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Abstract

Hepatocellular carcinoma (HCC) is the 5th most common and 2nd deadliest cancer worldwide. 

HCC risk factors include alcohol induced liver cirrhosis, which prompts hepatic inflammation, 

cell necrosis, and fibrosis deposition. As 25% of HCC cases are associated with alcohol induced 

liver disease, understanding the effects of the cirrhotic liver microenvironment on HCC tumor 

biology and therapeutic responses are critical. This study utilized the Oncopig Cancer Model—a 

transgenic pig model that recapitulates human HCC through induced expression of KRASG12D 

and TP53R167H driver mutations—to investigate the molecular mechanisms underlying alcohol 

induced liver disease. Oncopigs (n = 5) underwent fibrosis induction via infusion of ethanol 

and ethiodized oil (1:3 v/v dosed at 0.75 mL/kg) into the hepatic arterial circulation. Eight­

weeks post induction, liver tissue samples from fibrotic and age-matched control (n = 5) 

Oncopigs were collected for histological evaluation and transcriptional profiling. Increased 

hepatic inflammation and fibrosis was observed in fibrotic Oncopigs via pathological assessment. 

Transcriptional profiling (RNA-seq) resulted in the identification of 4387 differentially expressed 

genes between Oncopig fibrotic and control livers. GO term enrichment analysis identified 

pathway alterations associated with cirrhosis progression in humans, including cell proliferation, 

angiogenesis, extracellular matrix deposition, and oxidation-reduction. Key alterations include 

activation of hepatic stellate cells, increased matrix metalloproteinase production, and altered 

expression of ABC and SLC transporter genes involved in transport of anticancer drugs.These 

results demonstrate Oncopig liver fibrosis recapitulates transcriptional hallmarks of human 
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cirrhosis, making the Oncopig an ideal model for studying the effects of the cirrhotic liver 

microenvironment on HCC tumor biology and therapeutic response.
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1. Introduction

Hepatocellular carcinoma (HCC), or primary liver cancer, is a deadly tumor that spans 

more than 780,000 new diagnoses and causes 750,000 annual deaths worldwide, accounting 

for more than 9% of yearly cancer mortality [1,2]. While global cancer incidence and 

mortality are generally decreasing, HCC incidence is not only rising but is projected to 

continually increase for the foreseeable future given the growing prevalence of chronic liver 

diseases [3]. Alcoholic liver disease represents a common chronic liver ailment which is 

progressive and incites liver cirrhosis—characterized by hepatic inflammation, cell necrosis, 

liver regeneration, and malignant transformation—with cancer developing at a 5-year 

incidence of 30% in at-risk cirrhotic populations [4]. The worldwide prevalence of liver 

cirrhosis approximates 4.5–9.5%, accounting for approximately 2% of all global mortality 

and affecting more than 600,000 people in the United States [5,6]. Alcohol-induced liver 

cirrhosis is the second most common cause of liver cirrhosis after hepatitis C viral infection 

in the United States, accounting for 20%–50% of the liver cirrhosis diagnoses. As the 

health status of the liver can have profound effects on HCC tumor biology and response to 

treatments [7], further insights into the molecular mechanisms underlying alcohol-induced 

liver cirrhosis and its effect on HCC tumor biology are critically needed.

Since alcohol consumption is a major cause of liver cirrhosis and increases the risk for 

HCC, development of animal models capable of exhibiting both HCC and alcohol induced 

liver cirrhosis is essential for investigating HCC detection, development and natural history, 

and response to treatment in its native comorbid cirrhotic background. A number of rodent 

animal models of HCC and alcohol induced cirrhosis are currently used in preclinical 

research; however, no rodent model exists that fully mirrors human alcoholic liver disease by 

developing liver fibrotic stages via alcohol consumption [8]. In order to overcome these 

limitations, new techniques have been introduced, such as the combination of ethanol 

administration with a second stimulus, such as LPS, leading to increased immune infiltrates, 

necrosis, and more severe liver injury [9,10]. However, their small size limits the ability 

to test novel imaging modalities and interventional approaches that show promise for 

improving HCC outcomes.

