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Resumo

A expressao alterada de microRNAs contribui para o desenvolvimento do carcinoma hepatocelular (CHC). Em
contraste, o consumo de café reduz em ~40% o risco de desenvolvimento de fibrose/cirrose hepatica e CHC, enquanto o
café descafeinado n&o. Esses efeitos sao atribuidos a cafeina (CAF) ou a sua combinag&o com outros compostos comuns
e altamente biodisponiveis no café, como a trigonelina (TRI) e o acido clorogénico (ACG)? Assim, avaliou-se se a CAF
individualmente ou combinada a TRI e/ou ao ACG atenuam a hepatocarcinogénese associada a fibrose, investigando a
potencial modulagdo da expressédo global de microRNAs. Camundongos C3H/HedJ foram submetidos a um modelo de
hepatocarcinogénese associada a fibrose induzido por dietilnitrosamina/tetracloreto de carbono e tratados com CAF (50
mg/kg peso corporeo (p.c.) 5x/semana, gavagem), CAF+TRI (50 e 25 mg/kg p.c.), CAF+ACG (50 e 25 mg/kg p.c.) ou
CAF+TRI+ACG (50, 25 e 25 mg/kg p.c.) por 10 semanas. Somente o tratamento com CAF+TRI+CGA atenuou o
desenvolvimento de focos pré-neoplasicos hepaticos. Somente a combinagao de todos os compostos reduziu a prolifera¢éo
celular (Ki-67) em focos pré-neoplasicos e aumentou a apoptose (caspase-3 clivada) em tecido adjacente. CAF+TRI+CGA
reduziu o estresse oxidativo hepatico, aumentando a atividade ou os niveis proteicos de membros do eixo antioxidante
Nrf2/GSH-Px/SOD. O tratamento com CAF+TRI+CGA também atenuou o eixo pré-inflamatorio IL-17/ NFkB, reduzindo a
quantidade de macrofagos CD68+, a ativagdo de células estreladas (a-SMA) e a deposi¢do de colageno. Por fim, o
tratamento com CAF+TRI+ACG aumentou a expressao hepatica de miR-144-3p e miR-15b-5p, considerados supressores
de tumor ou antifibréticos, reduzindo os niveis proteicos de EGFR (alvo de miR-144-3p) e de membros da familia
antiapoptética Bcl-2 (Bcl-2, Mcl-1 e Bcl212, alvos de miR-15b-5p). Portanto, a combinagao de compostos de café, ao invés
de CAF isoladamente, atenuou a hepatocarcinogénese associada a fibrose, em parte, pela modulagéo da expressao de

miRNAs.



Abstract

Aberrant microRNA expression implicates on hepatocellular carcinoma (HCC) development. Conversely, daily
coffee consumption reduces by ~40% the risk for fibrosis/cirrhosis and HCC, while decaffeinated coffee does not. It is
currently unknown whether these protective effects are solely related to caffeine (CAF), or to its combination with other
common and/or highly bioavailable coffee compounds, such as trigonelline (TRI) and chlorogenic acid (CGA). We evaluated
whether CAF individually or combined with TRI and/or CGA alleviates fibrosis-associated hepatocarcinogenesis, examining
the involvement of miRNA profile modulation. Male C3H/HeJ mice were submitted to a diethylnitrosamine/carbon
tetrachloride-induced model. Animals received CAF (50 mg/kg), CAF+TRI (50 and 25 mg/kg), CAF+CGA (50 and 25 mg/kg)
or CAF+TRI+CGA (50, 25 and 25 mg/kg), intragastrically, 5x/week, for 10 weeks. Only CAF+TRI+CGA combination reduced
the incidence, number and proliferation (Ki-67) of hepatocellular preneoplastic foci while enhanced apoptosis (cleaved
caspase-3) in adjacent tissue. CAF+TRI+CGA treatment also decreased hepatic oxidative stress by enhancing the
antioxidant Nrf2 axis. CAF+TRI+CGA had the most pronounced effects on decreasing hepatic pro-inflammatory IL-17/NFkB
signaling, contributing to reduce CD68-positive macrophage number, stellate cell activation, and collagen deposition. The
miRNAomic profile revealed that CAF+TRI+CGA upregulated tumor suppressors miR-144-3p and antifibrotic miR=15b-5p,
frequently altered in human HCC. CAF+TRI+CGA reduced protein levels of pro-proliferative EGFR (miR-144-3p target) and
antiapoptotic Bcl-2 family members (miR-15b-5p targets). Our results suggest that the combination of most common and
highly bioavailable coffee compounds, rather than CAF individually, attenuates early fibrosis-associated

hepatocarcinogenesis by modulating miRNA expression profile.
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‘Observagéo: O capitulo 1 compreende as subseccdes 1.1, 1.2 e 1.3. A subseccéo 1.3, referente as evidéncias
epidemiolégicas e experimentais do café e seus compostos isolados sobre a carcinogénese do trato

gastrointestinal e figado, foi publicada na revista “Food Research International” (fator de impacto 3,579; JCR 2018).

1.1 Hepatocellular carcinoma: of murine and men

According to the World Health Organization (WHO), liver primary malignant neoplasias, mainly represented by
Hepatocellular Carcinoma (HCC), are the sixth most incident while the fourth deadliest cancers worldwide, comprising
around 800,000 new cases and deaths/year (WHO, 2018) (Figure 1). In addition, HCC-related incidence and mortality
crude numbers are expected to increase by 60% from 2018 to 2040 (WHO, 2018) (Figure 2). Moreover, HCC is considered
a poor prognosis disease, with a median survival time of 11 months after diagnosis, and 3-year survival rates ranging from
19 t0 30% (Greten et al., 2005; op den Winkel et al., 2012). These epidemiological data evoke the importance of HCC as
a global health problem and elicit the need for novel preventive and therapeutic strategies. Moreover, populational data
on HCC display two important features: gender and geographical disparities (Figures 3 and 4). Standardized incidence
rates (cases or deaths per 100,000 people) in Asian and African continents together are almost 2-fold higher than in
Europe and North America (Figure 3). Noteworthy, HCC is not part of the top ten most incident and deadliest cancers in
Brazil (INCA, 2018). Geographical disparity is clearly linked to the occurrence of the main risk factors for this malignancy.
In addition, 70% of HCC cases and -related deaths occur in men (Figure 4). The mechanisms concerning gender disparity,
involving the promoting activity of testosterone and protective effect of estrogens, were only elucidated with the use of

preclinical rodent models, and will be further discussed.
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Figure 1. Infographics on HCC epidemiological global data in 2018. Primary liver cancers, mostly represented by HCC (responsible

for 78% cases/deaths), are part of the top 10 ranked cancers in both incidence and mortality crude numbers (WHO, 2018).
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Figure 2. Estimated increase in both incidence and mortality crude numbers for HCC, considering 2018 to

2040 projection (WHO, 2018).
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Figure 4. Gender disparity feature of HCC-related incidence and mortality crude number between

men and women (WHO, 2018).
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Around 70 - 90% of HCC cases develop in the background of liver fibrosis/cirrhosis caused by chronic hepatitis B
(HBV) and C (HCV) virus infection, non-alcoholic fatty liver disease (NAFLD) and/or alcoholic liver disease (ALD) (Yang
et al., 2011; Baecker et al., 2018). Globally, 44% and 21% of all cases are attributed to HBV and HCV chronic infections,
respectively, whereas 26% and 16% are linked to ALD and NAFLD-related metabolic syndromes (mostly obesity and
diabetes) (Baecker et al., 2018). Concerning Central Asia and Central Sub-Saharan Africa, HBV and HCV are indeed the
most prominent risk factors, responsible for 57%-60% and 41%-50% of all cases, respectively (Baecker et al., 2018). On
the other hand, in Central Europe and North America, ALD and NAFLD-related metabolic syndromes are the most
protruding ones, linked to 30%-32% and 20%-24% of all cases, correspondingly (Makarova-Rusher et al. 2016; Baecker
et al., 2018). Since some authors consider the chronic viral infections as the most important risk factors for HCC
development, HBV/HCV-related HCC attributable fraction may in part explain geographical disparity among the cited
continents (Figure 3). Nonetheless, recent studies have reported on the increasing prevalence of ALD and, specially,
NAFLD in high income European countries and USA (Makarova-Rusher et al. 2016; Baecker et al., 2018). It is worthy of
note that non-alcoholic steatohepatitis (NASH), the advanced stage of NAFLD, is the second leading etiology of HCC-
related liver transplant in the USA (Wong et al., 2014; 2015). In general, HCC is considered a complex and multifactorial
disease concerning its risk conditions since their co-existence of is often observed, as HBV and HCV co-infections and
co-occurrence of ALD and NAFLD (Baecker et al., 2018).

The risk factors are proposed act through multiple different molecular mechanisms that predispose to chronic liver
disease and culminate on the emergence of hepatocellular preneoplastic and neoplastic lesions. Overall, HCV and HBV
chronic infections have both direct and indirect mechanisms (Levrero & Zucman-Rossi, 2016; Vescovo et al., 2016) (Figure
5). The direct ones are related to components of the viral particle (Figure 5). In order to induce viral replication, HBV
genome integrates the host hepatocyte genome in a feature known as insertional mutagenesis (Minami et al., 2005). This
integration may establish genomic instability and predispose to DNA damage and more severe genomic alterations, as
mutations and chromosomal rearrangements in oncogenes or tumor suppressor genes (Minami et al., 2005). Moreover,
the HBx protein, also responsible for orchestrating viral replication, is accounted for translational repression (as it promotes
DNA methylation) or activation (as it promotes DNA acetylation) (Cougot et al., 2007; Zheng et al. 2009) (Figure 5).
Regarding HCV, the core protein of the viral particle directly interacts with mitochondrial proteins, predisposing to
mitochondrial stress and disfunction (Kim et al., 2013) (Figure 5). Core is implicated on post-translational modifications in

important tumor suppressor proteins, as p53 protein, the “guardian of the genome” (Kao et al., 2004). The role of other
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HCV proteins [nonstructural proteins (NS) NS3, N4B and NS5B] on intracellular signaling is also speculated, yet not fully
understood. During chronic viral infections, HBV and HCV are able to evade the viral particle clearance mediated by both
innate and adaptive immune systems through viral replication and mutations (Levrero & Zucman-Rossi, 2016; Vescovo et
al., 2016). As long as viral particles are adapted to inflammatory microenvironment, the persistent inflammation may cause
long-term hepatocyte damage and death, creating a necro inflammatory context that eventually progress to liver fibrosis
and cirrhosis (Levrero & Zucman-Rossi, 2016; Vescovo et al., 2016). In this process, pro-inflammatory cytokine release,
oxidative stress and cell death signals are the stimuli for hepatic stellate cell (HSC) activation (Tsuchida & Friedman, 2017)
(Figure 6). Inactivated under physiological conditions, these cells progressively turn into proliferative, contractile and
fibrogenic myofibroblast through epithelial-mesenchymal transition (EMT), being established as the central drivers of liver
fibrosis and cirrhosis (Tsuchida & Friedman, 2017) (Figure 6). Chronic cycles of hepatocyte death and extracellular matrix
(ECM) synthesis and accumulation, mainly collagen type | and Ill, lead to the progressive substitution of liver parenchyma
by fibrous septa, characterizing fibrosis (Tsuchida & Friedman, 2017). The evolution of this condition, featuring profound
liver architecture modification and functional and regenerative capacity loss, culminates on liver nodulation (‘islands” of
hepatocytes surrounded by ECM, Figure 6), is called cirrhosis (Tsuchida & Friedman, 2017). The interplay between
macrophages and activated HSC through paracrine signaling mediated by growth factors [transforming growth factor-f
(TGFB), platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF) and connective tissue growth
factor (CTGF)] and cytokines (as interleukin 17) is also a key event on fibrosis establishment and progression to cirrhosis

(Meng et al., 2012; Tsuchida & Friedman, 2017).
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Figure 6. The main outcomes of HBV/HCV-related chronic liver disease. Chronic immune response and hepatocyte death are the stimuli
for hepatic stellate cell activation, a key event on hepatic fibrogenesis. The progressive accumulation of collagen, as well as liver

nodulation, are depicted in photomicrographs of Sirius red-stained sections of human liver. Adapted from Tsuchida & Friedman, 2017.

