and HCC were both observed in all six DEN-treated pigs.

The mean time to hepatic neoplasia was 15.97 months in the DEN+PLE group compared 

with 27.65 months in the group treated with DEN alone (fig. 4). Kaplan-Meier estimate and 

log-rank test results indicated that pigs treated with DEN+PLE developed hepatic neoplasia 

more quickly than pigs treated with DEN alone (p=0.0246; fig. 4).
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Biomarkers

Serum samples from four time points (baseline, 6 months, 15 months, and 25 months) were 

chosen for analysis. Values for each biomarker (AFP, GH, IGF1, IGF2, VEGF, and IL-6) 

were evaluated to determine expression under different treatment conditions over time and to 

determine whether there was any association among biomarkers.

IGF1 levels in the control group remained stable and did not change significantly during the 

study. Compared with baseline levels, the IGF1 levels in both DEN-treated groups gradually 

decreased during the study. IGF1 levels in both DEN-treated groups were significantly lower 

than in the control group (p<0.05; fig. 4). VEGF levels increased from baseline in both 

DEN-treated groups compared with the control group (DEN alone, p<0.0279; DEN+PLE, 

p<0.0057; VEGF levels not shown).No significant changes in the other biomarkers were 

observed among the three swine groups.

GH and AFP were positively correlated, with an estimated correlation coefficient of 0.425 

(p=0.017), and VEGF and IL-6 were positively correlated, with an estimated correlation 

coefficient of 0.516 (p=0.003). Table 1 shows the estimated Spearman correlation 

coefficients between biomarkers of all pigs. No other significant correlations were detected.

Immunohistochemistry

Immunohistochemical staining results showed the expression of important cell survival 

proteins that have been previously demonstrated in HCC, including GHR and tyrosine 

kinases and transcription factors JAK2, STAT3, STAT5, and IGF1R [16–23]. Additionally, 

the activated/phosphorylated forms of these kinases and transcription factors were also 

detected (fig. 3). Generally, the expression of these proteins was more pronounced in the 

HCC tissue than in the non-cancerous tissue (data not shown).

Discussion

To our knowledge, we are the first to demonstrate accelerated development of hepatic 

neoplasia in Yucatan miniature pig models and to report potential biomarkers of human 

relevance in a HCC swine model. Previously reported swine studies have been limited by the 

time to development of hepatic neoplasia [24]; therefore, we attempted to accelerate the 

development of hepatic neoplasia by administering DEN during rapid hepatic regeneration 

induced by PLE. Since a previously reported DEN-induced HCC swine model study 

generated limited radiographic and histopathologic data [25], we characterized the model 

through serial analysis of radiographic changes, serum biomarkers, and tissue expression of 

major survival-promoting proteins associated with human HCC.

Our swine model demonstrated a step-wise progression in lesions from inflammation, 

fibrosis/cirrhosis, preneoplastic lesions, hepatic adenoma, and HCC. The course of disease 

in this model reflects several aspects of HCC development in humans, thus confirming its 

utility for translational research to refine imaging techniques and investigate possible 

biomarkers that could improve the diagnosis and prognosis of HCC.
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Both DEN-treated groups developed hepatocellular neoplasia similar to those observed in 

humans [26]. Foci of altered hepatocytes (clear, eosinophilic, or mixed), which are 

considered presumptive preneoplastic lesions in human and rodent livers [26], were 

observed in both DEN-treated groups, with the earliest focus observed at 9 months. 

Therefore, it can be assumed that the foci of alteration in the DEN-treated pigs were 

presumptive preneoplastic lesions. Two foci were also observed in a control pig. However, 

foci of alteration have been reported to occur spontaneously in miniature pigs secondary to 

glycogen accumulation [27] and in control rodents in long-term studies and have not been 

associated with administration of chemicals [15]. Since most liver sections from this control 

pig had no significant lesions, these foci were considered spontaneous.

The main difference between the two DEN-treated groups was the time to onset of hepatic 

adenomas. PLE accelerated the onset of adenomas in DEN-treated animals. The PLE 

technique caused hepatic responses similar to those that occur in the rodent partial 

hepatectomy model for carcinogenesis assays [28]. Although biopsied samples taken in the 

first year of our study demonstrated an increase in hepatocellular proliferation in the two 

DEN-treated groups, the DEN+PLE group was the first group to develop preneoplastic and 

neoplastic hepatocellular lesions and had the highest increase in cell proliferation.