Pigs represent an ideal animal platform for development of a large animal HCC model 

for testing of interventional, immuno-, and combination therapeutic strategies for HCC 

due to their similar size, anatomy, physiology, immunology, metabolism, and genetics to 

humans. We previously developed an orthotopic porcine HCC model using the Oncopig 

Cancer Model, a transgenic pig model that recapitulates human cancer through development 

of site and cell specific tumors via induced expression of heterozygous KRASG12D and 
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TP53R167H driver mutations [11–15]. Using the Oncopig, we have also demonstrated the 

ability to develop a pre-cirrhotic METAVIR F2–F3 model of alcoholic liver disease within 8 

weeks via a single intravascular administration of an ethanol:ethiodized oil emulsion via the 

hepatic artery [16]. However, liver recovery consistent with the reversal of liver fibrosis in 

abstinent patients presenting with pre-cirrhotic alcoholic liver disease was observed [17,18], 

with fibrosis levels reducing to METAVIR grade F1–F2 within 20 weeks post induction 

[16]. These results indicate that a single induction procedure induces transient fibrosis, with 

prolonged or repeated alcohol exposure required to develop an irreversible METAVIR F4 

porcine cirrhosis model.

Despite the need for additional model development, the Oncopig pre-cirrhotic model 

provides the opportunity to investigate the molecular mechanisms underlying alcoholic liver 

disease progression and recovery in a clinically relevant large animal HCC model. The 

aim of this study was to identify altered gene expression underlying previously reported 

increases in liver fibrosis and inflammation in response to alcohol exposure in Oncopigs 

[16]. The results presented here provide insights into the molecular mechanisms underlying 

fibrosis deposition and clearance in response to a single alcohol exposure, highlighting the 

translational relevance of the Oncopig alcohol induced liver disease model.

2. Methods

2.1. Study design

Complete details on animals, housing, and study design can be found in Gaba et al. [16]. 

Briefly, alcohol-induced liver fibrosis was induced in female Oncopigs (n = 5) at 60 days of 

age via infusion of absolute ethanol and ethiodized oil (1:3 v/v dosed at 0.75 mL/kg) into the 

hepatic arterial circulation [16]. This study was restricted to female pigs to control for sex 

differences between individuals. Female pigs were chosen over male pigs due to the need 

to castrate male subjects, which is not representative of the human population. Eight weeks 

post induction, Oncopigs were euthanized and liver samples were harvested for histological 

and transcriptomic analyses. Histological and transcriptomic results were compared to age 

and sex-matched healthy control Oncopigs (n = 5).

2.2. Sample collection

Eight weeks post fibrosis induction, fibrotic Oncopigs and age-matched controls were 

euthanized and fibrotic and normal liver tissues were harvested, respectively. The 8-week 

timepoint was chosen for histological and transcriptional based on previous studies 

demonstrating peak disease severity at 8 weeks post induction [16]. Liver segments were 

transected so that adjacent halves were fixed in formalin for histological evaluation and 

flash frozen in liquid nitrogen within 10 min of euthanasia for transcriptomic analysis. All 

samples were stored at −80 °C until processing.

2.3. Histological evaluation

Descriptive and semiquantitative histopathologic analyses were performed as part of 

our previous publication [16]. Briefly, formalin fixed samples were provided to the 

Research Histology and Tissue Imaging Core at the University of Illinois at Chicago 
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for processing, embedding, sectioning, and staining. Slides were stained using H&E and 

Masson’s trichrome. Whole slides were scanned using a Hamamatsu Nanozoomer scanner 

(Hamamatsu Photonics, Hamamatsu, Japan), and digital images were visualized with 

NDP.view2 software (Hamamatsu) and blindly graded for fibrosis and inflammation by 

a board-certified veterinary pathologist according to a porcine-adapted METAVIR system 

[16]. For quantitative assessment of collagen/fibrosis, digital images of trichrome stained 

slides were also imported to ImageJ (NIH) [19] using BioFormats [20], and subjected to 

color deconvolution for quantification of trichrome positive collagen (fibrosis), expressed 

as a percentage of total liver tissue section area. The same board-certified veterinary 

pathologist oversaw and performed quality control assessments of thresholded image 

analysis masks, also in a blinded fashion, for the quantitative assessment of fibrosis.

2.4. RNA extraction

Total RNA was extracted from flash frozen Oncopig fibrotic (n = 5) and control (n = 5) liver 

samples using the AllPrep DNA/RNA Mini Kit (Qiagen, Valencia, CA, USA) following 

the manufacturer’s protocol. RNA integrity and the presence of genomic DNA was tested 

on an Agilent 2100 Bioanalyzer using an RNA Nano bio-analyzer chip by the Carver 

High-Throughput DNA Sequencing and Genotyping Unit (HTS lab, University of Illinois, 

Urbana, IL, USA). Samples with RNA integrity numbers greater than 7 were utilized for 

sequencing.