WHO estimates that ethanol (CHsCH,OH), the main component of alcoholic beverages, is linked to 12.6% of cancer-
related deaths globally (WHO, 2018). Concerning excessive and chronic ethanol consumption, attributed to ~26% of HCC
cases globally, epidemiological data point out to a linear positive correlation between alcohol intake and increased risk for
HCC development (Chuang et al., 2015). It is estimated that a drink per day, corresponding to ~12 g of ethanol (half a pint
of beer or one glass of wine), leads to 8% risk increase for HCC risk. Two (~24 g of ethanol) and four drinks (~48 g of
ethanol) are associated with 19% and 54% risk increases, respectively (Chuang et al., 2015). Although some authors
consider excessive and chronic ethanol intake as an independent risk factor for HCC, strong synergism is observed in the
co-occurrence with viral infections and metabolic disorders (Yuan et al., 2004). After consumption (Figure 7), ethanol
undergoes hepatic metabolism into acetaldehyde (CHsCHO) by alcohol dehydrogenase (ADH), cytochrome P450 2E1
(CYP2E1) and/or, to a lesser extent, catalase (Cederbaum, 2012). Subsequently, acetaldehyde is oxidized into acetate
(CH3COOH) by aldehyde dehydrogenase (ALDH) (Cederbaum, 2012) (Figure 7). Acetaldehyde and acetate are highly

reactive and prone to bind to biomolecules, specially DNA, forming stable DNA adducts (Figure 7). Ethanol metabolism
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lalso leads to reactive oxygen species (ROS) release (Cederbaum, 2012). Both ROS and ethanol metabolites are
accounted for genomic instability, a key hallmark for neoplastic transformation and progression. Oxidative damage may
also cause hepatocellular death, activating immune response (Cederbaum, 2012). Oxidative stress, cell death and immune
response are the stimuli for HSC activation and fibrosis, as previously highlighted (Tsuchida & Friedman, 2017). In addition,
ethanol alters energy metabolism in the liver. ADH- and ALDH-mediated reactions lead to the accumulation of reduced
nicotinamide adenine dinucleotide (NADH) (You & Arteel, 2019) (Figure 7). This high concentration of NADH inhibits fatty
acid (FA) oxidation and promote FA synthesis. Progressively, triacylglycerols accumulate in the hepatocytes, leading to a
condition known as “fatty liver”. The context of lipotoxicity in fatty liver also contributes to cell death and immune response
that lead to HSC activation (You & Arteel, 2019). In addition to these mechanisms, ethanol causes enteric dysbiosis and
subsequent intestinal barrier disruption (Starkel et al., 2018) (Figure 7). Gut permeability enables the translocation of
lipopolysaccharide (LPS), a bacterial endotoxin that reaches the liver via circulation and activates immune response,

ultimately contributing to HSC activation and fibrosis (Tsuchida & Friedman, 2017; Starkel et al., 2018).

Intestinal Ethanol

| NAD
barrer [ CIPEE l ADH (o
; Acetaldehyde {

and accumulation

s X Lipid synthesis
r ALI]HZ ) 27
P (‘ NADH
Acetate
\” \" N
ECMsynthesns

Immune . ® "’

response e — Hepltneyte

death ° — % Stellate cell
response activation

Figure 7. The main ethanol-related mechanisms on the induction on alcoholic liver disease (ALD), a growing risk condition

for HCC in high income countries (Cederbaum, 2012; Tsuchida & Friedman, 2017; Starkel et al., 2018; You & Arteel, 2019).

,Lastly, the mechanisms involved in NAFLD-related HCC are intrinsically related to the frequency of metabolic
disorders, including type 2 diabetes mellitus (T2DM) and especially obesity, an imminent public health problem in high
income countries (Makarova-Rusher et al., 2016). According to the Center of Disease Control (CDC) of the USA, the
prevalence of obesity was 39.8% and affected about 93.3 million adults in 2015-2016 (CDC, 2018). Interestingly, ~34% of

USA population presents NAFLD, indicating a potential causal relationship between obesity and this HCC risk condition



Capitulo 1 - Revisao de Literatura | 7

| (Kim et al., 2013). The western fast food culture, established in 60’s and globally widespread nowadays, contributes to the
enhanced consumption of saturated fats and refined sugars (Fraser et al., 2010). A saturated fat-rich diet increases serum
free fatty acids (FFA) levels, as well as FFA delivering to the organs, including the liver (Kutlu et al., 2018) (Figure 8).
Increased FFA uptake drastically alters hepatic lipid metabolism, stimulating de novo lipogenesis while decreasing
triglyceride disposal by fatty acid oxidation and by the secretion of triglyceride-rich lipoproteins (Kutlu et al., 2018). Some
authors rely on the “two-hit” theory to explain NAFLD molecular pathogenesis (Kutlu et al., 2018). The first hit involves the
triglyceride accumulation in more 5% of hepatocytes, characterizing simple steatosis (Kutlu et al., 2018). The progressive
fat accumulation may establish a lipotoxic context that leads to hepatocyte death and triggers inflammatory response,
which is considered the “second hit” (Kutlu et al., 2018) (Figure 8). Subsequently, chronic inflammation leads to HSC
activation, fibrosis, and the coexistence of all these conditions is denominated NASH, which is the most advanced stage
of NAFLD development (Kutlu et al., 2018). The consumption of high-sugar drinks, containing high fructose and glucose
levels, also contribute to NAFLD (Jensen et al., 2018). Briefly, fructose and glucose metabolism increase acetyl-CoA
bioavailability, stimulating de novo lipogenesis and triglyceride accumulation (Jensen et al., 2018) (Figure 8). A fat-rich
diet consumption is also responsible for visceral body fat accumulation and gut permeability (Vonghia & Francque, 2015;
Federico et al., 2016). Pro-inflammatory adipokines produced by increased visceral fat, as well as enhanced endotoxemia
caused by gut leakiness also promote the “second-hit” events (Vonghia & Francque, 2015; Federico et al., 2016) (Figure
8). The chronic pro-inflammatory context in NASH contributes to the acquisition of “tumor-promoting inflammation” cancer

hallmark.
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Figure 8. The main western diet-related mechanisms on the induction on alcoholic liver disease (NAFDL),
another rising risk condition for HCC in high income countries. ROS = reactive oxygen species; LPS =

lipopolysaccharide (Vonghia & Francque, 2015; Federico et al., 2016; Jensen et al., 2018; Kutlu et al., 2018).
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The emergence of HCC, which is a complex and stepwise process, so called hepatocarcinogenesis, involves the
progressive accumulation of molecular and morphological alterations under the mechanisms of the above cited risk factors.
The cirrhotic background (up to 90% of HCC cases) and the metabolic alterations (as observed in ALD and NAFLD), confer
“tumor-promoting inflammation” and “deregulated energetics” features to hepatic microenvironment, predisposing to
molecular changes. The multistep sequence of (epi)genetic alterations disrupts core cellular functions, favoring the
acquisition of sustained cell proliferation, immortality, genomic instability and mutation, migration and invasion,
angiogenesis traits, known as hallmarks of cancer (Figure 9). Gradually, these features favor the development of benign
hepatocellular lesions, as dysplastic nodules, HCC and metastatic tumors (Figure 9).

In humans, altered hepatocyte foci (AHF), microscopic alterations composed of 20-30 hepatocytes, are frequently
observed in cirrhotic livers (around 68% of patients) (Su & Bannasch, 2003). These lesions display different phenotypes:
small cell change (presenting decreased nuclear and cytoplasm ratio) or glycogen-storing foci (GSF) (Su & Bannasch,
2003; Libbrecht et al., 2007). Although similar alterations are frequently observed in experimental HCC mouse models,
the relevance of AHF as early alterations in human hepatocarcinogenesis, as well as the importance of their screening, is
yet to be elucidated (Su & Bannasch., 2003; Libbrecht et al., 2007). Generally, the earliest hepatocellular lesion with real
clinical importance for human hepatocarcinogenesis develops in cirrhotic livers as macroscopic dysplastic nodules (DN).
Further classified into low or high-grade DN, some of these lesions harbor Telomerase reverse-transcriptase (TERT)
promoter mutations (~25%) (Nault et al., 2013). TERT gene encodes telomerase enzyme, responsible for telomere length
maintenance. This activating mutation enables unlimited telomere stability, conferring the immortalization feature to DN
(Nault et al., 2013; 2014). TERT mutations are also observed in HCC (comprising 44% of cases, considered the most
common genetic alteration), whereas other DN-related mutations are not so frequent in this malignancy (Nault et al., 2014;
Cancer Genome Atlas Research Network, 2017). For this reason, DNs are considered premalignant conditions and TERT
mutations are predictive biomarkers of liver neoplastic transformation (Nault et al., 2014). Interestingly, HCC features not
only mutations, but also TERT amplification is observed in 10% of HCC cases (Cancer Genome Atlas Research Network,
2017).

