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Abstract

The steady increase in the incidence and mortality of hepatocellular carcinoma (HCC) signifies a 

crucial need to understand better its pathogenesis to improve clinical management and prevention 

of the disease. The aim of this study was to investigate molecular mechanisms for the 

chemopreventive effects of folic acid and tributyrin alone or in combination on rat 

hepatocarcinogenesis. Male Wistar rats were subjected to a classic “resistant hepatocyte” model of 

liver carcinogenesis and treated with folic acid and tributyrin alone or in combination for 5 weeks 

during promotion stage. Treatment with folic acid and tributyrin alone or in combination strongly 

inhibited the development of glutathione-S-transferase placental form (GSTP)-positive foci. 

Microarray analysis showed significant changes in gene expression. A total of 501, 655, and 940 

of differentially expressed genes, involved in cell cycle, p53-signaling, angiogenesis, and Wnt 

pathways, was identified in the livers of rats treated with folic acid, tributyrin or folic acid and 

tributyrin. A detailed analysis of these differentially expressed genes revealed that treatments 

inhibited angiogenesis in the preneoplastic livers. This was evidenced by the fact that 30 out of 77 

differentially expressed genes common to all three treatments are involved in the regulation of the 
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angiogenesis pathway. The inhibition of angiogenesis was confirmed by reduced levels of CD34 

protein. In conclusion, the tumor-suppressing activity of folic acid and tributyrin is associated with 

inhibition of angiogenesis at early stages of rat liver carcinogenesis. Importantly, the combination 

of folic acid and tributyrin has stronger chemopreventive effect than each of the compounds alone.

Keywords

Hepatocarcinogenesis; chemoprevention; angiogenesis; folic acid; tributyrin

Introduction

Hepatocellular carcinoma (HCC) is one of the most prevalent life-threatening human 

cancers and the incidence is rapidly increasing globally.1–5 Despite significant progress in 

clinical management of HCC, it remains the third greatest cause of cancer-related deaths 

worldwide.4,6 It is widely-believed that prevention of cancer is the most promising strategy 

for reducing both cancer incidence and cancer-related mortality.7 Currently, the prevention 

of HCC focuses on eliminating of exposure to liver carcinogens, e.g., aflatoxin B1, and 

vaccinating against hepatitis B virus infection. This approach has substantially reduced the 

incidence of HCC associated with these risk factors; however, there is no effective strategy 

to inhibit hepatocarcinogenesis once preneoplastic lesions are established.6

One promising approach to cancer prevention is an active intervention with agents that are 

expected to suppress or attenuate the initial phases of carcinogenesis and/or the progression 

of premalignant lesions to full-fledged tumors.7,8 In previous studies, using a classic 

“resistant hepatocyte” model of liver carcinogenesis in rats, we demonstrated a potent 

chemopreventive effect of tributyrin, a butyric acid prodrug, and folic acid on 

hepatocarcinogenesis.9,10 The cancer-suppressing effect of tributyrin and folic acid has been 

linked to the ability of these agents to induce apoptotic cell death and impede cell 

proliferation, especially in preneoplastic GSTP-positive hepatic foci, resulting in inhibition 

of their clonal expansion.9–12

The efficiency of cancer prevention strategies relies on a better understanding of molecular 

and cellular biology of carcinogenesis, and the identification of molecular targets to inhibit 

the carcinogenic process.7,8 In this regard, the mechanisms of the anticancer activities of 

folic acid and tributyrin are only partially understood. Furthermore, in the field of cancer 

chemoprevention research, there is a great need to investigate combination strategies in 

addition to single agent approaches.8 In view of this, the goals of the present study were (a) 

to investigate the underlying molecular mechanisms associated with the chemopreventive 

activity of folic acid and tributyrin, or their combination on rat liver carcinogenesis when 

administered during the promotion stage of the hepatocarcinogenic process; and (b) 

determine, whether or not this chemopreventive effect can be achieved at the lower doses of 

folic acid and tributyrin.
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Material and Methods

Animals and experimental design

Male Wistar rats (50 g) were obtained from the Faculty of Pharmaceutical Sciences of the 

University of São Paulo (São Paulo, Brazil) breeding facility, housed in a temperature-

controlled (24°C) room, with a 12-h light-dark cycle, and given ad libitum access to water 

and commercially prepared diet (Purina Nutrimentos Ltda, Paulinia, Brazil). Twenty eight 

rats were subjected to a “resistant hepatocyte” model of hepatocarcinogenesis.13 Briefly, the 

rats received a single intraperitoneal injection of N-nitrosodiethylamine (DEN; Sigma-

Aldrich, St Louis, MO; 200 mg/kg body weight; dissolved in 0.9% of NaCl) to initiate 

hepatocarcinogenesis. After a recovery period of 2 weeks, the rats were gavaged with 2-

acetylaminofluorene (2-AAF; Sigma-Aldrich; 20 mg/kg body weight; dissolved in corn oil) 

for four consecutive days, and then subjected to a partial hepatectomy. Two and four days 

after the partial hepatectomy, the rats were gavaged with 2-AAF (10 mg/kg body weight). 

One week after the partial hepatectomy, the rats were allocated randomly to control and 

three experimental groups. Rats (n = 7) in the experimental groups were treated by gavage 

with folic acid (0.8 g/kg body weight), tributyrin (1 g/kg body weight), or combination of 

folic acid and tributyrin (same folic acid and tributyrin doses) daily for 5 weeks. These doses 

of folic acid and tributyrin were two times lower from those used in previous studies.9–12 

Rats (n = 7) in control group were subjected to the “resistant hepatocyte” model of 

carcinogenesis only (Figure 1). Rats in control and folic acid groups received maltodextrin 

(Nestlé, São Paulo, Brazil; 1.5 g/kg body weight) at the isocaloric dose to tributyrin group. 

All experimental procedures were performed in accordance with an animal study protocol 

approved by the Faculty of Pharmaceutical Sciences of the University of São Paulo Ethics 

Committee for Animal Research (Protocol number 320).