2.5. RNA sequencing

TruSeq stranded RNA-seq libraries (TruSeq Stranded RNA Sample Preparation Kit, 

Illumina, San Diego, CA, USA) were generated from high-quality RNA by the HTS lab. 

The resulting RNA-seq libraries underwent Illumina sequencing on an Illumina HiSeq4000. 

The libraries were paired-end sequenced to a total read length of 100 base-pairs. The data 

sets supporting the results of this article are available in the Sequence Read Archive under 

accession number PRJNA629513.

2.6. RNA-seq expression analysis

An average of 77.8 million raw reads were generated per sample, ranging from 61.9 to 89.5 

million. Trim Galore v.0.4.4 [21] was used to trim raw reads for adapter contamination, 

A-tails, minimum quality score (20), and minimum length (20 bp), setting the –stringency 

option to 6. Trimmed reads were aligned to the swine reference genome (Sscrofa10.2) 

[22] using Tophat v.2.1.1 [23] using the –M, –G, and fr-firststrand options. In addition, 

the –r option was set to 20, the -p option to 10, the –read-realign-edit-dist option to 0, 

and the –mate-std-dev option to 180. The featureCounts function of the Subread v.1.5.2 

[24] R package was used to extract raw counts from the aligned bam files using the -p 

and -B options. The produced count matrices were merged to generate a single counts 

matrix containing read counts for all the samples. The counts matrix was then imported into 

DESeq2 [25] for differential gene expression analysis. Normalized gene expression levels 

were also calculated for the quality assessment and visualization using DESeq2. The list of 

differentially expressed genes (DEGs) was subsequently extracted from the results generated 

by DESeq2 function. DESeq2 uses Benjamini-Hochberg adjustment method to calculate 
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adjusted p-values for each gene. Genes with a adjusted p-values < 0.05 were considered 

differentially expressed.

2.7. GO-term analysis

GO term enrichment analysis was performed to identify GO terms enriched for DEGs 

using the Gene Ontology Consortium [26] with all Sus scrofa genes used as a background. 

Three domains (cellular component, molecular function, and biological process) were used 

to perform GO term enrichment analysis. The Bonferroni method was used to correct for 

multiple testing, and GO terms with a q-value < 0.05 were considered enriched.

2.8. Statistical analysis

R v.3.4.1 was used for statistical analysis [27]. The Mann-Whitney-Wilcoxon test was used 

to assess statistically significant differences in fibrosis, inflammation scores, and percent 

fibrosis between fibrotic and control samples. ANOSIM was used to test for significant 

differences between fibrotic and control gene expression profiles.

3. Results

3.1. Increased hepatic fibrosis and inflammation in response to alcohol exposure

Our previous study identified significant histopathological differences between the Oncopig 

fibrotic and healthy control liver samples utilized in this study [16]. In this study, 

histological interpretations were performed on formalin fixed liver samples adjacent to 

flash frozen samples utilized for transcriptional profiling. Increased liver fibrosis and 

inflammation was observed in response to alcohol exposure 8 weeks post fibrosis induction 

(Fig. 1). No atypical histological changes were observed in the pigs that were considered 

to be purely a result of ethanol infusion (such as acute necrosuppurative inflammation/

liquefactive necrosis, vasculitis, thrombosis, or infarction), or uniquely distinct from those 

histological changes described for human alcoholic liver disease. In addition, no evidence 

of tumor formation was observed in Oncopig livers 8-weeks post fibrosis induction based 

on macroscopic and histological examination. A previously developed porcine adapted 

METAVIR scheme [16] was used to quantify fibrosis and inflammation levels. METAVIR 

fibrosis and inflammation scores were significantly higher in Oncopig fibrotic compared 

to healthy liver samples (p-value = 0.01 and 0.009, respectively; Fig. 1C). In addition, 

quantitative image analysis of trichrome-stained collagen demonstrated an increase in mean 

percent fibrosis when comparing the fibrotic and control liver samples (average 14.96% 

vs 8.58%, respectively; Fig. 1C), although this increase was not statistically significant. 

Together, these results demonstrate successful induction of alcoholic liver disease via 

infusion of absolute ethanol and ethiodized oil into the Oncopig hepatic arterial circulation.

3.2. Reproducible effect of alcohol exposure on hepatic gene expression

In order to assess the impact of alcohol exposure on genome-wide hepatic gene expression 

profiles, PCA was performed for the 21,748 genes expressed in at least one sample. 