Among other important genetic alterations in HCC, there are inactivating mutations in tumor suppressor genes tumor
protein (TP53) (31%), axin 1 (AXIN1) (8%), and RB transcriptional corepressor 1 (RB1) (4%) (Cancer Genome Atlas

Research Network, 2017). Activating mutations on catenin beta 1 (CTNNB1) (27%) oncogene are also recurrent (Cancer
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Genome Atlas Research Network, 2017). The widely-known TP53 gene, that translates the most extensively studied
protein in the solid tumors, has crucial roles on inducing cell cycle arrest (Cdkn1a and Gadd45a), DNA repair (Gadd45a)
and apoptosis (BH3 domain-only proteins Puma, Noxa, Bad, Bax, and Bak)-related proteins (Chen, 2016). Thus, mutations

on TP53 may impair these cellular processes, contributing to the acquisition of “evasion of growth suppressors”, “genomic
instability and mutation” and “resistance to cell death” hallmarks, correspondingly. Besides TP53 mutations, the
hypermethylation of O6-methylguanine-DNA methyltransferase (MGMT) promoter (39% of cases) is also proposed to
hinder DNA repair and predispose to genomic instability (Zhang et al., 2003; Cancer Genome Atlas Research Network,
2017).

AXINT and APC are negative regulators of the pro-proliferative Wnt/B-catenin pathway (Zhan et al., 2017). In the off-
state of this pathway, B-catenin, which a transcriptional co-regulator, is phosphorylated, ubiquitinated and led to
degradation by APC/Axin/GSK-3p-complex. In the presence of Wnt ligand (on-state), GSK-3 is displaced from APC/Axin
complex, leading to B-catenin accumulation and translocation to the nucleus, where it binds to LEF/TCF transcription
factors (Zhan et al., 2017). LEF/TCF/B-catenin promotes the expression pro-proliferative genes, including Myc and Cyclin
D1 (CCND1) (Zhan et al., 2017). Deactivating AXIN1 and activating CTNNB1 mutations result on intrinsic activation of
Wnt/B-catenin pathway in HCC, conferring “sustained cell proliferation” hallmark to this malignancy (Zhan et al., 2017).
Aberrant methylation profile is also related to Wnt/B-catenin pathway, since increased hypermethylation of APC promoter
is observed in 63.1% of HCC cases (Csepregi et al., 2008; Zhang et al., 2016). Despite of being quite heterogeneous,
epidermal growth factor receptor (EGFR) overexpression is observed 32-66% of HCC tissues (Buckley et al., 2008;
Panvichian et al., 2015). In addition, EGFR extra copy numbers are present in 45% of cases (Buckley et al., 2008). EGFR
is transmembrane tyrosine kinase receptor activated by epidermal growth factor (EGF) and transforming growth factor o
(TGF-a) ligands (Wee & Wang, 2017). Bindings results in EGFR dimerization and activation of downstream signaling
pathways, including Ras-Raf-MAPK and phosphatidylinositol 3-kinase (P13K)/protein-serine/threonine kinase Akt,
involved in cell growth, proliferation and survival (Wee & Wang, 2017). In HCC, increased EGFR signaling is proposed to

contribute to “sustained cell proliferation hallmark”, as well as Wnt/B-catenin pathway.
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Figure 9. The main (epi)genetic alterations observed during human hepatocarcinogenesis. The multistep sequence of molecular
alterations disrupts core cellular functions, favoring the acquisition of the hallmarks of cancer. Gradually, these traits favor the
development of benign hepatocellular lesions and HCC (Zhang et al., 2003; Buckley et al., 2008; Nault et al., 2013; 2014;

Panvichian et al., 2015; Cancer Genome Atlas Research Network, 2017).

In order to elucidate the molecular and morphological events involved in complex stepwise hepatocarcinogenesis,
and to investigate preventive and therapeutic alternatives to HCC, a myriad of in vitro and in vivo models is applied in
literature (as revised by Bakiri et al., 2013 and Hirschfield et al., 2018). The in vitro study of the multistage
hepatocarcinogenesis process involves both primary cultures of hepatocytes and well-established HCC cell lines
(Arellanes-Robledo et al., 2017; Hirschfield et al., 2018). By using primary hepatocyte cultures of human or animal origin,
it is possible to understand the cellular and molecular events involved in malignant transformation, as genomic instability,
cell proliferation and apoptosis (Arellanes-Robledo et al., 2017). On the other hand, a great number of human HCC cell
lines have been established for the study of HCC progression stage (Arellanes-Robledo et al., 2017; Hirschfield et al.,
2018). These cell lines have proved to be a useful tool in biomedical research, enabling the development of
pharmacological therapies and screening of toxic compounds (Arellanes-Robledo et al., 2017; Hirschfield et al., 2018).
Nonetheless, monolayer homotypical cell culture using HCC cell lines (Figure 10) lacks molecular and microenvironmental

heterogeneity as observed in the corresponding human disease. Among all cell lines used, HepG2 (ATCC® HB-8065™),
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| which is derived from a 15-year-old American boy, has been the most used HCC in vitro model from 2000 to 2016, followed
by Huh7, taken from a 57-year-old Japanese male (Arellanes-Robledo et al., 2017).

However, cell line heterogeneity is a limitation, since some of them harbor punctual resemblances with human HCC,
while lacking many other molecular characteristics. The CTNNB1 mutation, frequently observed in human HCC, was only
observed in SNU-398 and C3A (Figure 10) cell lines (Hirschfield et al., 2018). SNU-398, Huh7 and HepG2 displayed TERT
promoter mutations (Hirschfield et al., 2018). In addition, Huh7 also showed TP53 mutation, while SNU-398, C3A and
HepG2 did not. SNU-449 features AXINT and TP53 mutations while lacks TERT mutation (Hirschfield et al., 2018).
Moreover, both SNU-398 and -449 present part of HBV genome, indicating insertional mutagenesis, which is not featured
in Huh7, C3A and HepG2 (Hirschfield et al., 2018). Some cell lines, as HepG2 and its clonal derivative C3A, display HCC
clinical characteristics such as increased serum a-fetoprotein (AFP) levels in the medium (Hirschfield et al., 2018). In order
to mimic tumoral complexity and microenvironment, 3D heterotypical cultures using the above cited cell lines have been
established (Figure 10) (Abu-Absi et al., 2004). Hepatocytes cultured on moderately adhesive surfaces or in suspension
aggregate to form spheroids. In order to mimic a functional liver, tumoral cells are usually co-cultivated fibroblast-like cells,
including the activated HSC (as human LX-2 and rat HSC-T6) and fibroblasts (as mouse NIH/3T3) (Abu-Absi et al., 2004;
He et al., 2018; Khawar et al., 2018). Mixed cell 3D cultures systems sometimes contain three different cell types, as
hepatocytes, HSC and macrophages (Prestigiacomo et al., 2017). In comparison to homotypical spheroids, mixed-cell
spheroids display enhanced expression of collagen | and pro-fibrotic factors such as, TGF-1 and CTGF (Khawar et al.,
2018). In order to add microenvironmental complexity to spheroid model, some protocols are based on the co-activation
of the fibroblast-like cells by treating the spheroids with pro-inflammatory LPS, IL-6, PDGF or TGFR (Prestigiacomo et al.,
2017; Ouchi et al., 2019; Pingitore et al., 2019). These examples of heterotypical 3D culture models, also called
heterospheroids, are well-accepted models for the study of inflammation/fibrosis-associated-HCC (Figure 10). Recently,
in vitro models of NASH-associated HCC have been established, using 3D heterotypical spheroid backbone, by adding
FFA in the medium (Ouchi et al., 2019; Pingitore et al., 2019) (Figure 10). In comparison to non-exposed spheroids, FFA-

treated ones accumulate of fat and exacerbate collagen synthesis (Ouchi et al., 2019; Pingitore et al., 2019).
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Figure 10. (A) Example of homotypical monolayer cell culture in low and high densities of C3A cell line (ATCC® CRL-10741™), a
clonal derivative of HepG2, the most applied HCC cell line in research (Arellanes-Robledo et al., 2017). (B) Graphical examples of
heterotypical 3D cell culture systems with HCC and fibroblast-like cells, applied as fibrosis-associated or NASH-associated HCC

models (Khawar et al., 2018; Pingitore et al., 2019)

In addition to the in vitro bioassays, a relatively large number of rodent models to study hepatocarcinogenesis are
presently available and can be organized as follows: (1) chemically-induced, (2) xenograft, (3) viral, and (4) genetically
engineered mouse (GEM) models (Bakiri et al., 2013). Chemically-induced bioassays rely on the administration of
genotoxic and non-genotoxic compounds that lead to the development of hepatocellular preneoplastic and malignant
neoplastic lesions in mice (Mus musculus) and rats (Rattus norvegicus) (Heindryckx et al., 2009; Bakiri et al., 2013). Some
of these preclinical bioassays present striking morphological and molecular similarity to the corresponding human disease,
presenting potential translational application (Petrelli et al., 2014; Romualdo et al., 2017). Nevertheless, the greatest

disadvantages on choosing these bicassays are the methodological inconsistency (e.g. different chemical compounds,
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| doses, frequencies of administration, etc.) and mouse inter-strain variability (less or more susceptible) (Heindryckx et al.,
2009; Bakiri et al., 2013). Due to these reasons, literature lacks standard chemically-induced preclinical rodent models.

Among the most used chemicals in these models, diethylnitrosamine (DEN), also called N-nitrosodiethylamine
(NDEA), is a N-nitrosamine naturally found in tobacco and cured meat (Scanlan, 1983) (Figure 11). The daily human
ingestion of N-nitrosamines is around 0.5 to 1.0 ug (Scanlan, 1983). DEN holds the “Group 2A: probably carcinogenic to
humans” classification according to the International Agency for Research on Cancer (IARC, 2019). DEN
hepatocarcinogenic properties were first described in the 60’s, when administered to rats and golden hamsters in drinking
water (Dontenwill & Mhor, 1961; Thomas, 1961). In more recent protocols, DEN is usually administered intraperitoneally
to rats or mice, in single or multiple doses (Romualdo et al., 2017; 2018). After DEN injection, its biotransformation happens
in the liver by cytochrome P450 (CYP) 2E1, generating ROS and carbonium ions (Verna et al., 1996; Jin et al., 2007)
(Figure 11). These highly reactive metabolites bind to biomolecules, including the DNA. DEN-induced DNA alkylation or
oxidation predispose to DNA damage, genomic instability and mutation (Verna et al., 1996). Although the exact molecular
alteration caused by DEN in hepatocytes is not known, DEN is considered a complete carcinogen that leads to the
development of preneoplastic and malignant hepatocellular lesions (Verna et al., 1996) (Figure 12). DEN is frequently
given to rodents in their neonatal (mice) or adult phases (rats and mice) (Vesselinovitch et al., 1984; Romualdo et al.,
2017; 2018). The main advantage of using neonatal protocol in mice is the hepatic postnatal (PND) development context
(Vesselinovitch & Mihailovich, 1983; Septer et al., 2011). Compared to adult liver, proliferation rates are increased in the
liver of neonatal mice (Septer et al., 2011). When given to neonatal mice at the 15-20 PND, the pro-proliferative hepatic
context promotes the clonal expansion of DEN-initiated hepatocytes, ultimately favoring hepatocellular (pre)neoplastic
lesion development and shortening the time for HCC development (Vesselinovitch & Mihailovich, 1983).