Sample collection and biochemical measurements

Rats from control and experimental groups were euthanized by exsanguination under light 

ether anesthesia 9 weeks after DEN initiation. The livers were excised and a slice of each 

lobe was fixed in 10% neutral buffered formalin for 24 h, embedded in paraffin, sectioned at 

5 μm, and mounted on a glass slide for histopathological and immunohistochemical 

evaluations. The remaining liver was frozen immediately in liquid nitrogen and stored at 

−80°C for subsequent analyses.

Folic acid concentrations in serum were determined by a standard microbiological microtiter 

assay.14 The content of butyric acid, a tributyrin metabolite, in liver tissue extracts was 

determined using gas chromatography/mass spectrometry as described by Su et al.15

Immunohistochemistry and image analysis

The status of GSTP expression and the extent of cell proliferation in the livers of control and 

experimental rats were assessed by a double immunostaining technique. Briefly, formalin-

fixed paraffin-embedded liver sections were deparaffinized, rehydrated, and immunostained 

with anti-proliferating cell nuclear antigen (PCNA) antibody (1:200; Dako, Glostrup, 

Denmark) followed by immunostaining for anti-GSTP antibody (1:500, Medical and 

Biological Laboratories, Tokyo, Japan), as previously described.9
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Immature vessels and/or vessels undergoing angiogenesis were detected by CD34 

staining.16 Liver sections were deparaffinized, rehydrated, and immunostained with anti-

CD34 antibody (1:100; R&D Systems, Minneapolis, USA). All CD34 positive vessels in 

each liver section were counted. All sections were examined by light microscopy (Axio 

Imager 2, Carl Zeiss, Jena, Germany); AxioVision LE 4.8.2.0 digital image processing 

software (Carl Zeiss) was used for quantification. The image analysis was conducted by 

pathologists blinded to the treatments. All immunohistochemical analyses were conducted in 

duplicate and the experiments were repeated twice.

Apoptosis evaluation

Liver sections stained with hematoxylin and eosin were analyzed for the presence of 

apoptotic bodies as described previously,17 based on the method of Stinchcombe et al.18

RNA extraction and gene expression analysis using microarray technology

Total RNA was extracted from liver tissue using RNeasy Mini kits (Qiagen, Valencia, CA) 

according to the manufacturer’s instructions. The gene expression profiles in the livers of 

control male Wistar rats and those treated with folic acid, tributyrin, or the combination of 

folic acid and tributyrin groups were determined utilizing Agilent whole genome 4×44K rat 

microarrays (Agilent Technologies, Santa Clara, CA). Sample labeling and microarray 

processing were performed as detailed in the "One-Color Microarray-Based Gene 

Expression Analysis" Version 5.5 (Agilent Technologies) protocol. The hybridized slides 

were scanned with an Agilent DNA Microarray scanner (Agilent Technologies) at 5 µm 

resolution. The resulting images were analyzed by determining the Cy3 fluorescence 

intensity of all gene spots (features) on each array using the Agilent Feature Extraction 

Software (Version 10.7). The raw data were then uploaded into the ArrayTrack database.19 

The median fluorescence intensity of all the pixels within one feature was taken as the 

intensity value for that feature. The raw intensity values were then normalized using 75 

percentile channel scaling normalization within ArrayTrack. A list of differentially 

expressed genes was generated using a Student’s t-test at P-value < 0.05 and a fold change > 

1.5.

Functional analysis of significant genes

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database20 and Ingenuity 

Pathway Analysis software (IPA, IPA version 9.0; Ingenuity Systems, Redwood City, CA) 

were used to determine pathways that were enriched for the significant mRNA transcripts 

identified from the t-test analysis using ArrayTrack. Significance values were calculated 

based on a right-tailed Fisher’s exact test that determined whether a pathway was 

overrepresented by calculating whether or not the genes in a given pathway were enriched 

within the dataset compared to all genes on the array in the same pathway; P < 0.05 was 

selected as the cutoff for significance based on KEGG and IPA threshold recommendations. 

Only those pathways with a P-value above the threshold and having more than three 

representative genes in the dataset were considered to be significant.
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Western blot

Total liver tissue lysates were prepared by homogenization of 30 mg of tissue in 500 μl of 

lysis buffer (50 mM Tris-HCl, pH 7.4; 1% NP-40; 0.25% sodium deoxycholate; 150 mM 

NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg per ml each of aprotinin, leupeptin, and pepstatin; 1 

mM Na3VO4; and 1 mM NaF) and incubation at 4°C for 30 min, followed by centrifugation 

at 10,000 × g at 4°C for 20 min. The protein level was measured using the Bio-Rad Protein 

Assay kits (Bio-Rad Laboratories, Hercules, CA). Extracts containing equal quantities of 

proteins were separated by SDS-PAGE on 7% polyacrylamide gels and transferred to PVDF 

membranes. Membranes were probed with primary antibody against CD34 (1:1000; R&D 

Systems). Alkaline phosphatase-coupled donkey anti-goat antibodies (Santa Cruz 

Biotechnology) were used for visualization. Images are representative of three independent 

immunoblots. Signals were quantified using ImageQuant 5.1 Software (Molecular 

Dynamics, Sunnyvale, CA). The western blot experiments were repeated twice.

Statistical analyses

Results are presented as mean ± S.D. Data were analyzed by one-way analysis of variance 

(ANOVA), followed by Tukey’s test for pair-wise comparisons. When appropriate, 

Student’s t-test or Fisher’s exact test was used. P-values < 0.05 were considered significant.

Results

Concentrations of folic acid and butyric acid

Treatment of rats with folic acid alone or in combination with tributyrin during the 

promotion stage of hepatocarcinogenesis resulted in a significant increase, 2.9- and 2.5-fold, 

respectively, in the levels of folic acid in serum as compared to control rats (Supplementary 

Figure 1A). Similarly, the hepatic content of butyric acid in rats treated with tributyrin alone 

or in combination with folic acid was 5.1- and 3.2-times greater than in the control rats 

(Supplementary Figure 1B).