Fibrotic and control samples clustered by group (ANOSIM R = 0.248, P = 0.006; Fig. 

2A), indicating significant and consistent genome-wide changes in gene expression induced 

by alcohol exposure in the fibrotic liver. In addition, a total of 4387 DEGs were detected 

Yasmin et al. Page 5

Biochimie. Author manuscript; available in PMC 2022 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between the fibrotic and control liver samples, with 2216 up-regulated and 2171 down­

regulated in the fibrotic compared to the control samples (Fig. 2B and C, Table S1). As 

expected, samples also clustered by group when comparing the 4387 DEGs (ANOSIM R = 

0.788, P = 0.011; Fig. 2C and D), providing further evidence that alcohol exposure results 

in reproducible changes in hepatic gene expression. In order to investigate the biological 

relevance of the identified DEGs, Gene Ontology (GO) term enrichment analysis was 

performed. In total, 239 GO terms were significantly enriched for DEGs, many of which 

are known to be associated with liver cirrhosis progression, including cell proliferation, 

angiogenesis, extracellular matrix remodeling, apoptosis, and oxidation-reduction processes 

(Fig. 3).

3.3. Promotion of hepatic stellate cell activation and proliferation

As a result of chronic alcohol abuse, resident Kupffer cells and infiltrating macrophages, 

platelets, and sinusoidal endothelial cells secrete growth factors such as TGF-β and PDGF 

[28]. These growth factors trigger the proliferation of hepatic stellate cells (HSCs), which 

play a central role in the development of liver fibrosis through secretion of extracellular 

matrix (ECM) components. In this study, multiple growth factors from the TGF-β family 

(TGFB2 and TGFB3) were upregulated in Oncopig fibrotic liver samples (Log2 fold change 

1.06 and 1.60, respectively). TGF-β plays an important role in the progression of liver 

disease by promoting hepatocyte cell death and HSC activation [29]. In addition, the PDGF 

receptor PDGFRA displayed increased expression in Oncopig fibrotic livers (Log2 fold 

change 0.69). PDGFRA is required for TGF-β signaling in human HSCs, with PDGFRA 
knockdown resulting in inhibition of SMAD-dependent TGF-β signaling [30]. PDGFRA 
also plays a role in cell survival and proliferation, with increased expression associated 

with liver injury [31]. Increased CD248 expression was also observed in Oncopig fibrotic 

livers (Log2 fold change 2.03), consistent with previous observations in human and mouse 

fibrotic livers where its expression is confined to activated HSCs [32]. CD248 is involved 

in PDGF signaling and promotes fibrosis deposition and proliferation of HSCs [32]. 

Finally, decreased expression of STAT1 was observed in the Oncopig fibrotic liver samples 

(Log2 fold change −0.69). STAT1 is a negative regulator of HSC proliferation whose 

downregulation accelerates liver fibrosis by enhancing PDGF-induced HSC proliferation 

[33]. Altered expression of these important mediators of HSC proliferation and activation in 

the Oncopig fibrotic liver indicates that, similar to humans, HSC proliferation and activation 

is responsible for progressing alcoholic liver disease in this model.

In addition to evidence of increased HSC activation and proliferation, evidence of reduced 

hepatocyte proliferation was observed in Oncopig fibrotic liver samples, including reduced 

HGF and STAT3 expression (log2 fold change −0.86 and −0.94, respectively). HGF 
stimulates hepatocyte proliferation and angiogenesis [34], partially through activation of 

STAT335. STAT3 is activated in hepatocytes in response to cytokine production, resulting 

in promotion of hepatocyte proliferation [35], with reduced compensatory hepatocyte 

proliferation observed in STAT3 deficient mice [36]. Reduced MYC expression was also 

observed in Oncopig fibrotic compared to control liver samples (log2 fold change −1.68; 

Fig. 4A). This is inconsistent with the elevated expression observed in human cirrhotic 

livers [37], where MYC overexpression by hepatocytes leads to hepatocyte proliferation, 
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activation of HSCs, and induction of fibrogenesis (Fig. 4B). Together, these results suggest 

that while HSC activation and proliferation are primarily responsible for fibrosis deposition 

in this model, reduced MYC expression suggests that HSCs are no longer being activated 

8 weeks post induction due to a lack of chronic alcohol exposure, leading to resolution of 

fibrosis and liver recovery. This is consistent with our previous report demonstrating that 

while alcohol exposure results in increased liver fibrosis and inflammation in Oncopigs, the 

lack of persistent alcohol exposure results in liver recovery within 20 weeks [16].