Furthermore, inter-strain mouse susceptibility also interferes with the outcomes of chemically-induced
hepatocarcinogenesis. In both adult or neonatal mice models, C3H/HeJ mice presents increased susceptibility to DEN-
induced regimens compared to other commonly applied strains, as C3B6F1 (intermediate susceptibility), C57BL/6J and
BALB/c (decreased susceptibility) (Lee et al., 1989; Weghorst et al., 1989). Although the molecular basis for liver tumor
susceptibility have not been fully investigated, several loci that influence susceptibility and resistance have been mapped
(Maronpot., 2009). The greater susceptibility of the C3H/HeJ strain is mostly attributed to hepatocarcinogenicity sensitivity
7 (Hes7) locus, which promotes hepatocyte growth and proliferation, especially in preneoplastic lesions (Bilger et al., 2004;

Maronpot, 2009). Indeed, due to this genetic feature, C3H/HeJ mice spontaneously develop HCC in the absence of
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carcinogen in a long latency time (up to 76 weeks) (Connor et al., 2018). Nonetheless, even in neonatal mouse models
using susceptible strains, a long latency time is necessary for these lesions to achieve high incidence and multiplicity (up
to ~40 weeks, in a strain-, protocol-dependent manner) (Bakiri et al., 2013). Therefore, in order to reduce the experimental
time, DEN is applied as genotoxic “initiator” and usually combined with another drug or surgical process (as 2/3 partial
hepatectomy) as a “promoter” (Bakiri et al., 2013) (Figure 12). The promoter’s main goal is to establish a context that
favors the clonal expansion of DEN-initiated hepatocytes (Bakiri et al., 2013) (Figure 12).

One of the most applied promoters is carbon tetrachloride (CCls) (Uehara et al., 2013; Chappell et al., 2014;
Romualdo et al., 2018) (Figure 11). Although DEN intraperitoneal administrations lead to the development of hepatocellular
(pre)neoplastic lesions, these models lack the fibrosis/cirrhosis scenario observed in up to 90% HCC cases (Yang et al.,
2011). Thus, the use combined DEN + CCls regimen is suitable for the study of fibrosis- or cirrhosis-associated
hepatocarcinogenesis process (Uehara et al., 2013; Chappell et al., 2014; Romualdo et al., 2018). When intraperitoneally
administered to rats and mice, this haloalkane is majorly metabolized by CYP2E1 (CYP2B1, CYP2B2 and CYP3A also
play minor roles) to form the highly reactive trichloromethyl (*CCls) and trichloromethyl peroxyl (*OOCClIs) radicals (Weber
et al., 2003) (Figure 11). This radical, as well as ROS generated by increased CYP2E1, can bind and damage to
biomolecules, as lipids, proteins and nucleic acids (Weber et al, 2003). Lipid peroxidation reactions, initially mediated by
*O0CCls, damage and increase the permeability of mitochondrial, endoplasmic reticulum, and plasma membranes (Weber
et al, 2003). Protein oxidation impairs enzyme activity, while RNA damage may reduce protein synthesis (Weber et al,
2003). This context predisposes to hepatocyte death, triggering inflammatory response (Weber et al, 2003). Oxidative
stress, cell death and inflammatory mediators are the stimuli for HSC activation and, ultimately, liver fibrosis (Weber et al,
2003) (Figure 11). Multiple intraperitoneal CCls administrations, in unique or increasing doses, mimic cycles of viral
replication and liver damage in the corresponding human disease (Uehara et al., 2013; Chappell et al., 2014; Romualdo
et al., 2018). The establishment of a pro-inflammatory and pro-fibrotic background is thought to promote DEN-initiated
hepatocytes (Uehara et al., 2013; Chappell et al., 2014; Romualdo et al., 2018). Growth factors and cytokines produced
by immune cells during chronic inflammatory response may have paracrine mitogenic effects on (pre)neoplastic
hepatocytes, inducing focal lesion growth (Uehara et al., 2013). Indeed, the combination of DEN initiation (single dose in
neonatal mice) and CCls promotion (twice a week for 14 weeks, starting at 8 weeks of age) regimens increased by 50%

the incidence of HCC compared to DEN-initiated mice, suggesting an acceleration of HCC development (Uehara et al.,
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| 2013). Even though CClsis applied as a promoter, adduct formation between *CCl; and DNA may also function as initiator,
leading to HCC development in a protocol-dependent manner (Weber et al., 2003; Uehara et al., 2013; Chen et al., 2015)
Other chemical promoters are recurrently used in models, as the non-fibrogenic phenobarbital (PB) and the fibrogenic
thioacetamide (TAA). The mechanism regarding PB promotion is not fully elucidated, but its administration in low doses in
drinking water or diet positively selects hepatocytes harboring the activating mutations of the Ctnnb1 gene, which lead to
activated B-catenin signaling (Aydinlik et al., 2001). For this reason, some authors denominate PB as a “tumor selector”
rather than a promoter (Braeuning & Schwarz, 2016), since Ctnnb1 mutations are not frequent in protocols using only DEN
(Connor et al., 2018). Similar to CCls, TAA undergoes metabolic activation by CYP2E1, generating S-oxide (TASO) and
S,S-dioxide (TASO(2)) compounds that sequentially exert biomolecule damage, cell death, inflammatory response, HSC
activation, ECM synthesis and fibrosis/cirrhosis in a protocol-dependent manner (Hajovsky et al., 2012; Crespo et al.,
2016; Romualdo et al., 2017). The use of fibrogenic promoters in chemically-induced models result on remarkable
molecular and resemblances with human fibrosis/cirrhosis-associated HCC (Romualdo et al., 2017), usually caused by
chronic viral infections. For ALD- and NAFLD- associated HCC bioassays, DEN initiation protocols are commonly
combined with dietary interventions. For ALD models, Lieber-DeCarli (~5% of ethanol) liquid diet is usually given to rodents
after DEN initiation, promoting B-catenin nuclear translocation and mRNA upregulation of its downstream targets (Mercer
et al., 2014). Concerning NASH, recent models using “western diet” approach promote HCC in a context of progressive
lipid accumulation, lipotoxicity, HSC activation and fibrosis (Kishida et al., 2016; Tsuchida et al., 2018). Mouse models
frequently use high fat diet formulations (20-60% of fat) and fructose/glucose mix (55/45%) in drinking water (Kishida et
al., 2016; Tsuchida et al., 2018). The combination of CCl, repeated applications and western diet was also applied for this

purpose in order to establish a NASH context experimentally (Tsuchida et al., 2018)
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Figure 11. (A) Diethylnitrosamine (DEN) and (B) carbon tetrachloride (CCls) liver metabolism and their cellular outcomes (Verna et al.,

1996; Weber et al., 2003). *CCls = trichloromethyl radical; *OOCClIs = trichloromethyl peroxyl radical; ROS = reactive oxygen species.
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The first and smallest morphologically recognizable lesion in chemically-induced models of hepatocarcinogenesis in
mouse are AHF (up to ~20 weeks, in a strain- and protocol-dependent manner). The gold standard for AHF identification
is the microscopic screening in Hematoxylin and Eosin (HE)-stained sections (Thoolen et al., 2010). Foci present clear
phenotypical variations and are usually classified as basophilic, eosinophilic or clear cell foci according to the tinctorial
characteristic of most hepatocytes (Thoolen et al., 2010) (Figure 13). Basophilic cell foci are composed of smaller cells
than normal hepatocytes, and cytoplasm exhibits distinct basophilia due to free ribosomes or rough endoplasmic reticulum
(Thoolen et al., 2010). Both clear and eosinophilic cell foci are composed of enlarged cells due to glycogen storage in
excess (Thoolen et al., 2010). Strong eosinophilia may result from enhanced smooth endoplasmic reticulum, peroxisome,
or mitochondria (Thoolen et al., 2010). These phenotypes seem not occur at random considering that these lesions are
theorized to undergo a “metabolic turnover” (Figure 13). At first, DEN increases insulin growth factor Il (IGF-I1) levels, and
IGF-II downstream signaling decreases glucose-6-phosphatase (G6Pase) activity, promoting the emergence of glycogen
storage phenotypes (Lahm et al., 2002; Bannasch et al., 2003). IGF signaling also promotes ras-, raf-, mitogen activated
signaling cascade, enhancing cell proliferation (Bannasch et al., 2003). Progressively, foci shift from anabolic to catabolic
glucose metabolism in order to provide energy for the increasing cell proliferation, giving rise to basophilic phenotype
(Bannasch et al., 2003) (Figure 13). Along with the “deregulated energetics” hallmark, some of AHF display Hras (15% of
G6Pase-negative foci) and Braf (97.3% of basophilic foci) oncogene mutation (Buchmann et al., 1989; Yamamoto et al.,
2017). These mutations may provide a proliferative and growth advantage to these lesions (Buchmann et al., 1989;
Yamamoto et al., 2017). Although these molecular alterations are not common in human HCC, and considering that the
importance of similar AHF in human hepatocarcinogenesis is not elucidated, mouse AHF are considered putative
preneoplastic lesions in chemically-induced models and predisposed to neoplastic progression under adequate promoting
stimuli (Figure 12) (Buchmann et al., 1989; Bannasch et al., 2003; Yamamoto et al., 2017). The screening of these lesions
enables carcinogenicity testing during the early stages of hepatocarcinogenesis, avoiding the use of long latency
chemically-induced protocols (Klaunig & Kamendulis, 1999; Bannasch et al., 2003, Ogawa, 2009). Indeed, AHF have been
extensively used in research for the investigation of the early molecular events of hepatocarcinogenesis, as well as for the
screening of preventive/promoting agents (Romualdo et al., 2016; 2017; Cast et al., 2018; Pedersen et al., 2019).