Histopathological analysis of preneoplastic livers

The formation of altered GSTP-positive hepatic foci is a well-accepted end-point indicator 

of rat liver carcinogenesis.21,22 Immunohistochemical staining of liver sections of control 

rats revealed the presence of large uniformly stained GSTP-positive foci that were evenly 

distributed throughout the entire section of the liver (Supplementary Figure 2). In the livers 

of rats treated with folic acid, tributyrin, or a combination of folic acid and tributyrin during 

the promotion stage of liver carcinogenesis, the number (Figure 2A) and size of GSTP-

positive foci (Figure 2B and Supplementary Figure 2) and the area of liver section occupied 

by them (Figure 2C and Supplementary Figure 2) were significantly smaller than in control 

rats. In animals treated with folic acid alone, the size and area of liver section occupied by 

GSTP-positive foci were smaller as compared to animals treated with tributyrin. 

Importantly, the combined treatment with folic acid and tributyrin reduced the number 

(Figure 2A) and the area (Figure 2C) of the liver sections occupied by GSTP-positive foci, 

as compared to rats treated with folic acid or tributyrin only, and the size (Figure 2B) as 

compared to rats treated with tributyrin only.
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A double-labeling immunohistochemical staining approach was used to examine the extent 

of cell proliferation in the persistent GSTP-positive foci in the livers of control and 

experimental rats. Treatment of rats with folic acid alone or in combination with tributyrin 

significantly reduced the magnitude of cell proliferation as compared to that in the livers of 

control rats. This was evidenced by an approximately 50% decrease in the number of 

PCNA-stained hepatocyte nuclei in S-phase in the GSTP-positive foci in the livers of rats 

treated with folic acid alone or in combination with tributyrin (Figure 2D). Interestingly, 

treatment of rats undergoing hepatocarcinogenesis with tributyrin alone did not affect the 

extent of cell proliferation. In contrast, tributyrin significantly induced apoptosis in the 

GSTP-positive foci, while there was no difference in apoptotic cell death in the livers of rats 

treated with folic acid alone or in combination of tributyrin (Figure 2E). Nevertheless, 

treatment of rats with folic acid, tributyrin, or a combination of folic acid and tributyrin 

resulted in a marked 80% reduction of a ratio between cell proliferation and apoptosis, as 

compared to control rats (Figure 2F).

Microarray gene expression analysis

To determine the mechanistic basis of the chemopreventive effects of folic acid, tributyrin, 

or the combination of folic acid and tributyrin on liver carcinogenesis, hepatic gene 

expression profiles were examined using high-throughput Agilent whole genome 4×44K rat 

microarrays. An unsupervised hierarchical clustering of the gene expression data showed 

that each treatment could be distinguished by its hepatic gene expression profile (Figure 

3A). The tight clustering of samples within each group (Figure 3B) indicated high quality 

data that would allow subtle differences in gene expression to be identified.

Principal component (PC) analysis utilizing the entire gene expression dataset showed the 

relatively tight clustering of each treatment group and the clear separation of control rats 

from rats in experimental groups (Figure 3B). Interestingly, the profiles of rats treated with 

tributyrin alone or in combination with folic acid clustered differently from rats treated with 

folic acid only.

To identify genes that were differentially expressed between the control and the each of the 

experimental groups, a t-test P < 0.05 coupled with a fold-change cut-off > 1.5 was applied. 

A total of 498, 655, and 940 genes was found to be differentially expressed in the livers of 

rats treated with folic acid, tributyrin, or the combination of folic acid and tributyrin, 

respectively (Figure 3C). Similarly to the PC analysis, gene expression results (Figure 3C) 

and the pathway enrichment analysis of differentially expressed genes (Figure 4) clearly 

indicate that folic acid and tributyrin exert their chemopreventive activity on rat 

hepatocarcinogenesis via different mechanisms. This was evidenced by the fact that among 

498 and 655 differentially expressed individual genes affected by either folic acid or 

tributyrin treatments, respectively, only 124 genes were common for both agents (Figure 

3C). A combined treatment of rats undergoing liver carcinogenesis with folic acid and 

tributyrin substantially increased the number of differentially expressed genes in the livers. 

Specifically, the number of differentially expressed genes in this experimental group was 

1.89 and 1.44 times greater, respectively, than in rats treated with folic acid or tributyrin 

alone (Figure 3C).
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Effect of tributyrin and folic acid treatment on angiogenesis

Despite the noticeable difference in the number of differentially expressed genes in 

experimental groups, there were 77 genes common to all three treatment groups (Figure 3C). 

The pattern of common changes in gene expression shows a prominent treatment-related 

down-regulation of gene expression. Pathway enrichment analysis of common genes 

demonstrated a strong enrichment in genes involved in Wnt/β-catenin and angiogenesis 

pathways (Table 1). Interestingly, the greatest effect of folic acid, tributyrin, or the 

combined folic acid and tributyrin treatment was on the angiogenesis pathway. This was 

evidenced by the fact that 30 out of 77 (39%) common differentially expressed genes are 

involved in the regulation of the angiogenesis signaling network (Table 1, Figure 5A).

To confirm further the inhibitory effect of folic acid, tributyrin, or combined folic acid and 

tributyrin treatment on angiogenesis, the level of CD34 protein in the livers was examined 

by immunohistochemical and western blot analyses. CD34 is an endothelial cell marker that 

stains immature vessels undergoing neovascularization but not mature blood vessels.16 

Treatment of rats undergoing hepatocarcinogenesis with folic acid, tributyrin, or the 

combination of folic acid and tributyrin resulted in a significant reduction of angiogenesis, 

especially neovascularization. This was evidenced by a significantly lower CD34-positive 

staining (Figure 5B and 5C) and a diminished level of CD34 protein (Figure 5D) in the 

livers of rats from the experimental groups.