3.4. Increased matrix metalloproteinase and tissue inhibitors of metalloproteinase 
production as the main driver in ECM remodeling

In addition to secretion of ECM components, HSCs express matrix metalloproteinases 

(MMPs) and tissue inhibitors of metalloproteinases (TIMPs), which represent major 

regulators of liver fibrosis remodeling [38]. MMP overexpression generally results in 

fibrosis degradation, while increased TIMP expression results in MMP inhibition and 

increased fibrosis deposition. However, while MMPs are well known for their anti-fibrotic 

effects, they can also exert pro-fibrotic effects, with increased expression of a number of 

MMPs associated with liver disease progression [39,40]. The imbalance between MMP 

and TIMP expression therefore represents one of the main mechanisms leading to fibrosis 

deposition and resolution in human cirrhotic livers and other animal models of liver cirrhosis 

[41]. In this study, increased expression of TIMP1 and TIMP2 was observed in Oncopig 

fibrotic compared to control livers (Fig. 5). Both TIMP1 and TIMP2 are expressed at high 

levels in human cirrhosis patients and murine fibrotic liver models [42–44], with TIMP1 
overexpression leading to increased fibrosis accumulation [45,46], while TIMP2 inhibition 

reduces fibrosis deposition by decreasing HSC activation and collagen accumulation [47].

A number of MMPs were also significantly upregulated in Oncopig fibrotic compared 

to control livers (Fig. 5). This included several MMPs whose expression is increased in 

human liver cirrhosis and HCC. MMP19 is a pro-fibrotic MMP that promotes TGF-β 
signaling leading to liver fibrosis disease progression [40,48], while MMP16 and MMP7 
expression is associated with HCC capsular invasion [49] and colorectal carcinoma liver 

metastasis, respectively [50]. Increased expression of MMPs involved in ECM clearance 

was also observed in Oncopig fibrotic livers. MMP9 is expressed by leukocytes in acutely 

damaged livers [51] and is responsible for the turnover and degradation of several ECM 

proteins, including fibronectin and type IV collagen [52]. MMP9 also promotes HSC 

apoptosis [53], and is associated with HCC metastasis and poor prognosis [54–57]. Another 

MMP displaying increased expression in Oncopig fibrotic livers was MMP2. MMP2 is 

expressed in human fibrotic livers [58] and contributes to reducing liver fibrosis severity by 

suppressing collagen type I expression [59,60], while MMP1 overexpression breaks down 

established fibrosis and induces hepatocyte proliferation [61]. The upregulation of MMPs 

involved in both fibrosis deposition and clearance in Oncopig fibrotic livers is consistent 

with our previous report demonstrating peak disease severity at 8 weeks post fibrosis 

induction followed by liver recovery [16].
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3.5. Evidence of neoangiogenesis

Recent studies have identified vascular remodeling and abnormal angioarchitecture 

associated with the development and progression of liver fibrosis [62]. In this study, 

GO terms associated with angiogenesis were enriched for DEGs, including blood vessel 

development, blood vessel morphogenesis, and vasculature development (Fig. 3). Increased 

expression of several proangiogenic factors was observed in the Oncopig fibrotic liver 

samples (Fig. 6), including increased NRP1 expression, which has previously been shown 

to induce both angiogenesis and fibrosis deposition via activation of PDGF and TGF-β 
pathways in human and rat models [63]. Increased ANGPT2 expression was also observed 

in Oncopig fibrotic livers, consistent with human liver cirrhosis patients [64]. ANGPT2 
inhibition in rat models results in reduced liver fibrosis through the induction of vessel 

normalization and attenuation of hepatic inflammatory infiltrates [64]. PECAM1 is a 

proangiogenic adhesion molecule whose expression in fibrotic livers has been shown to 

induce a profibrotic and premetastatic environment in response to alcohol-induced liver 

damage, and was overexpressed in this study [65]. Finally, increased SLIT2 expression, 

which promotes angiogenic [66] and fibrogenic activities in the liver [67], was observed 

in Oncopig fibrotic livers. Together, these results suggest neoangiogenesis was induced 

in response to alcohol exposure in Oncopigs through the same molecular mechanisms 

previously described in humans and rodent models.