The subsequent molecular events that explain the malignant transformation of AHF are yet to be fully unraveled, but
the initiation— promotion— progression stepwise theory is widely accepted in literature (Figure 12) (Klaunig &

Kamendulis, 1999; Bannasch et al., 2003, Ogawa, 2009). Indeed, recent findings indicate that some hepatocytes of DEN-
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| induced AHF presenting oncogenic dephosphorylation of CCAAT/enhancer binding protein a (C/EBPa) acquire a
“stemness” feature, being classified as potential tumor-initiating hepatocyte (PTIH) (Cast et al., 2018). Similar events were
also described in early and late stages of aggressive human HCC, suggesting that the preneoplastic foci with PTIHs are
the origin of mouse HCC (Cast et al., 2018). Other findings indicated that over 80% DEN-induced HCC displayed activating
hotspot mutations in either Hras or Braf oncogenic drivers, what could also support that HCC may emerge from AHF
(Connor et al., 2018). Activating Egfr oncogene mutations (~20%) were also observed, leading to Ras-Raf-MAPK pathway
activation, similarly to the corresponding human disease (Connor et al. 2018). Truncating Apc mutations occurred in 21%
of HCC, supporting a role for deregulation of Wnt/B-catenin signaling DEN-induced hepatocarcinogenesis, as also
observed in human HCC (Connor et al., 2018). Chemically-induced models also reflect some of the epigenetic changes
observed in humans. In a DEN-induced and CCls-promoted fibrosis-associated hepatocarcinogenesis model, the repair-
related Mgmt gene was also hypermethylated in ~70% of HCC, leading to decreased expression of this repair-related gene
(Chappell et al., 2014).

Finally, the establishment of reliable chemically-induced models enabled the translation investigation of the potential
mechanisms involved in sexual disparity, since mice models reflect this feature of the corresponding human disease
(Romualdo et al., 2018). Using neonatal DEN-induced mouse models, it was observed that androgen receptor (AR)
knockout reduced the incidence and the number of tumors in male mice, suggesting the promoting effect of AR on
hepatocarcinogenesis (Ma et al., 2008). AR activation may hinder p53-mediated DNA damage sensing/repair system and
cell apoptosis, increasing cellular oxidative stress and DNA damage (Ma et al., 2008). In contrast, these models also
provided a mechanism for a protective role of estrogen in female (Naugler et al., 2007). Estrogen may attenuate malignant
transformation via downregulation of IL-6 release from Kupffer cells (Naugler et al., 2007). Other mechanisms are recently

proposed, since the effects of sex hormones on lipid metabolism may interfere with HCC development (Greten, 2019).
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Figure 12. Multistep chemically-induced hepatocarcinogenesis in mice (Klaunig & Kamendulis, 1999; Bannasch et al., 2003, Ogawa,
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Figure 13. (A) Representative photomicrographs of HE-stained sections showing basophilic, eosinophilic and clear cell preneoplastic
altered hepatocyte foci phenotypes found in DEN-treated mice. (B) Gradual metabolic shift from anabolic (clear cell and eosinophilic
phenotypes) to catabolic (basophilic phenotype) glucose metabolism during DEN-induced hepatocarcinogenesis (Lahm et al., 2002;

Bannasch et al., 2003). DEN = diethylnitrosamine; IGF-Il =insulin growth factor Il; G6Pase = glucose-6-phosphatase.
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| 1.2 miRNAs: small molecules with great responsibilities

MicroRNAs (miRNAs) were first described in 1993 in Caenorhabditis elegans as small non-coding RNAs that
display an average of 22 nucleotides in length (Lee et al., 1993). At the time of its discovery, lin-4, the first miRNA
described, presented antisense complementarity to lin-14 gene, indicating that lin-4 would control lin-14 translation via an
antisense RNA-RNA interaction (Lee et al., 1993). Three decades later, thousand of miRNAs have been identified
(computationally and/or experimentally) in eukaryotes and even in viruses, and there is accumulating evidence on the
post-transcriptional gene expression control by these small molecules, demonstrating strong interspecies sequence
conservation (Li et al., 2010; De Rie et al., 2017). miRNA synthesis is classified into canonical and non-canonical pathways
(O'Brien et al., 2018).

In the first step of canonical miRNA biogenesis (Figure 14), these non-coding RNAs are first transcribed by RNA
polymerase Il and Il (Pol Il) as 7-methylguanosine(m’G)-capped structures with polyadenylated tails, so called primary
miRNAs transcripts (pri-miRNAs) (Lee et al., 2004; Borchert et al., 2006). After transcription, pri-miRNAs fold into a double
stranded molecule with an apical loop and basal stem, in a duplex hairpin-like structure (Figure 14). Most miRNAs are
intragenic and processed within intronic regions of protein-coding genes, whereas others are intergenic, regulated by their
own promoter (Kim & Kim, 2007) (Figure 14). Sometimes miRNAs are transcribed together as long polycistronic transcripts
called clusters, which are further processed to the individual mature miRNAs (Tanzer & Stadler, 2004) (Figure 14). The
clustered miRNAs transcripts harbor complex functional interactions, and around 25% of human and 31% of mouse
miRNAs are transcribed from polycistronic precursors (Olive et al., 2015). The mature sequence of the functional miRNA
is embedded in a hairpin-like sequence found on the pri-miRNA (Figure 14). Sequentially, still in the nucleus, pri-miRNAs
are processed to single hairpin precursor (pre-miRNA) by protein complex called microprocessor (Denli et al., 2004). This
protein complex mostly comprises DiGeorge Syndrome Critical Region 8 (DGCRS), which is a double-stranded RNA
binding protein, and Drosha, a RNAse Il enzyme. DGCR8 is responsible for recognizing the pri-miRNA, while Drosha
cleaves the lower stem of the duplex hairpin structure, leaving a hydroxyl group (OH) at 3' end, and overhangs of 2
nucleotides and one phosphate (P) at 5’ end (Denli et al., 2004; Alarcén et al., 2015) (Figure 14). Of note, 1917, 1.234
and 496 pre-miRNA hairpin sequences are currently annotated in miRBase V22 for human, mouse and rat genomes,
respectively (Kozomara et al., 2019).

Then, pre-miRNAs are exported from the nucleus to the cytoplasm by protein complex mainly formed by exportin

5, that interacts with the 2 nucleotide 3' overhang through hydrogen bonds and ionic interactions (Okada et al. 2009)
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| (Figure 14). Then, pre-miRNAs are processed by RNase Ill endonuclease Dicer (Denli et al., 2004), that removes the
terminal loop of the hair pin-like structure, resulting in a mature miRNA duplex (Denli et al., 2004) (Figure 4). In this doubled
stranded (ds) RNA, the direction of the strand determines the name of the mature form: 5p strand comes from the 5' end,
while the 3p strand originates from the 3' end. According to miRbase V22, 2654, 2013 and 769 mature sequence entries
are found for human, mouse and rat genomes, respectively (Kozomara et al., 2019). Next, one of the strands is loaded on
the RNA-induced silencing complex (RISC), which is key process in small RNA-mediated gene expression control
(Khvorova et al., 2003). Both strands derived from the mature ds-miRNA can be loaded into the Argonaute (AGO) family
of proteins (AGO1-4 in humans), which are core part of RISC (Khvorova et al., 2003). AGO interacts with the miRNA strand
through three specific domains: the Piwi-Argonaute-Zwille (PAZ), the middle (MID) and the P-element induced wimpy
testes (PIWI) (Nakanishi et al., 2012). The MID and PIWI hold the 5' end, while the PAZ domain binds to 3' end (Nakanishi
et al., 2012). Although the process of strand selection by RISC is not fully understood, the proportion of AGO-loaded 5p
or 3p strand fluctuates, greatly depending on the cell type or environment (Meijer et al., 2014). Some findings rely on a
“strand bias” regarding AGO loading based on thermodynamic stability: the strand with lower 5' end stability or 5' uracil is
preferentially loaded into AGO and is denominated the “guide” strand (Khvorova et al., 2003). However, many other
structural preferences are proposed (Yoda et al., 2010). Upon AGO selection, the unloaded strand, which is called the
“passenger” strand, will be unwound from the guide strand (Khvorova et al., 2003). In general, mature miRNAs are thought
to be stable molecules that maintain long half-lives in the organs, including the liver (Gatfield et al., 2009).

The non-canonical miRNA biogenesis encompasses different pathways (Figure 15), majorly divided into
Drosha/DGCR8-independent and Dicer-independent pathways (O’Brien et al., 2018). Of note, some of proteins involved
in canonical synthesis are also participants of the non-canonical biogenesis. In Drosha/DGCR8-independent pathway,
shorter pre-miRNA hairpins are generated from the same long primary transcript than mRNA via splicing machinery, that
is proposed to substitute Drosha/DGCR8-mediated processing (Ruby et al., 2007) (Figure 15). Next, this pre-miRNA
follows the canonical pathway, being exported to the cytoplasm by Exportin 5, cleaved by Dicer complex and loaded in
RISC (Ruby et al., 2007). Another example of Drosha/DGCR8-independent biogenesis is the transcription of 7-
methylguanosine (m7G)-capped pre-miRNA (Xie et al., 2013) (Figure 15). Since the transcript is already a pre-miRNA, it
bypasses nuclear cleavage and is exported to cytoplasm by Exportin 1 (Xie et al., 2013) (Figure 15). After dicing, the 3’
strand of the duplex has an advantage on AGO loading due to capped end of 5 strand (Xie et al., 2013). The miR-451 is

an example of Dicer-independent biogenesis (Cheloufi et al., 2010). The Drosha processing of this miRNA generates a
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short pre-miRNA hairpin that is not recognized by Dicer machinery (Cheloufi et al., 2010). Thus, the hairpin is directly
loaded into AGO2 and 5p strand is cleaved by AGO2 catalytic region to generate an intermediate 3’, while 3p strand is

sliced (Cheloufi et al., 2010) (Figure 15).
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Once loaded in the RISC complex, then denominated miRISC, the mature guide strand is proposed to interact with
mRNAs, binding to specific sequences at the 3' untranslated region (UTR) of their target mRNAs (Figure 16). In
bioinformatics, this interaction is the main criteria for target-site prediction algorithms. The nucleotides 2-8 from the 5' end
of the miRNA are known as the seed, which is crucial for target mRNA recognition and matching (Bartel, 2009) (Figure 16).
Once mRNA strand presents the complementarity for this nucleotide sequence (seed matching), it is predicted to be
canonical target of the referred miRNA (Bartel, 2009). mRNA complementarity to 2-7 nt or 3-8 nt miRNA seed are much
weaker but still considered canonical (Agarwal et al., 2015). This interaction is also supplemented with AGO binding (MID
domain) with first nucleotide (nt1) of the target mRNA, preferentially an adenine (Schirle et al., 2015) (Figure 16). Other
factors may influence a strong seed binding. These include additional base pairs towards the 3’ end of the mature miRNA
sequence, as ~13-16 of the miRNA, also called the “supplemental region” (Grimson et al., 2007) (Figure 16). Itis predicted
that more than 60% of all human protein-coding genes display at least one conserved miRNA-binding site (Friedman et al.
2009). To date, 3’ UTR are the most accepted miRNAs seeds, but 5" UTR, coding sequence, and promoter regions are also
proposed as potential interaction sites (Xu et al., 2014).