Discussion

Recent studies have established that treatment of rats undergoing liver carcinogenesis with 

folic acid or the butyric acid prodrug tributyrin results in a strong inhibition of the 

carcinogenic process;9,10 however, this effect was achieved by an administration of 

relatively high doses of both compounds. The results of this study demonstrated that 

chemopreventive effect of folic acid and tributyrin can be reached at lower doses 

administered alone or in combination. Additionally, we demonstrated that the combined 

folic acid and tributyrin treatment of rats undergoing liver carcinogenesis had a more 

pronounced chemopreventive effect than treatment with either agent alone.

Previously we reported that the cancer-suppressing activity of tributyrin and folic acid is 

associated with enhancing of apoptosis and suppressing sustained cell proliferation;9,10 

however, there is a lack of consensus on the impact of these compounds on other hallmarks 

of cancer. In the present study we demonstrate that, in addition to those previously 

demonstrated effects, chemopreventive activity of folic acid and tributyrin is associated with 

their ability to affect other critical cancer-related molecular pathways (Figure 4). 

Interestingly, there is a substantial degree of difference in pathways affected by folic acid 

and tributyrin when these agents were administered separately (Figure 4). One of the 

common pathways inhibited by folic acid and tributyrin treatment administered alone or in 

combination during promotion stage of rat hepatocarcinogenesis is angiogenesis. 

Angiogenesis is one of the fundamental hallmarks in tumor biology.23 It is well-established 

that HCC is one of the most vascularized solid human tumors24 and the extent of 

angiogenesis in HCC correlates tightly with the progression of the disease.25,26 More 

importantly, it has been demonstrated that angiogenesis is critical not only in the progression 
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of full-fledged tumors, but also in the preneoplastic conditions. Specifically, Folkman et 

al.27 have reported the induction of the angiogenic activity at early preneoplastic stage of 

mouse multistage carcinogenesis during transition from hyperplasia to neoplasia. Likewise, 

Wang et al.28 demonstrated that an elevated level of VEGF occurred at early stages of rat 

chemical liver carcinogenesis and increased progressively with the advancement of the 

carcinogenic process. Furthermore, Park et al.29 and Nascimento et al.30 have reported an 

aberrant gradual stage-dependent increase in the degree of vascular endothelial growth 

factor A (VEGFA) and CD34 expression during hepatocarcinogenesis in humans.

The results of our study demonstrating that treatment of rats undergoing 

hepatocarcinogenesis with folic acid and tributyrin alone or in combination caused a marked 

inhibition of de novo angiogenesis in the preneoplastic livers correspond to report by 

Bergers et al.31 that has shown a strong tumor-suppressing effect of inhibitors of 

angiogenesis at early stages of carcinogenesis. Several mechanisms may contribute to the 

observed suppression of angiogenesis in the livers of rats treated with folic acid and 

tributyrin. First, treatment of rats with folic acid and tributyrin alone or in combination 

caused down-regulation of several key genes encoding activators of the angiogenesis 

signaling pathway, including Itgb6, Itgad, Ftl3, Map3k6, Mgp, and Src.32–37 It has been 

demonstrated that these proteins stimulate a VEGFA secretion through activation of the 

MAPK pathway (integrins, FLT3, MAP3K6, and SRC) or induction of the TGF-β1 pathway 

(MGP). Second, treatment of rats with folic acid and tributyrin alone, or a combination of 

folic acid and tributyrin resulted in marked down-regulation of the Edn1 gene. EDN1 

modulates different stages of neovascularization by acting directly on endothelial cells, or 

indirectly through the induction of VEGFA pathway.38,39 Importantly, there is 

overwhelming evidence showing that targeted inhibition of any of these genes results in 

attenuation of VEGF expression, endothelial proliferation, and capillary network 

formation.32,34–38 Additionally, a number of Rho GTPases genes, including Rgnef, 

Arhgap22, and Rab25, that play an important role in angiogenesis and vascular 

physiology,40 were down-regulated by folic acid and/or tributyrin chemopreventive 

treatment.

Currently, tumor anti-angiogenic therapy is considered as a promising and high-priority 

approach in cancer treatment, including HCC.41,42 Specifically, sorafenib, the first 

chemotherapeutic agent to demonstrate a significant effect on survival in patients with 

advanced HCC and currently the standard treatment of HCC,42–44 prevents tumor-associated 

angiogenesis by inhibiting the VEGF-signaling pathway.42,44 A critical role of 

neovasculizarion in early preneoplastic liver lesions, suggests that blocking angiogenesis 

during carcinogenesis may be a promising and unique opportunity to prevent or attenuate 

cancer development.24,31,45 The results of our study, which show that the chemopreventive 

activity of folic acid and tributyrin on rat hepatocarcinogenesis is associated with a strong 

anti-angiogenic effect in preneoplastic livers, provide experimental support for this 

suggestion.

The Wnt signaling cascade, a fundamental developmental pathway, was another critical 

cellular pathway affected by the folic acid and tributyrin treatment. The Wnt pathway 

controls tissue development in embryos and tissue maintenance in adult organisms; 
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however, aberrant activation of the Wnt pathway plays a crucial role in the pathogenesis of 

multiple types of cancer, including the development of HCC. Accumulating evidence has 

clearly established that abnormal activation of the Wnt pathway is an early event in 

hepatocarcinogenesis and linked to formation of an aggressive HCC phenotype.46 This has 

led to a suggestion that targeting of the Wnt signaling cascade may be an important 

therapeutic strategy for HCC treatment.46 The observed marked down-regulation of 

members of the Wnt pathway by folic acid and tributyrin (Table 1) provides further 

evidence for the importance of this pathway in prevention of hepatocarcinogenesis.