3.6. Alcohol exposure results in increased oxidative stress

The liver is the major site for ethanol metabolism, and evidence has shown that oxidative 

stress is a significant pathogenic mechanism of alcohol induced fibrosis [68]. Oxidative 

stress results from overproduction of reactive oxygen species (ROS), and both acute and 

chronic alcohol consumption can induce oxidation-reduction processes and ROS production 

[69,70]. As expected, GO terms associated with oxidation-reduction were enriched for 

DEGs (Fig. 3). Upregulation of promotors of ROS production, including MICAL1, GPD2, 
NCF2, VCAM1, and AKR1B1 [71–75] was observed in Oncopig fibrotic liver samples (Fig. 

7). ROS are also produced via ethanol metabolism by alcohol dehydrogenase (ADH) and 

aldehyde dehydrogenase (ALDH) enzymes [69]. Increased expression of several ADH and 

ALDH enzymes (ADH4, ALDH1B1, and ALDH1L2) was observed in the Oncopig fibrotic 

compared to control liver samples (Log2 fold change 1.32, 0.96, and 1.19, respectively). 

As expression of these genes contributes to ethanol oxidation and overproduction of 

ROS during alcohol consumption [76,77], the increased expression observed in this study 

suggests alcohol metabolism contributed to an overproduction of ROS and increased 

oxidative stress in the Oncopig fibrotic liver. However, it is important to note that reduced 

expression of RELSAT (promotor of ROS production) [78], in addition to increased 

expression of inhibitors of ROS production (GLUD1, MTHFR, and FASN) [79–81] was 

also observed in the Oncopig fibrotic liver samples (Fig. 7). The combined upregulation 

of promotors and inhibitors of ROS production is consistent with the above-mentioned 

transitionary phase between liver damage and recovery observed in this model, and suggests 

that while alcohol exposure results in increased oxidative stress and ROS production in 

Oncopig livers, the lack of chronic alcohol exposure may reduce oxidative stress and in part 

facilitate liver recovery.
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3.7. Altered drug metabolism in the oncopig fibrotic liver

As the liver plays a crucial role in metabolizing drugs, the functional status of the 

liver is especially important in patients undergoing chemotherapy or other therapeutic 

treatments [82]. We therefore assessed the impact of alcohol exposure on the expression 

of drug metabolizing enzyme gene families. Both increased (ABCC5 and ABCA7) and 

decreased (ABCB4, ABCE1, and ABCG8) expression of ABC transporters involved 

in chemotherapeutic efflux [83,84] was observed in Oncopig fibrotic livers (Fig. 8A). 

Increased expression of these ABC transporters is associated with cisplatin and doxorubicin 

resistance [85–90], both of which are commonly used to treat HCC clinically. In addition, 

differential expression of 64 SLC transporter genes was observed (38 downregulated, 

26 upregulated; Fig. 8B), including transporters known to be involved in the transport 

of anticancer drugs: SL22A3 (Cisplatin, Oxaliplatin, irinotican, Vincristine, Melphane), 

SL22A7 (5-FU, Paclitaxel, Methotrexate), SLC31A2 (Cisplatin), and SLC7A2, SLC7A4, 

and SLC7A7 (Activicin) [91]. Finally, the drug metabolizing enzyme CBR3 was upregulated 

in Oncopig fibrotic livers (log2 fold change 2.29). Upregulation of CBR3 results in 

increased metabolism of doxorubicin leading to high doxorubicinol levels and cardiotoxicity 

in cancer patients [92]. Together, the increased and decreased expression of a variety of 

genes involved in drug metabolism and transport suggests Oncopigs with fibrotic livers may 

suffer from chemotherapeutic hepatotoxicity, providing a potential molecular mechanism 

for the reduced chemotherapeutic tolerance observed in people suffering from chronic liver 

diseases clinically.

4. Discussion

Alcohol consumption is a major cause of liver cirrhosis and increases the risk for HCC 

development. This, combined with high HCC morbidity and mortality rates and the 

increasing use of device-based treatments for HCC highlights the need for clinically 

relevant large animal models capable of exhibiting both HCC and alcohol induced liver 

cirrhosis to improve treatment responses. We have previously demonstrated our ability to 

induce liver fibrosis in the Oncopig cancer model through infusion of absolute ethanol and 

ethiodized oil into the hepatic arterial circulation, which results in increased liver fibrosis 

and inflammation within 8 weeks followed by liver recovery within 20 weeks [16]. This 

study investigated altered transcriptional profiles in fibrotic Oncopig liver samples at the 

peak of disease severity (8-weeks post alcohol exposure), resulting in the identification 

of altered gene expression consistent with pathway disruptions commonly observed in 

human cirrhosis, including those involved in extracellular matrix remodeling, cellular 

proliferation, angiogenesis, apoptosis, and oxidation-reduction processes. In addition, 

increased expression of a number of MMPs and TIMPs was observed, indicating that 

the molecular mechanisms underlying Oncopig fibrosis deposition and clearance are 

representative of those observed clinically in human cirrhotic patients.