Notably, the time to HCC development in our study was similar to or longer than previously 

reported data [25]. While Li et al. noted the occurrence of cirrhosis in their model, they 

concluded that most radiographic lesions were HCC. In our study, many of the radiographic 

lesions were primarily areas of fibrosis and nodular hepatic regeneration, with small, 

scattered areas of HCC present within this widespread framework of hepatic response. It is 

likely that HCC was present in the pigs at earlier time points than was confirmed by biopsy 

even though biopsied areas were selected on the basis of radiographic evidence of disease. 

This result closely mimics the human condition, in which HCC is difficult to diagnose by 

ultrasonography, CT, or magnetic resonance imaging. Multiple biopsies often are required to 

confirm the presence of HCC in patients [29]; it is precisely this difficulty in diagnosing 

HCC that drives current research efforts to find new biomarkers and imaging techniques that 

can be used for early diagnosis.

Previous studies have demonstrated the expression of several important survival-promoting 

proteins in HCC. For instance, recent findings from our group suggest that the GHR/IGF1 

signaling axis plays an important role in HCC [30]. In our current study, the expression of 

GHR and IGF1R was very pronounced in the HCC tissue from DEN-treated pigs. Moreover, 

the expression of GHR/IGF1R downstream signaling molecules, including JAK2, STAT3, 

and STAT5, was also detected in HCC tissue from DEN-treated pigs, which supports 

previous studies that have proposed that these molecules play important roles in the survival 

of human HCC [16–23]. Importantly, the phosphorylated/activated forms JAK2, STAT3, 

STAT5, and IGF1R were also expressed in HCC tissues from the DEN-treated pigs.

A novel aspect of our study was the assessment of serum-based biomarkers throughout the 

progression of disease. It was previously reported that this model exhibited elevated serum 

AFP levels [25], and we obtained similar results. However, AFP levels have poor specificity 

as a marker for HCC [31]. The need to discover specific biomarkers for diagnosis, 
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prognosis, and therapy response in HCC patients has been highlighted in several recent 

studies, which have demonstrated improved prediction of overall survival and patient 

stratification by including plasma or serum biomarkers, such as VEGF, IGF1, and GH, in 

established scoring systems [32–36]. The Child-Turcotte-Pugh score is the standard 

prognostic method used to evaluate hepatic reserve and guide therapy decisions for patients 

with HCC and advanced chronic liver disease. It has been suggested that modifying the 

Child-Turcotte-Pugh score by replacing the current assessment of encephalopathy and 

severity of ascites with plasma IGF1 levels would improve the accuracy of survival 

prediction and stratification of patients in clinical trials; however, a strategy for use of IGF1 

levels in clinical practice is still lacking [37].

In humans, IGF1 is produced primarily by the liver and is an indirect measure of hepatic 

reserve [37]. While the levels of IGF1 remained stable in the control pigs, these levels 

decreased significantly in both DEN-treated groups. Most likely, these findings can be 

attributed to the fact that treatment with DEN, with or without PLE, produces substantial 

liver necrosis with progressive fibrosis and cirrhosis; thus, decreased IGF1 levels correlated 

with decreased functional capacity of the liver in the DEN-treated pigs. We expected that, as 

IGF1 levels decreased, GH levels would increase because of the negative feedback effects of 

the decreased IGF1 levels on the pituitary gland, similar to recent observations reported by 

our group [30]. Our current study, however, did not demonstrate a negative correlation 

between GH and IGF1. This finding may have resulted from various factors, including the 

small sample size, potential for diurnal variation on the basis of time of sample collection, 

and age of the pigs at the start of the study. We used pigs aged 5–9 weeks because liver 

cancer induction is more effective when hepatocytes are rapidly dividing (as occurs in 

young, growing animals) and because young laboratory pigs are more commonly available 

from vendors than mature animals. However, GH levels in young, rapidly growing animals 

are higher than in mature animals [38]; thus, failure to demonstrate a negative correlation 

between GH and IGF1 may have resulted from the age of the pigs and the time of sample 

collection.

HCC is a highly vascular tumor that frequently expresses VEGF. Because VEGF levels 

progressively increase throughout HCC development from low-grade to high-grade 

dysplasia to HCC, researchers have suggested that VEGF could be used as a biomarker in 

HCC for screening and monitoring treatment response in patients [39]. Over the course of 

our study, the VEGF serum levels in the DEN-treated pigs were higher than in the control 

group. Although the IL-6 levels did not significantly differ between the control and 

treatment groups, VEGF and IL-6 levels were positively correlated. IL-6 is an important 

contributor to the development of HCC in rodent models and is used as a biomarker to 

predict the development of HCC in patients with chronic hepatitis B infection [40, 41]. Our 

data suggest that IL-6 may also play a role in HCC development in the swine model, 

suggesting that this model is a valid translational tool that resembles HCC in humans.