In conclusion, the results of our study demonstrate that the tumor-suppressing activity of 

tributyrin and folic acid on rat hepatocarcinogenesis is associated with the ability of these 

agents to inhibit angiogenesis at early stages of rat liver carcinogenesis. Importantly, a 

combined treatment with folic acid and tributyrin exhibited a stronger chemopreventive 

effect as compared to either folic acid or tributyrin treatment. This may be linked to the 

ability of these agents to complement each other and affect a greater number of independent 

cancer-linked pathways than each of the agents by themselves (Figure 4). In the present 

study we observed a substantial chemopreventive effect of folic acid and tributyrin at 

significantly lower doses, as compared to those used in previous studies (9.10,12). Despite 

the fact that doses of folic acid and tributyrin used in this study did not cause adverse effect 

and were well tolerated, it is important to investigate further chemopreventive effect of both 

of these agents at doses relevant to a human population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

2-AAF 2-acetylaminofluorene

GSTP glutathione-S-transferase placental form

HCC hepatocellular carcinoma

IPA Ingenuity Pathway Analysis

KEGG Kyoto Encyclopedia of Genes and Genomes

DEN N-nitrosodiethylamine

PC principal component

PCNA proliferating cell nuclear antigen

VEGFA vascular endothelial growth factor A
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Description

This study reinforces the chemopreventive effect of folic acid and tributyrin on 

hepatocarcinogenesis. The results demonstrate that tumor-suppressing activity of folic 

acid and tributyrin, in addition to well-established inhibition of cell proliferation and 

activation of apoptosis, is associated with an inhibition of angiogenesis at early stages of 

rat liver carcinogenesis. Importantly, the study emphasizes a key role of angiogenesis at 

early stages of hepatocarcinogenesis and identifies angiogenesis as an imperative target 

for chemoprevention.
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Figure 1. Experimental design
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Figure 2. Histopathological changes in the in the livers of control rats and rats treated with folic 
acid, tributyrin, or the combination of folic acid and tributyrin
(A) Morphometric analysis of GSTP-positive foci in the livers. The numbers of GSTP-

positive foci were evaluated in liver sections using a two-dimensional approach. The data 

are presented as an average number of foci per cm2 of the liver. (B) Cell proliferation and 

apoptotic cell death in the livers. PCNA-positive cells and apoptotic bodies (AB) were 

counted as described in “Material and methods” and labeling indices were expressed per 

mm2 of the liver. a - Significantly different from control rats; b –significantly different from 
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rats treated with folic acid only; c – significantly different from rats treated with tributyrin 

only; n = 7, means ± S.D.
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Figure 3. Whole genome microarray analysis of gene expression in the livers of control rats and 
rats treated with folic acid, tributyrin, or the combination of folic acid and tributyrin
(A) Heat map illustrating differences in global gene expression among control rats and rats 

treated with folic acid, tributyrin, or combination of folic acid and tributyrin. The color bar 

identifies high-expressed (red) and low-expressed (green) genes. (B) Principal component 

analysis illustrating similarities within groups, as evidenced by tight clustering of samples 

within groups, and differences among control rats (n =4) and rats treated with folic acid, 

tributyrin, or the combination of folic acid and tributyrin (n =3). (C) Venn diagram showing 

significant differences among control rats and rats treated with folic acid, tributyrin, or the 

combination of folic acid and tributyrin.
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Figure 4. Summary of molecular pathways affected by folic acid, tributyrin or combined folic 
acid and tributyrin treatments
Whether the percentage of genes with an altered expression in a certain pathway differed 

from the percentage of altered genes not represented in the pathway was tested by Fisher’s 

exact test. KEGG pathways with at least three differentially regulated genes and a P-value of 

<0.05 were considered “enriched”. Each grey square represent a significant enrichment 

(black circuits) or under-representation (white circuits) of differentially regulated genes of 

the particular pathway in the analyzed data set.
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Figure 5. Effect of folic acid, tributyrin, or combined folic acid and tributyrin treatments on 
angiogenesis
(A) Molecular network interactions between the common differentially expressed genes 

significantly different between control rats and rats treated with folic acid, tributyrin, or the 

combination of folic acid and tributyrin were visualized using the Ingenuity Pathway 

Analysis database (version 9.0). Up-regulated genes are identified in red, down-regulated in 

green. (B) Representative CD34 immunohistochemical staining of liver tissues from control 

rats (1) and rats treated with folic acid (2), tributyrin (3), or the combination of folic acid and 
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tributyrin (4). Arrows point to some of the representative CD34-positive microvessel 

staining; arrowhead points to non-specific staining that was excluded from the analysis. (C) 
Quantitative analysis of CD34 immunohistochemical staining. a - Significantly different 

from control rats (mean ± SD, n = 5). (D) Western blot analysis of CD34 protein. The results 

are presented as an average percent change in the level of CD34 protein in the livers of rats 

treated with treated with folic acid, tributyrin, or the combination of folic acid and tributyrin 

relative to that in control rats, which was assigned a value 100%. a - Significantly different 

from control rats (mean ± SD, n = 5). Representative western blot images are shown.

Guariento et al. Page 20

Int J Cancer. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Guariento et al. Page 21

T
ab

le
 1

E
xp

re
ss

io
n 

of
 c

om
m

on
 g

en
es

 in
 th

e 
liv

er
s 

of
 r

at
s 

tr
ea

te
d 

w
ith

 f
ol

ic
 a

ci
d,

 tr
ib

ut
yr

in
, o

r 
a 

co
m

bi
na

tio
n 

of
 f

ol
ic

 a
ci

d 
an

d 
tr

ib
ut

yr
in

 (
p<

0.
05

).

#
G

en
e 

na
m

e
G

en
e 

ba
nk

 A
C

C
#

D
es

cr
ip

ti
on

F
ol

d 
ch

an
ge

F
ol

ic
 a

ci
d

T
ri

bu
ty

ri
n

F
ol

ic
 a

ci
d

+t
ri

bu
ty

ri
n

1
Sc

tr
a,

b
N

M
_0

31
11

5
Se

cr
et

in
 r

ec
ep

to
r

−
5.

65
−

3.
55

−
4.

00

2
W

is
p2

b
N

M
_0

31
59

0
W

N
T

1 
in

du
ci

bl
e 

si
gn

al
in

g 
pa

th
w

ay
 p

ro
te

in
 2

−
4.

67
−

3.
91

−
4.

40

3
L

pl
N

M
_0

12
59

8
L

ip
op

ro
te

in
 li

pa
se

−
4.

27
−

2.
62

−
3.