miRNAs encompass complex widespread networks of interactions with mRNA, as briefly depicted in Figure 16.
One miRNA may interact with different mRNAs, and individually control entire cellular pathways (Selbach et al., 2008).
miRNA clusters are also proposed to control the same cellular pathway (Mestdagh et al., 2010). Moreover, the same mRNA
can be co-regulated by different miRNAs (Uhimann et al., 2010). Some findings indicate cooperative repression of the same
target by many miRNAs, what could explain the use of non-canonical interaction sites depending on the vacancy of the
canonical ones (Flamand et al., 2017). The current model for post-transcriptional gene suppression occurs through (1)
mRNA decay/cleavage and (2) translation repression (Figure 16). Upon seeding, miRISC recruits the glycine-tryptophan
protein of 182 kDa (GW182) family of proteins [called trinucleotide repeat-containing gene 6 A/B/C (TNRCBA/B/C)] in
humans, such as the poly(A)-deadenylase complex subunits 2 and 3 (PAN2 and PAN3) and carbon catabolite repressor
protein 4 (CCR4-NOT), that promote the deadenylation the target mRNA (Behm-Ansmant et al., 2006). This process is
initiated by PAN2/3 and completed by the CCR4-NOT complex (Behm-Ansmant et al., 2006). Subsequently, deadenylation
stimulates the decapping by the mRNA-decapping enzyme subunit 1 (DCP1)-DCP2 complex (Behm-Ansmant et al., 2006).
Next, an interaction between DCP1 and 5'-3' exoribonuclease 1 (XRN1) leads the mRNA to rapid 5'—3' degradation (Braun
etal., 2012). In addition, miRISC inhibits the initial steps of translation by releasing initiation factor 4 A-l (elF4A-I) and elF4A-

Il hence inhibiting ribosome scanning and assembly, in a GW182-independent mechanism (Fukao et al., 2014). The mMRNA
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decay is generally responsible for most of miRNA:mRNA regulatory interactions (~84%), considered the predominant
reason for gene silencing and hence reduced protein output (Guo et al., 2010). Some findings indicate that miRNA may
exert a “fine tune” effect on gene expression, and the outcomes on reducing protein expression levels are about 20% (Baek

et al., 2008). Nonetheless, the exact miRNA-mediated effect on protein levels are difficult to predict since miRNA function

is increased on certain physiological and pathological contexts (Mendell & Olson, 2012).
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Figure 16. (A) miRNA and mRNA canonical interactions (Grimson et al., 2007; Bartel, 2009; Agarwal et al., 2015; Schirle et al., 2015); (B)

Potential networks between miRNAs and mRNA (Selbach et al., 2008; Uhimann et al., 2010); (C) miRNA-mediated mechanisms of

posttranscriptional mMRNA silencing (Behm-Ansmant et al., 2006; Braun et al., 2012; Fukao et al., 2014).

Due to miRNA-mediated gene silencing and outcome on protein expression, these small non-coding RNAs are
proposed to participate on many key cellular pathways, contributing to a variety of physiological events (Bartel et al., 2009).
On the other hand, deregulation of miRNA expression is associated with numerous diseases, particularly cancer (Xu et al.,

2018). In this context, miRNAs can be considered oncogenes (called oncomirs) or tumor suppressors miRNAs, although
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| overall downregulation of miRNA expression is a hallmark of cancer (Xu et al., 2018). miRNAs may not only participate on
tumoral biology, but also contribute with the molecular pathogenesis of preceding risk conditions, as liver fibrosis/cirrhosis
(He et al., 2012). In this background, these non-coding RNAs are classified as antifibrotic or pro-fibrotic miRNAs (He et al.,
2012) (Figure 17). The screening of deregulated miRNAs, as well as their molecular targets, have been encouraged in the
last decades for their potential utility as biomarkers or novel therapeutic targets.

Both up or downregulation of some miRNAs may directly influence many key cellular events during liver fibrosis,
mainly including HSC activation, and collagen synthesis and accumulation (He et al., 2012). The miR-29 family members
(including miR-29a, miR-29b and miR-29c), so called ‘master fibromiRNAS', are the most extensively studied in this HCC
risk condition. All members of this family are found to be downregulated in human fibrotic livers and serum samples, being
inversely corelated with fibrosis staging (Roderburg et al., 2012). Reduced levels of this miRNA family were also
translationally confirmed by using both surgical (bile duct ligation) and chemically-induced (CCls-induced) mouse models of
fibrosis (Roderburg et al., 2012). Cell isolation revealed miR-29 family is downregulated predominantly in HSC (Roderburg
et al., 2012). miR-29 family targets collagen-related genes (Col1a1, Col1a2, Col4ab, and Colba3), and its downregulation
leads to collagen synthesis and accumulation, promoting liver fibrosis (Roderburg et al., 2012) (Figure 17). In contrast, the
transfection of a miR-29b mimic, increasing miR-29b levels in a HSC cell line, led to decreased expression of these collagen-
related genes, evidencing a potential antifibrotic role for miR-29 family upregulation in humans (Roderburg et al., 2012).
Further roles of miR-29b on HSC activation were unveiled both in vivo (CCls-induced model in mice) and in vitro (human
LX-1 and rat HSC-T6 cell lines), since the upregulation of this miRNA by ultrasound-mediated transfer or transfection
decreased phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1) and protein kinase B (AKT3) targets, responsible for
signaling onset of HSCs activation (Wang et al., 2014) (Figure 17). With concern to collagen synthesis, miR-122 appears
to negatively regulate this process via targeting prolyl4-hydroxylase subunit alpha-1 (P4HA1), a gene that encodes a
component of prolyl 4-hydroxylase enzyme, responsible for collagen post-translational maturation (Li et al., 2013) (Figure
17). Indeed, miR-122 and P4HA1 expressions are inversely correlated in human HSC LX-2 cell line and in the liver of CCls-
treated mice (Li et al., 2013).

Recently, miR-34a-5p was also found to be downregulated in human liver fibrotic samples, human HSC cell lines,
as well as in CCls-induced liver fibrosis in mice (Feili et al., 2018). This miRNA targets Smad4 mRNA in humans, which is
a positive co-regulator of pro-inflammatory TGF-B/Smad2-3 pathway (Feili et al., 2018). In fact, when miR-34a-5p was

upregulated by mimic transfection, it reduced the protein levels of Smad4 and, as a result, TGF-/Smad2-3 (Feili et al.,
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. '2018). Regarding TGF-B pathway, miR-17-5p targets the negative regulator Smad7, contributing to the activation of HSCs
(Figure 17). miR-17-5p levels are increased in rat HSCs, human cirrhotic liver and serum samples, as well as in CCly-treated
rat liver fibrotic tissues (Yu et al., 2015). In contrast, the use of a miR-17-5p inhibitor in rat HSC-T6 and in human serum
restored Smad?7 protein levels, increasing both mRNA and protein expression of a-SMA and collagen | in HSC-T6 cells (Yu
et al., 2015). Another important upregulated miRNA in human HSC LX-2 cell line, human liver samples and liver samples
from CCls-treated rats and mice is miR-214-3p (Ma et al., 2018). The increased miR-214 inhibits the expression of
suppressor-of-fused homolog (Sufu), a negative regulator of the Hedgehog pathway, hence contributing to HSC activation
and fibrosis (Ma et al., 2018) (Figure 17). In contrast, the use of an AntagomiR increases Sufu protein levels, ameliorating
fibrosis in vivo (Ma et al., 2018). Altogether, these and other miRNAs are proposed orchestrate fibrosis-related cellular

events thereby contributing to the establishment of a proinflammatory context that promote HCC development (He et al.,

2012).
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Figure 17. Some of the main miRNAs involved in liver fibrosis and their proposed targets and implications on fibrosis-related outcomes,
focusing on hepatic stellate cell activation and collagen synthesis (Roderburg et al., 2012; Li et al., 2013; Wang et al., 2014; Yu et al., 2015;

Feili et al., 2018; Ma et al., 2018).

Deregulated miRNA expression is also a common feature of HCC that contributes to the acquisition of key cancer
hallmarks, as proliferation, apoptosis, invasion, metastasis and angiogenesis hallmarks (Xu et al., 2018). Some of these
miRNAs and their biological properties are depicted in Figure 18. miR-144-3p is among the tumor-suppressor miRNAs with

growing number of publications in the last years (Cao et al., 2014; Yu et al., 2016; Bao et al., 2017; Liang et al., 2017; Gu
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| etal., 2019). The downregulation of this miRNA is widely reported in many human HCC cell lines (HepG2, Huh7 and Hep3B)
and samples, being inversely correlated with tumor staging (Cao et al., 2014; Yu et al., 2016; Bao et al., 2017; Liang et al.,
2017; Gu et al., 2019). miR-144-3p is proposed to negatively control cell proliferation, migration and invasion hallmarks by
directly targeting 3'UTR regions of Cyclin B1 (CCNBT) (Gu et al., 2019), SMAD4 (Yu et al., 2016), E2F transcription factor
3 (E2F3) (Cao et al., 2014) and Zinc finger X-chromosomal protein (ZFX) (Bao et al., 2017) in humans (Figure 18). In
general, the transfection of miR-144-3p mimics in vitro reduced the mRNA and protein of the targets, contributing to reduced
cell proliferation, migration and invasion, as well as delaying tumor formation in xenograft models (Gu et al., 2019). The key
role of miR-144-3p was also recently described in chemically-induced mouse models of HCC (He et al., 2017). In a neonatal
DEN-induced model using susceptible C3H mouse strain, miR-144-3p levels were also decreased in HCC tissue.
Intravenous administration of a miR-144-3p mimic decreased protein and gene expression of EGFR, a direct target of this
miRNA in the liver, and its downstream Src/AKT signaling, resulting in decreased HCC size (He et al., 2017). Thus,
upregulating miR-144 may be a therapeutic strategy to suppress tumor growth in HCC.

Other two key tumor suppressor miRNAs in HCC are miR-195-5p and miR-206 (Wu et al., 2017; Yu et al., 2017)
(Figure 18). Both were downregulated in human HCC tissue, and miR-195-5p levels were inversely correlated to metastasis
(Wu et al., 2017; Yu et al., 2017). Of note, miR-206 levels were also decreased in human HCC cell lines (HepG2, Hep3B
and Huh7) and HCC from both cMyc and V-Akt murine thymoma viral oncogene homolog 1/neuroblastoma RAS viral
oncogene homolog (AKT/Ras) transgenic mouse models (Wu et al., 2017). The yes-associated protein 1(YAP) gene
expression is controlled by miR-195-5p, while cMET and cyclin-dependent kinase (CDK6) oncogenes are direct targets of
miR-206 (Wu et al., 2017; Yu et al., 2017). In vitro treatments with miR-195-5p reduced migration and invasion of HCC cells
by suppressing YAP (Yu et al., 2017), and in vivo miR-206 overexpression prevented HCC growth in cMyc mice by reducing
cMet and Cdk6 (Wu et al., 2017).