The ECM is a major component of the cellular microenvironment with a highly dynamic 

structure, and ECM remodeling is a pivotal mechanism in the development of liver 

fibrosis [93]. ECM remodeling is characterized by a continuous two-way process consisting 

of fibrosis deposition and degradation, with liver cirrhosis resulting from environmental 
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exposures leading to increased fibrosis deposition due to an imbalance between these two 

processes [94]. One of the main molecular mechanisms underlying liver fibrosis deposition 

is activation of HSCs leading to expression of MMPs, TIMPs, and ECM components [38]. 

Consistent with observations from human liver cirrhotic patients and preclinical rodent 

studies [41], transcriptional signals of HSC activation were observed in this study, including 

overexpression of TIMP1, TIMP2, and a number of MMPs. This result suggests that, 

consistent with human liver disease, HSC activation followed by production of MMPs and 

TIMPs represents the driving force responsible for Oncopig liver fibrosis deposition and 

progression of alcohol induced liver disease. In addition, increased expression of MMPs 

associated with liver metastases and HCC progression also suggest the Oncopig fibrotic liver 

microenvironment is ideal for tumor development.

While liver cirrhosis represents the irreversible end stage of alcoholic liver disease, liver 

fibrosis can be reversed back to a normal state if alcohol intake is stopped or greatly 

reduced [18,95]. After abstaining from alcohol consumption, activated HSCs are removed 

through apoptosis or reversal to their quiescent state [96,97], resulting in reduced TIMP 

and increased MMP expression [98]. This represents a transitional phase during which 

both ECM deposition and degradation are occurring simultaneously. The reduced MYC 
expression observed in this study—expressed at high levels as in human cirrhotic livers 

resulting in activation of HSCs and induction of fibrosis deposition [37]—is inconsistent 

with human cirrhosis, and suggests that HSCs are no longer being activated due to a lack 

of chronic alcohol exposure, resulting in resolution of fibrosis and liver recovery. This is 

further supported by the increased expression of a number of MMPs involved in fibrosis 

degradation and liver recovery, and represents a significant difference between the Oncopig 

fibrosis model and clinically observed human liver cirrhosis.

Previous studies have demonstrated that intrahepatic vascular remodeling is commonly 

observed during liver disease progression in response to chronic alcohol consumption. In 

fibrotic livers, increased venous pressure leads to reduced portal venous blood flow and 

oxygen delivery to the liver resulting in hypoxic conditions [99]. Hypoxia stimulates the 

formation of new blood vessels through activation of hypoxia inducible factors, upregulating 

expression of vascular endothelial growth factors and proangiogenic mechanisms. Although 

enrichment of GO terms associated with hypoxia was not observed in this study, 

increased expression of several proangiogenic factors was observed, including several whose 

expression is frequently upregulated in cirrhotic patients and rodent models. The increased 

expression of proangiogenic factors suggests hypoxic conditions may be present in Oncopig 

fibrotic liver samples following fibrosis induction, although further studies are required to 

confirm.

Although transcriptional signals demonstrating simultaneous fibrosis deposition and 

clearance was observed in this model at 8-weeks post fibrosis induction, transcriptional 

and immunohistochemical profiling of liver samples at multiple timepoints would have 

provided a clearer picture of the molecular mechanisms underlying disease onset and liver 

recover, and represents a limitation of the current study. While transcriptional alterations 

consistent with those observed in humans and rodent liver cirrhosis models were observed, 

the spontaneous liver recovery observed in our previous publication [16] and subsequent 
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molecular dissimilarities observed in this study represent limitations of this model in its 

current form. The results of this study suggest that liver recovery is likely due to a 

lack of chronic alcohol exposure resulting in increased MMP production and subsequent 

ECM degradation. This result suggests that multiple transarterial administrations may be 

required to induce irreversible liver damage representative of METAVIR stage F4 cirrhosis. 