96

4
R

gn
ef

a
N

M
_0

01
10

85
42

R
ho

-g
ua

ni
ne

 n
uc

le
ot

id
e 

ex
ch

an
ge

 f
ac

to
r

−
4.

06
−

2.
70

−
4.

05

5
L

y4
9i

6
N

M
_0

01
00

97
18

L
y4

9 
in

hi
bi

to
ry

 r
ec

ep
to

r 
6

−
3.

72
−

3.
27

−
2.

65

6
F

ab
p4

b
N

M
_0

53
36

5
Fa

tty
 a

ci
d 

bi
nd

in
g 

pr
ot

ei
n 

4,
 a

di
po

cy
te

−
3.

69
−

3.
06

−
2.

27

7
A

m
pd

3
N

M
_0

31
54

4
A

de
no

si
ne

 m
on

op
ho

sp
ha

te
 d

ea
m

in
as

e 
3

−
3.

68
−

3.
44

−
3.

47

8
C

cl
2a

N
M

_0
31

53
0

C
he

m
ok

in
e 

(C
-C

 m
ot

if
) 

lig
an

d 
2

−
3.

53
−

4.
01

−
4.

59

9
L

rr
cc

1
N

M
_0

01
10

06
45

L
eu

ci
ne

 r
ic

h 
re

pe
at

 a
nd

 c
oi

le
d-

co
il 

do
m

ai
n 

co
nt

ai
ni

ng
 1

−
3.

51
−

2.
98

−
4.

41

10
M

gp
a

N
M

_0
12

86
2

M
at

ri
x 

G
la

 p
ro

te
in

−
3.

50
−

2.
45

−
3.

33

11
K

lf
5b

N
M

_0
53

39
4

K
ru

pp
el

-l
ik

e 
fa

ct
or

 5
−

3.
45

−
2.

77
−

4.
30

12
E

fs
N

M
_0

01
10

60
33

E
m

br
yo

na
l F

yn
-a

ss
oc

ia
te

d 
su

bs
tr

at
e

−
3.

32
−

2.
74

−
3.

61

13
It

gb
6a

N
M

_0
01

00
42

63
In

te
gr

in
, b

et
a 

6
−

3.
26

−
3.

12
−

4.
02

14
Sp

de
f

N
M

_0
01

10
95

30
SA

M
 p

oi
nt

ed
 d

om
ai

n 
co

nt
ai

ni
ng

 e
ts

 tr
an

sc
ri

pt
io

n 
fa

ct
or

−
3.

24
−

3.
14

−
3.

52

15
R

ab
25

a
N

M
_0

01
10

76
87

R
A

B
25

, m
em

be
r 

R
A

S 
on

co
ge

ne
 f

am
ily

−
3.

07
−

2.
77

−
3.

14

16
T

m
ef

f2
N

M
_0

01
10

87
95

T
ra

ns
m

em
br

an
e 

pr
ot

ei
n 

w
ith

 E
G

F-
lik

e 
an

d 
tw

o 
fo

lli
st

at
in

-l
ik

e 
do

m
ai

ns
 2

−
3.

03
−

3.
01

−
4.

15

17
Sm

oc
2a

N
M

_0
01

10
62

15
SP

A
R

C
 r

el
at

ed
 m

od
ul

ar
 c

al
ci

um
 b

in
di

ng
 2

−
3.

02
−

3.
65

−
4.

72

18
G

cn
t3

N
M

_1
73

31
2

G
lu

co
sa

m
in

yl
 (

N
-a

ce
ty

l)
 tr

an
sf

er
as

e 
3,

 m
uc

in
 ty

pe
−

2.
91

−
5.

35
−

8.
47

19
T

lr
11

N
M

_0
01

14
47

79
T

ol
l-

lik
e 

re
ce

pt
or

 1
1

−
2.

87
−

3.
82

−
4.

81

20
A

nx
a8

a
N

M
_0

01
03

16
54

A
nn

ex
in

 A
8

−
2.

87
−

2.
15

−
2.

39

21
C

cd
c8

N
M

_0
01

00
95

33
C

oi
le

d-
co

il 
do

m
ai

n 
co

nt
ai

ni
ng

 8
−

2.
87

−
2.

77
−

3.
81

22
Sl

pi
N

M
_0

53
37

2
Se

cr
et

or
y 

le
uk

oc
yt

e 
pe

pt
id

as
e 

in
hi

bi
to

r
−

2.
79

−
2.

02
−

2.
30

23
C

le
c9

a
N

M
_0

01
10

93
54

C
-t

yp
e 

le
ct

in
 d

om
ai

n 
fa

m
ily

 9
, m

em
be

r 
A

−
2.

78
−

2.
17

−
2.

63

24
T

ns
4a

N
M

_0
01

02
48

81
T

en
si

n 
4

−
2.

75
−

2.
46

−
4.

31

Int J Cancer. Author manuscript; available in PMC 2015 July 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Guariento et al. Page 22

#
G

en
e 

na
m

e
G

en
e 

ba
nk

 A
C

C
#

D
es

cr
ip

ti
on

F
ol

d 
ch

an
ge

F
ol

ic
 a

ci
d

T
ri

bu
ty

ri
n

F
ol

ic
 a

ci
d

+t
ri

bu
ty

ri
n

25
E

dn
1a

,b
N

M
_0

12
54

8
E

nd
ot

he
lin

 1
−

2.
73

−
3.

20
−

3.
75

26
St

k3
9

N
M

_0
19

36
2

Se
ri

ne
 th

re
on

in
e 

ki
na

se
 3

9
−

2.
65

−
2.

34
−

1.
69

27
Sl

co
3a

1
N

M
_1

77
48

1
So

lu
te

 c
ar

ri
er

 o
rg

an
ic

 a
ni

on
 tr

an
sp

or
te

r 
fa

m
ily

, m
em

be
r 

3a
1

−
2.

64
−

1.
84

−
2.

39

28
F

lt
3a

N
M

_0
01

10
08

22
Fm

s-
re

la
te

d 
ty

ro
si

ne
 k

in
as

e 
3

−
2.

57
−

2.
01

−
2.