Although most of deregulated miRNAs in HCC are downregulated, some may function as oncogenes as they are
upregulated in tumoral tissue (Xu et al., 2018). The oncomiR miR-155-5p and its direct target tumor suppressor PTEN were
found to be upregulated and downregulated, respectively, in DEN-induced HCC rat tissue, human HCC tissue and cell line
(Hep3B) (Fu et al., 2017). Besides, miR-155-5p upregulation and PTEN downregulation were significantly associated with
HCC staging (Fu et al., 2017). Conversely, miR-155-5p inhibitors increased promoted proliferation, invasion and migration
by decreasing PTEN and increasing PI3K/Akt pathway in xenograft models and Hep3B and HepG2 tumor cells (Fu et al.,

2017). Similar findings were observed concerning oncomiR miR-454-3p (Yu et al., 2015), whose expression was increased
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G()in human HCC cell lines (HepG2 and Huh7) and samples, displaying even higher expression in HCC-derived metastatic
tumors (Yu et al., 2015). The expression of chromodomain—helicase-DNA-binding-5 (CHD5), a direct target of miR-454-
3p, was inversely correlated with the expression of miR-454-3p in HCC tissues as well (Yu et al., 2015). In contrast, a miR-
454-3p inhibitor decreased CHD5 mRNA and protein levels, reducing migration and proliferation in vitro, while decreasing
tumor growth in a xenograft mouse model (Yu et al., 2015). Therefore, these studies have shed light on miRNAs as important
biomarkers for cancer diagnosis, survival and treatment prediction, as well as novel strategies for cancer therapy. However,

the number of mature miRNAs discovered in human and rodents keeps increasing, and their roles on both health and

disease are yet to be unveiled.
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Figure 18. Some of the main miRNAs involved in HCC progression, focusing on sustained proliferation and invasion a migration features
(Guetal., 2019, Cao et al., 2014, Yu et al., 2015; Yu et al., 2016, Bao et al., 2017, Fu et al., 2017; He et al., 2017; Wu et al., 2017; Yu et

al., 2017 Xu et al., 2018).
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ARTICLE INFO ABSTRACT

Keywords: Recent meta-analyses indicate that coffee consumption reduces the risk for digestive tract (oral, esophageal,
Espresso and common coffee gastric and colorectal) and, especially, liver cancer. Coffee bean-derived beverages, as the widely-consumed
Caiffeine ) espresso and “common” filtered brews, present remarkable historical, cultural and economic importance glob-
Trigonelline ally. These drinks have rich and variable chemical composition, depending on factors that vary from “seeding to
Chlorogenic acid N . . . . . .

‘ . serving”. The alkaloids caffeine and trigonelline, as well as the polyphenol chlorogenic acid, are some of the
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Liver cancer most important bioactive organic compounds of these beverages, displaying high levels in both espresso and
common brews and/or increased bioavailability after consumption. Thus, we performed a comprehensive lit-
erature overview of current knowledge on the effects of coffee beverages and their highly bioavailable com-
pounds, describing: 1) recent epidemiological and experimental findings highlighting the beneficial effects
against gastrointestinal/liver carcinogenesis, and 2) the main molecular mechanisms in these in vitro and in vivo
bioassays. Findings predominantly address the protective effects of coffee beverages and their most common/
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G.R. Romualdo, et al.

1. Introduction

It is estimated that upper, lower digestive tract (oropharyngeal,
esophageal, gastric and colorectal) and liver malignant neoplasms ac-
counted for 24% of new cases (~4.3 million) and 31% cancer-related
deaths (~3 million) in 2018. Altogether, these cancers would reach the
first position in terms of incidence and mortality globally, overcoming
top-ranked prostate, breast and lung cancers (Bray et al., 2018). Nu-
tritional habits and interventions, such as the high consumption of
fruits, vegetables, and coffee, have been proposed to play important
roles in reducing cancer risk (Wiseman, 2018). Indeed, recent studies
showed that coffee consumption, a widespread habit usually in-
corporated into healthy eating patterns, may promote beneficial effects
on a plethora of diseases, including a 13% reduction in overall cancer
risk for regular consumers (Poole et al., 2017; Yu, Bao, Zou, & Dong,
2011).

In this paper, we provide a comprehensive literature overview of
recent epidemiological and experimental findings highlighting the
beneficial effects of coffee or bioactive coffee compounds consumption
against digestive tract and liver carcinogenesis. Considering that caf-
feine, chlorogenic acid, and trigonelline are some of the most abundant
bioactive compounds in popularly consumed coffee beverages
(“common” brewed and espresso) and/or display high bioavailability
after consumption, we focused on the effects and common molecular
mechanisms linked to these compounds. This review should provide
insights of clinical and translational significance for further mechanistic
investigation.

2. Coffee origins and chemical composition

According to Ethiopia's popular legend, the discovery of coffee trees
is attributed to a goatherd, Kaldi, who lived in the Kaffa highlands, a
place which later named the plant. After eating coffee berries, his goats
could not sleep. Kaldi reported his findings to a monk, who made a
drink out of the berries (Tadesse, 2017). Despite this mythical origin,
the production and consumption of coffee bean-derived beverages
probably dated back from the 15th century, emerging in Africa and
Asia, and rapidly spreading to Europe, along with the colonial voyages
during the 17th century. Considered the “favorite drink of the civilized
world”, coffee beverages finally reached the “New World” in the 18th
century, gaining popularity due to widespread production favored by
the tropical climate in Latin America (Pendergrast, 2010). Brought from
the French Guianas by Francisco de Melo Palheta and frequently por-
trayed in Candido Portinari's paintings, coffee production exponentially
grew in Brazilian southeastern states, making this country by far the
world's largest producer (~3.1 billion Kg/year, accounting for 34% of
the worldwide production) and exporter (~1.8 billion Kg/year, re-
presenting 27% of all exports), and the sixth biggest consumer of coffee
beans (6.25 Kg per capita) (Fig. 1) (International Coffee Organization,
2018). In terms of production, Brazil is followed by Central and South
American, Asiatic and African countries that are part of an equatorial/
tropical-climate privileged region called “bean belt” (Fig. 1)
(International Coffee Organization, 2018).

Nowadays, because of the extensive production of Coffea arabica
and Coffea canephora species, coffee beans, and their derived beverages
are considered commodities of great economic importance
(International Coffee Organization, 2018). Especially the “common”
brewed and espresso brews are the most consumed drinks worldwide
after water, estimated to reach around 2 billion cups consumed every
day. When a cup of common (also known as “conventional” or “fil-
tered”) or espresso brew coffee is served, its composition reveals a
multitude of substances, belonging to different chemical classes and
thus, with many potential pharmacological properties (Caprioli et al.,
2013; Caprioli et al., 2014; Derossi, Ricci, Caporizzi, Fiore, & Severini,
2018). There is an inherent fluctuation in the presence and levels of
these compounds, depending on many factors that vary from “seeding
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to serving”, such as plant species, growing conditions, time of har-
vesting, the roasting of the beans, types of preparations (common or
espresso brews), among others. (Campa, Doulbeau, Dussert, Hamon, &
Noirot, 2005; Caporaso, Genovese, Canela, Civitella, & Sacchi, 2014;
Caprioli et al., 2013; Caprioli et al., 2014; Derossi et al., 2018; Fuller &
Rao, 2017; Tolessa, D'heer, Duchateau, & Boeckx, 2017). The main
bioactive compound present in coffee beverages is the caffeine (1,3,7-
trimethylxanthine), a xanthine alkaloid derived from guanine (Fig. 2).
This purine, which is also present in tea (Camelia sinensis) (Lin, Wu, &
Lin, 2003) and cocoa (Theobroma cacao, L) (Risner, 2008), is the main
compound responsible for the psychoactive activity of coffee beverages.
Caffeine antagonizes adenosine receptors in the neuron cells in the
brain, decreasing fatigue, increasing mental acuity and improving
cognitive function (Kaster et al., 2015). Being the most prominent
source of daily caffeine, “common” and espresso brews display varying
concentrations of this compound: In common coffee, caffeine con-
centrations range from 0.55 to 1.55 mg/mL while in espresso, from 2.45
to 5.83mg/mL (Fig. 2) (Caporaso et al., 2014; Caprioli et al., 2014;
McCusker, Goldberger, & Cone, 2003). Decaffeinated coffee beverages
are suggested in some caffeine-avoidance medical conditions, as treat-
ments with bronchodilators and anti-anxiety drugs (European Food
Safety Authority, 2015). Decaffeinated brews are compositionally si-
milar to caffeinated beverages apart from having little (0.10 to
0.52mg/mL in espresso and 0.02 mg/mL in common brew) or none
caffeine (McCusker, Fuehrlein, Goldberger, Gold, & Cone, 2006). Al-
though theobromine is less abundant than caffeine, this other common
methylxanthine is present in coffee drinks as well (0.027 and 0.017 mg/
mL in espresso and common brews, respectively) (Bispo et al., 2002;
Gennaro & Abrigo, 1992).

In terms of abundance, caffeine is followed by a family of con-
jugated hydroxycinnamates collectively referred to as chlorogenic acids
(Fig. 2), which are polyphenols that naturally occur in a wide variety of
fruits and vegetables besides coffee beans (Ludwig et al., 2014;
Upadhyay & Mohan Rao, 2013). These phenolic compounds are ther-
molabile and, hence prone to deterioration according to the roasting
process of the beans (Ludwig et al., 2014). However, coffee beverages
contain substantial amounts of total chlorogenic acid, ranging from
0.24 to 0.67 mg/mL in common coffee and from 1.52 to 3.37 mg/mL in
espresso coffee (Fig. 2) (Caprioli et al., 2014; Crozier, Stalmach, Lean, &
Crozier, 2012; Tfouni et al., 2014). In coffee beverages, the most
common chlorogenic acid isomers are 5-caffeoylquinic acid (5-CQA), 3-
CQA and 4-CQA (Caprioli et al., 2014; Crozier et al., 2012; Tfouni et al.,
2014). Presenting similar concentration to chlorogenic acids, trigonel-
line (1-methylpyridinium-3-carboxylate) is another common alkaloid in
coffee beverages. This pyrimidine is commonly found in fenugreek
seeds (Trigonella foenum-graecum) and pumpkin (Cucurbitaceae family)
(Panda, Biswas, & Kar, 2013; Yoshinari, Sato, & Igarashi, 2009), and
displays 0.35-0.51 mg/mL and 1.69-2.70 mg/mL range variations in
common and espresso brews, respectively (Fig. 2) (Caprioli et al., 2014;
Furtado, Polletini, Dias, Rodrigues, & Barbisan, 2014; Kuhn, Lang,
Bezold, Minceva, & Briesen, 2017; Lopez-Galilea, De Pefia, & Cid,
2007). Due to the roasting process, part of trigonelline is demethylated
to nicotinic acid, which is mainly available in espresso (0.35mg/mL)
(Caprioli et al., 2014). Moreover, common and espresso brews contain
lipids, mainly represented by cafestol and kahweol (Fig. 2). These di-
terpene alcohols remain abundant in unfiltered coffee preparations (as
Turkish) but are almost completely removed when coffee is brewed
with a paper filter (Gross, Jaccaud, & Huggett, 1997). Coffee is also a
source of non-digestible fiber (6.5 and 4.7 mg/mL in espresso and
common brews, respectively), mainly represented by mannose and
galactose polysaccharide chains (Diaz-Rubio & Saura-Calixto, 2007).