In addition, the lack of transcriptional alterations suggestive of increased inflammation in 

fibrotic liver samples is in contrast to the chronic liver inflammation observed in cirrhotic 

patients, representing a limitation of the current model. In addition to direct effects on the 

liver, excessive alcohol consumption disrupts the structural integrity of the gut, causing 

release of immunogenic compounds, primarily lipopolysaccharides, into the circulation 

resulting in activation of innate immune responses [100,101]. Growing evidence indicates 

inflammatory responses to the release of these immunogenic compounds plays a significant 

role in the pathogenesis of alcohol induced cirrhosis [102]. Therefore, the combination of 

cirrhosis induction via direct exposure of the liver to ethanol and chronic alcohol feeding 

may be required for development of a large animal model of alcohol induced liver cirrhosis, 

although further studies are required to confirm this. Additional improvement of the current 

Oncopig fibrosis model is required to more accurately model the molecular alterations and 

disease severity observed clinically in human cirrhotic liver patients.

As a large number of drugs are predominately metabolized by the liver, the 

pharmacokinetics of numerous drugs is altered in patients suffering from liver cirrhosis 

[82]. These changes are caused by altered expression of drug metabolizing enzymes and 

transporters, altered hepatic blood flow, and decreased plasma protein binding [103–105]. 

Because of this, the Food and Drug Administration recommends patients with varying 

levels of liver disease and hepatic function be enrolled in clinical studies investigating 

drugs predominately cleared by the liver [82]. However, the combination of competing 

clinical trials, stringent enrollment criteria, and lengthy accrual rates makes this logistically 

challenging, highlight the need for clinically relevant animal models to assess the impact of 

liver disease on drug metabolism and toxicity. The altered expression of 5 ABC and 64 SLC 

transporters observed in Oncopig fibrotic livers suggests Oncopigs may represent an ideal 

model to assess the impact of alcoholic liver disease on chemotherapeutic hepatotoxicity, 

especially for locoregional delivery-based drug trials where the size of the pig represents 

an advantage over currently available rodent models. However, further work is required to 

increase disease severity and assess chemotherapeutic hepatotoxicity in vivo to confirm the 

utility of the Oncopig liver fibrosis model for this purpose.
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Fig. 1. Alcohol exposure results in fibrosis induction in Oncopig livers.
Representative images of Masson’s trichrome-stained Oncopig liver sections (2.5X) 

histologically graded for fibrosis using a porcine adapted METAVIR scheme. (A) Control, 

histologically normal Oncopig liver with normal pre-existing fibrous septa and associated 

classic hepatic-lobule architecture. (B) F3 fibrosis grade demonstrating numerous inter- 

and intra-lobular dissecting fibrous septa present at 8 weeks post-induction. (C) METAVIR 

inflammation, fibrosis scores, and percent fibrosis for each samples 8 weeks post-induction.
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Fig. 2. Alcohol exposure results in reproducible alteration of hepatic gene expression profiles.
(A) PCA plot demonstrating clustering of samples by group based on the relative expression 

of 21,748 genes for which expression information was available for each sample. (B) Total 

number of DEGs, including those up- and down-regulated in the fibrotic compared to 

control group. (C) PCA plot demonstrating samples cluster by group based on the 4387 

DEGs. (D) Heatmap of the normalized expression level of the 4387 DEGs for each sample, 

represented as z-scores. Dendrograms represent relationships between samples (columns) 

based on complete linkage clustering.
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Fig. 3. GO terms enriched for DEGs associated with liver cirrhosis progression.
GO terms enriched for the 4387 DEGs are associated with biological processes involved in 

human liver cirrhosis progression.
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Fig. 4. Downregulation of MYC associated with inactivation of HSCs.
(A) Reduced expression of MYC was observed in the Oncopig fibrotic liver samples. (B) 

Diagram depicting upregulation of MYC due to chronic alcohol abuse resulting in hepatic 

apoptosis and activation and proliferation, which contributes to accelerated liver fibrosis. 

Adopted from Nevzorova et al. [37]. * denotes q-value = 9.5 × 10−4.
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Fig. 5. Differential MMP and TIMP expression in fibrotic Oncopig livers.
Altered expression of MMPs and TIMPs in Oncopig fibrotic compared to control livers. * 

denotes q-value < 0.05.
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Fig. 6. Increased expression of proangiogenic factors.
Increased expression of proangiogenic factors in Oncopig fibrotic compared to control 

livers.
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Fig. 7. DEGs associated with oxidation-reduction processes.
Up-regulated and down-regulated DEGs associated with the oxidation-reduction GO term in 

Oncopig fibrotic compared to control livers.
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Fig. 8. Altered expression of ABC and SLC transporters.
Altered expression of (A) ABC and (B) SLC transporter genes in Oncopig fibrotic compared 

to control liver samples. Dendrograms represent relationships between samples (columns) 

based on complete linkage clustering.
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