35

29
M

ap
3k

6a
,b

N
M

_0
01

10
79

09
M

ito
ge

n-
ac

tiv
at

ed
 p

ro
te

in
 k

in
as

e 
ki

na
se

 k
in

as
e 

6
−

2.
57

−
2.

11
−

2.
25

30
P

ac
rg

N
M

_0
01

07
76

77
Pa

rk
2 

co
-r

eg
ul

at
ed

−
2.

55
−

2.
03

−
2.

75

31
A

rh
ga

p2
2a

N
M

_0
01

10
72

97
R

ho
 g

tp
as

e 
ac

tiv
at

in
g 

pr
ot

ei
n 

22
−

2.
51

−
2.

75
−

3.
18

32
K

it
lg

a,
b

N
M

_0
21

84
3

K
IT

 li
ga

nd
 (

K
itl

g)
, t

ra
ns

cr
ip

t v
ar

ia
nt

 1
−

2.
49

−
2.

34
−

3.
00

33
P

lx
dc

2
N

M
_0

01
10

84
22

Pl
ex

in
 d

om
ai

n 
co

nt
ai

ni
ng

 2
−

2.
48

−
2.

40
−

2.
34

34
A

sb
2

N
M

_0
01

01
19

84
A

nk
yr

in
 r

ep
ea

t a
nd

 S
O

C
S 

bo
x-

co
nt

ai
ni

ng
 2

−
2.

41
−

1.
87

−
2.

11

35
E

gr
2b

N
M

_0
53

63
3

E
ar

ly
 g

ro
w

th
 r

es
po

ns
e 

2
−

2.
35

−
2.

40
−

2.
76

36
M

m
p2

4a
,b

N
M

_0
31

75
7

M
at

ri
x 

m
et

al
lo

pe
pt

id
as

e 
24

−
2.

26
−

1.
82

−
2.

75

37
B

cl
2l

14
N

M
_0

01
02

43
38

B
cl

2-
lik

e 
14

 (
ap

op
to

si
s 

fa
ci

lit
at

or
)

−
2.

21
−

2.
60

−
2.

32

38
C

xc
l2

a
N

M
_0

53
64

7
C

he
m

ok
in

e 
(C

-X
-C

 m
ot

if
) 

lig
an

d 
2

−
2.

18
−

2.
39

−
4.

02

39
St

14
N

M
_0

53
63

5
Su

pp
re

ss
io

n 
of

 tu
m

or
ig

en
ic

ity
 1

4 
(c

ol
on

 c
ar

ci
no

m
a)

−
2.

13
−

1.
98

−
2.

16

40
P

2r
y6

N
M

_0
57

12
4

Py
ri

m
id

in
er

gi
c 

re
ce

pt
or

 P
2Y

, G
-p

ro
te

in
 c

ou
pl

ed
, 6

−
2.

12
−

1.
64

−
2.

42

41
D

ct
d

N
M

_0
01

01
38

82
D

cm
p 

de
am

in
as

e 
(D

ct
d)

, t
ra

ns
cr

ip
t v

ar
ia

nt
 1

−
2.

12
−

2.
33

−
2.

50

42
L

rr
n4

cl
N

M
_0

01
10

95
79

L
R

R
N

4 
C

-t
er

m
in

al
 li

ke
−

2.
12

−
2.

20
−

2.
53

43
F

rz
ba

,b
N

M
_0

01
10

05
27

Fr
iz

zl
ed

-r
el

at
ed

 p
ro

te
in

−
2.

08
−

1.
92

−
2.

27

44
G

as
6a

N
M

_0
57

10
0

G
ro

w
th

 a
rr

es
t s

pe
ci

fi
c 

6
−

2.
08

−
1.

72
−

2.
07

45
P

gf
a

N
M

_0
53

59
5

Pl
ac

en
ta

l g
ro

w
th

 f
ac

to
r

−
2.

01
−

1.
56

−
1.

94

46
It

ga
da

N
M

_0
31

69
1

In
te

gr
in

, a
lp

ha
 D

−
1.

98
−

1.
86

−
1.

78

47
N

ex
n

N
M

_1
39

23
0

N
ex

ili
n 

(F
 a

ct
in

 b
in

di
ng

 p
ro

te
in

)
−

1.
96

−
1.

92
−

2.
90

48
Sy

nj
2a

N
M

_0
32

07
1

Sy
na

pt
oj

an
in

 2
−

1.
92

−
1.

53
−

2.
13

49
R

gs
10

N
M

_0
19

33
7

R
eg

ul
at

or
 o

f 
G

-p
ro

te
in

 s
ig

na
lin

g 
10

−
1.

90
−

1.
62

−
1.

81

50
G

or
ab

N
M

_0
01

10
05

63
G

ol
gi

n,
 R

A
B

6-
in

te
ra

ct
in

g
−

1.
89

−
2.

97
−

2.
85

Int J Cancer. Author manuscript; available in PMC 2015 July 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Guariento et al. Page 23

#
G

en
e 

na
m

e
G

en
e 

ba
nk

 A
C

C
#

D
es

cr
ip

ti
on

F
ol

d 
ch

an
ge

F
ol

ic
 a

ci
d

T
ri

bu
ty

ri
n

F
ol

ic
 a

ci
d

+t
ri

bu
ty

ri
n

51
L

sp
1

N
M

_0
01

02
54

20
L

ym
ph

oc
yt

e-
sp

ec
if

ic
 p

ro
te

in
 1

−
1.

87
−

1.
61

−
1.

80

52
A

tp
10

a
N

M
_0

01
14

19
35

A
tp

as
e,

 c
la

ss
 V

, t
yp

e 
10

A
−

1.
87

−
1.

97
−

1.
92

53
St

6g
al

na
c2

N
M

_0
01

03
16

52
ST

6 
(a

lp
ha

-N
-a

ce
ty

l-
ne

ur
am

in
yl

-2
,3

-b
et

a-
ga

la
ct

os
yl

-1
,3

)-
N

-a
ce

ty
lg

al
ac

to
sa

m
in

id
e 

al
ph

a-
2,

6-
si

al
yl

tr
an

sf
er

as
e 

2
−

1.
85

−
1.