Because our carcinogen-induced HCC swine model mimics many aspects of human HCC at 

both the organ and cellular level, this model could be useful for translational research. 

Future studies are needed to refine the model and increase its utility, such as shortening the 

time to tumor latency. For example, using higher doses and/or shorter dosing intervals of 
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DEN than those used in our study, either alone or in combination with PLE, could reduce 

tumor latency. To assess the GH/IGF1 axis, future studies should consider using mature pigs 

with stable levels of GH and a standard sample collection time. Future studies are needed to 

refine the swine model to induce both HCC and nonalcoholic fatty liver disease/

nonalcoholic steatohepatitis for translational studies to address the increasing number of 

patients in the US who develop HCC without viral hepatitis and/or cirrhosis. Recent studies 

have shown that existing HCC grading systems, such as the Barcelona Clinic Liver Cancer 

and the Cancer of the Liver Italian Program systems, are less useful for these patients. Swine 

are an established model of diet-induced fatty liver disease and metabolic syndrome [42], 

and a swine model of metabolic syndrome with concurrent HCC would be a valuable tool in 

translational studies for future biomarker development. Finally, the recent development of 

genetically engineered pigs may allow mutation of selected genes to rapidly induce HCC in 

a large animal model with demonstrated relevant physiology to humans, which will enable 

serial collection of blood and tissue samples [43, 44].
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Fig. 1. Computed tomography studies of hepatocellular carcinoma (HCC) tumors in a 
representative diethylnitrosamine (DEN)-treated Yucatan miniature pig
Following embolization and treatment with DEN, the pigs developed focal hypervascular 

lesions in multiple areas throughout the liver as shown by contrast enhancement (red 

arrowhead). In keeping with the progression of neoplastic lesions, these lesions culminated 

in the appearance of nodules, which were histologically shown to be HCC.(A) Baseline 

scan. During all phases of the initial scan, liver parenchyma enhanced evenly. The portal 

vein was readily identified on the first scan before embolization but was not well visualized 

on subsequent studies, particularly in the embolized region. (B) Scan at 16 months shows 

slight medial shift of the gallbladder owing to the shrinkage of the embolized left side of the 

liver (green notched arrow). The coils in the portal vein (yellow arrow) and the tumor (red 

arrowhead) are indicated. (C) Scan at 22 months. Note growth in both size and degree of 

enhancement of the index lesion and the background of additional similar lesions 

progressing over time until (D) final scan at 28 months just before the pig was euthanized.
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Fig. 2. Gross pathology of liver from a Yucatan miniature pig treated with diethylnitrosamine 
(DEN) + partial liver embolization (PLE)
Gross appearance of the capsular (A) and cut (B) surfaces, respectively, of the liver of a 

DEN+PLE pig showing extensive diffuse hepatic nodules of varying sizes and distorted 

capsular surface caused by fibrosis/cirrhosis.
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Fig. 3. Time to hepatic neoplasia in diethylnitrosamine (DEN)-treated Yucatan miniature pigs
In the group receiving DEN only (black triangles), the mean time to hepatic neoplasia (i.e., 

hepatic adenoma or hepatocellular carcinoma) was 27.65 ± 2.07 months (black square) with 

a range of 25.26–28.98 months. In the group receiving DEN + partial liver embolization 

(black diamonds), the mean time to hepatic neoplasia was 15.97 ± 1.28 months (black 

square) with a range of 14.49–16.72 months.
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Fig. 4. Estimated least square means (LSMS) of IGF1 from baseline to 25 months with standard 
error
In both diethylnitrosamine (DEN)-treated groups, IGF1 expression significantly decreased 

over time when compared with the baseline value (p<0.05). However, no decreases were 

observed in the control pigs (p<0.05).
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Fig. 5. Expression of survival-promoting proteins in hepatocellular carcinoma (HCC) from two 
Yucatan miniature pigs
Hematoxylin and eosin staining shows HCC arising in the livers from two different pigs 

(original magnifications, ×100 and ×400). Immunohistochemical staining shows the 

expression of GHR, JAK2, STAT3, STAT5, and IGF-IR in the HCC developed in our model. 

In addition, the expression of the phosphorylated/activated forms of these proteins including 

pJAK2, pSTAT3, pSTAT5, and pIGF-IR in HCC is also pronounced (original magnification, 

×400).
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