98
−

2.
53

54
M

rv
i1

N
M

_0
01

10
52

10
M

ur
in

e 
re

tr
ov

ir
us

 in
te

gr
at

io
n 

si
te

 1
 h

om
ol

og
−

1.
83

−
1.

61
−

2.
00

55
P

ld
2a

,b
N

M
_0

33
29

9
Ph

os
ph

ol
ip

as
e 

D
2

−
1.

83
−

1.
94

−
2.

03

56
F

bx
w

17
N

M
_0

01
08

24
09

F-
bo

x 
an

d 
W

D
-4

0 
do

m
ai

n 
pr

ot
ei

n 
17

−
1.

80
−

1.
97

−
2.

33

57
P

fk
p

N
M

_2
06

84
7

Ph
os

ph
of

ru
ct

ok
in

as
e,

 p
la

te
le

t
−

1.
78

−
1.

52
−

1.
59

58
G

na
15

N
M

_0
53

54
2

G
ua

ni
ne

 n
uc

le
ot

id
e 

bi
nd

in
g 

pr
ot

ei
n,

 a
lp

ha
 1

5
−

1.
78

−
2.

54
−

2.
68

59
C

ol
4a

4
N

M
_0

01
00

83
32

C
ol

la
ge

n,
 ty

pe
 I

V
, a

lp
ha

 4
−

1.
75

−
2.

38
−

1.
58

60
N

ap
1l

3
N

M
_1

33
40

2
N

uc
le

os
om

e 
as

se
m

bl
y 

pr
ot

ei
n 

1-
lik

e 
3

−
1.

74
−

2.
18

−
2.

49

61
P

rk
ar

2b
a

N
M

_0
01

03
00

20
Pr

ot
ei

n 
ki

na
se

, c
am

p 
de

pe
nd

en
t r

eg
ul

at
or

y,
 ty

pe
 I

I 
be

ta
−

1.
73

−
1.

64
−

2.
00

62
F

kt
n

N
M

_0
01

10
86

67
Fu

ku
tin

−
1.

71
−

2.
06

−
1.

77

63
E

nc
1a

,b
N

M
_0

01
00

34
01

E
ct

od
er

m
al

-n
eu

ra
l c

or
te

x 
1

−
1.

68
−

1.
58

−
1.

55

64
Sr

ca
,b

N
M

_0
31

97
7

V
-s

rc
 s

ar
co

m
a 

(S
ch

m
id

t-
R

up
pi

n 
A

-2
) 

vi
ra

l o
nc

og
en

e 
ho

m
ol

og
−

1.
66

−
1.

75
−

1.
72

65
G

ls
a

N
M

_0
12

56
9

G
lu

ta
m

in
as

e
−

1.
66

−
1.

55
−

1.
52

66
C

d2
00

a
N

M
_0

31
51

8
C

d2
00

 m
ol

ec
ul

e
−

1.
65

−
2.

00
−

2.
35

67
Sp

at
s2

l
N

M
_0

01
01

41
02

Sp
er

m
at

og
en

es
is

 a
ss

oc
ia

te
d,

 s
er

in
e-

ri
ch

 2
-l

ik
e

−
1.

62
−

1.
70

−
2.

06

68
F

ut
4a

N
M

_0
22

21
9

Fu
co

sy
ltr

an
sf

er
as

e 
4 

(a
lp

ha
 (

1,
3)

 f
uc

os
yl

tr
an

sf
er

as
e,

 m
ye

lo
id

-s
pe

ci
fi

c)
−

1.
61

−
1.

82
−

2.
20

69
Sp

oc
k2

N
M

_0
01

10
85

33
Sp

ar
c/

os
te

on
ec

tin
, c

w
cv

 a
nd

 k
az

al
-l

ik
e 

do
m

ai
ns

 p
ro

te
og

ly
ca

n 
2

−
1.

59
−

1.
76

−
2.

01

70
N

rp
1a

,b
N

M
_1

45
09

8
N

eu
ro

pi
lin

 1
−

1.
59

−
1.

53
−

1.
64

71
R

ee
p5

N
M

_0
01

10
88

88
R

ec
ep

to
r 

ac
ce

ss
or

y 
pr

ot
ei

n 
5

−
1.

58
−

1.
68

−
1.

62

72
A

p1
s2

N
M

_0
01

12
75

31
A

da
pt

or
-r

el
at

ed
 p

ro
te

in
 c

om
pl

ex
 1

, s
ig

m
a 

2 
su

bu
ni

t
−

1.
51

−
1.

52
−

1.
68

73
Il

4r
a

N
M

_1
33

38
0

In
te

rl
eu

ki
n 

4 
re

ce
pt

or
, a

lp
ha

1.
51

1.
91

1.
90

74
R

tn
4r

l1
N

M
_1

81
37

7
R

et
ic

ul
on

 4
 r

ec
ep

to
r-

lik
e 

1
1.

62
1.

99
2.

41

75
Sk

p2
b

N
M

_0
01

10
64

16
S-

ph
as

e 
ki

na
se

-a
ss

oc
ia

te
d 

pr
ot

ei
n 

2 
(p

45
)

1.
73

1.
83

2.
66

76
F

zd
5a

,b
N

M
_1

73
83

8
Fr

iz
zl

ed
 f

am
ily

 r
ec

ep
to

r 
5

1.
90

2.
75

3.
16

77
P

er
2

N
M

_0
31

67
8

Pe
ri

od
 h

om
ol

og
 2

2.
25

2.
46

2.
73

Int J Cancer. Author manuscript; available in PMC 2015 July 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Guariento et al. Page 24
a - 

ge
ne

s 
re

la
te

d 
to

 c
el

l p
ro

lif
er

at
io

n 
an

d 
an

gi
og

en
es

is
.

b - 
ge

ne
s 

re
la

te
d 

to
 W

N
T

 p
at

hw
ay

.

Int J Cancer. Author manuscript; available in PMC 2015 July 01.