The roasting process of beans contributes to the synthesis of another
class of compounds named melanoidins (espresso: 1.75-3.65 mg/mL;
common: 1.79 mg/mL) (Fogliano & Morales, 2011; Lopes et al., 2016).
These heterogeneous, complex, and dark-colored molecules are end-
products of Maillard reactions and have high molecular weights
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(HMW). Coffee amino acids, polysaccharides, and phenolic compounds,
especially the chlorogenic acids, contribute to the formation of coffee
melanoidins (Perrone, Farah, & Donangelo, 2012). However, these
HMW molecules may only reach high concentrations in over-extraction
procedures during coffee beverage preparation (Bartel, Mesias, &
Morales, 2015). In addition to the spectra of organic compounds, the
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mineral characterization of coffee beverages revealed great amounts of
potassium in both espresso and common brews (3 and ~0.8 mg/mL,
respectively) and phosphorus in espresso coffee (0.6 mg/mL) (Gillies &
Birkbeck, 1983; Oliveira, Ramos, Delerue-Matos, & Morais, 2015).
With respect to the contribution of these molecules to the complex
sensorial characteristics of coffee, the alkaloids (astringency) and
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chlorogenic acids (acidity) are major compositional drivers of flavor,
while chlorogenic acids and melanoidins are responsible for the
brownish color (Sunarharum, Williams, & Smyth, 2014). Interestingly,
high trigonelline and caffeine contents are positively associated with
higher coffee cup quality (Farah, Monteiro, Calado, Franca, & Trugo,
2006). Therefore, based on the fluctuations on compound level data, it
is clear that “a cup of coffee” measurement is not reliable and re-
producible for epidemiological studies, yet commonly applied. None-
theless, based on the same concentration data, caffeine, trigonelline,
and chlorogenic acid seem to be some of the most important bioactive
organic compounds of espresso and regular coffee beverages (Fig. 2).

3. Coffee consumption and metabolism

Considering the “coffee cup” term ambiguity, the most reliable
coffee consumption data come from annual per capita consumption of
ground coffee (in Kg). Thus, most countries presenting the higher
consumption rates (6.29-9.12 Kg per capita) are in a “cup belt” in the
north hemisphere, mainly in Europe (Fig. 1). It is worthy of note that
many European Union countries (4.90 Kg per capita), as well as the US
(4.84 Kg per capita), are also considered high coffee consumers
(International Coffee Organization, 2018). On the other hand, Asian
and African countries, such as China, Japan, South Korea, and Ethiopia,
present mild to low coffee consumption (3.5 to 0.8 Kg per capita)
(International Coffee Organization, 2016).

Epidemiological studies in Europe and the US indicate that coffee
beverages are the predominant source of caffeine, contributing from
40% to 94% to total caffeine daily intake. In these regions, coffee/
caffeine consumption increases in puberty and culminates in adult and
elderly ages (European Food Safety Authority, 2015; Martyn, Lau,
Richardson, & Roberts, 2018; Mitchell, Knight, Hockenberry,
Teplansky, & Hartman, 2014). Findings from the European Food Safety
Authority (European Food Safety Authority, 2015), including data from
22 different countries comprising high coffee consumers, showed that
caffeine intake derived from coffee beverages reached maximum mean
values of 280.7-382.6 mg/day in adults in some countries. In the US, 3
studies showed average consumption of 105.4-136.4 mg/day (all ages)
and mean values of 109.4-271 mg/day in adults (Frary, Johnson, &
Wang, 2005; Knight et al., 2004; Mitchell et al., 2014). In Asia, a recent
Korean study that considered all sources of caffeine (cocoa, coffee, tea,
and derivatives) showed average consumptions of 67.7 mg/day (all
ages) and mean values of 81.9 mg/day in adults (Lim, Hwang, Choi, &
Kim, 2015). In general, these findings are in keeping with per capita
ground coffee consumption. Although the continents or countries pre-
sent clear disparity in terms of coffee consumption, it is important to
point that all the presented estimates are in accordance to European
Food Safety Authority (2015) daily safe limit for caffeine intake for
adults (400 mg/day).

Upon coffee beverage intake, caffeine is rapidly and almost com-
pletely absorbed (99%) in the gastrointestinal tract within 45 min, 20%
in the stomach and the largest part in the small intestine, being hy-
drophilic and sufficiently lipophilic to cross the biological membranes
(Liguori, Hughes, & Grass, 1997; Nehlig, 2018). Upon the consumption
of 160mg of caffeine, corresponding to approximately 1-2 cups of
common coffee (Fig. 2), this xanthine is readily bioavailable, reaching a
plasma peak of ~18 pM within 60-80 min (White Jr. et al., 2016). A
higher coffee consumption, equivalent to 3 cups of common coffee
(350 mL, Fig. 2), leads to a caffeine plasma peak of ~33 uM after 60 min
and presents a half-life of ~5h (Lang et al., 2013). In the liver, caffeine
suffers demethylation by cytochrome P450 (CYP) subunit 1A2, which
virtually accounts for total caffeine metabolism (Gu, Gonzalez, Kalow,
& Tang, 1992). Caffeine biotransformation originates paraxanthine,
dimethylxanthine, and theobromine (Gu et al., 1992; Lang et al., 2013).
It is noteworthy that caffeine metabolism is relatively comparable in
humans, rats, and mice, which facilitates the establishment of transla-
tional approaches (Walton, Dorne, & Renwick, 2001).
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After the consumption of 350 mL of common coffee brew (~3 cups,
Fig. 2), trigonelline is also mainly absorbed in the small intestine and
presents a plasma peak of 5.6 pM within 3 h (Lang et al., 2013; Yuyama,
1999). In the liver, trigonelline is methylated to N-methylnicotinamide
by nicotinamide N-methyltransferase and subsequently oxidized to N-
methyl-2-pyridone-5-carboxamide and N-methyl-4-pyridone-5-carbox-
amide (Lang et al., 2013). Similar to caffeine, trigonelline has a long
half-life of approximately ~5h (Lang et al., 2013). Despite the few
experiments available on trigonelline pharmacodynamics in rodents,
findings indicate that a greater part of trigonelline is also absorbed in
the small intestine (Yuyama, 1999). Around 30% of chlorogenic acid is
absorbed in the small intestine after consumption, and most part
reaches the colon (Olthof, Hollman, & Katan, 2001). After drinking
200 mL of common coffee containing a total of 96 mg of chlorogenic
acid (~0.48 mg/mL, in keeping with Fig. 2), this polyphenol is almost
undetectable in serum after 1 h (Nardini, Cirillo, Natella, & Scaccini,
2002). Higher common coffee consumption (350mL) leads to a
0.035uM plasma peak of chlorogenic acid in 45 min. In contrast, the
concentration of (di)hydroxycinnamic acids, their sulfates, and glu-
curonides, that are well-known chlorogenic acid derivatives, appears to
gradually increase in serum after coffee consumption (Lang et al., 2013;
Nardini et al., 2002). In particular, catechol sulfate, one of the major
metabolites, displays a 2.5 uM peak within 45 min (Lang et al., 2013).
This is attributed to the fact that chlorogenic acid is heavily metabo-
lized by colonic microbiota before absorption, considering that
ileostomy-submitted patients present a 3-fold decrease in the excretion
of some of these metabolites compared to healthy ones (Stalmach,
Steiling, Williamson, & Crozier, 2010). Although part of chlorogenic
acid is also metabolized by the gut microbiota in rats, about 16% of
intact chlorogenic acid is absorbed in the stomach (Lafay et al., 2006).

Collectively, these data suggest that the pharmacokinetic profiling
of coffee consumption indicates that caffeine, trigonelline and the me-
tabolites of chlorogenic acid display high bioavailability in humans
(Lang et al., 2013). Particularly caffeine and trigonelline accumulate in
the plasma due to their long half-life times during habitual consump-
tion of many cups of coffee distributed over the day (Lang et al., 2013).
Indeed, both caffeine and trigonelline as well as some metabolites of
chlorogenic acid, have been proposed as plasma/urinary biomarkers for
coffee brew consumption in humans (Midttun, Ulvik, Nygard, &
Ueland, 2018; Stalmach et al., 2009). The high levels and/or bioa-
vailability of these compounds have direct implications on the epide-
miological effects and, especially, on the experimental findings re-
garding coffee and gastrointestinal and liver carcinogenesis.

4. Epidemiological evidence

In the last decade, many meta-analyses of prospective, case-control
and cohort studies have shed light onto the beneficial effects of coffee
consumption on the digestive tract and liver cancers in different po-
pulations (Tables 1-3). As discussed, most of these studies usually apply
the “cup of coffee” measurement, thus not considering the variations on
the serving volume and type of beverage (Fig. 1). Moreover, depending
on the population observed, high and low limits of consumption are
variable. In general, the relative risk (RR) or odds ratio (OR) in these
meta-analyses are usually calculated based on none or low consumption
(=1 cup/day) versus high consumption (=3 cups/day). Despite these
limitations and estimations, studies propose significant non-linear in-
verse associations between coffee consumption and the emerging or-
opharyngeal, gastric and colon tumors. In fact, the strongest data come
from the hepatology field, which shows a linear inverse association
between coffee beverage consumption and hepatocellular carcinoma
(HCCQ) risk.

Although oropharyngeal cancers do not rank in the top ten most
common malignant neoplasms, the annual estimated incidence is
around half a million cases globally, mainly occurring in Asia, Europe,
and South America. Tobacco and alcohol abuse cause > 80% of cases,
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Table 1
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Review of recent meta-analysis on the effects of coffee consumption against oropharyngeal and esophageal cancers.

Study Countries/regions

Main findings

Sub group analysis

Oropharyngeal
Miranda et al., 2017 Japan, Taiwan, Italy, Norway, Denmark, France,

Switzerland, USA, Brazil

Wang et al., 2016 Japan, Norway, USA

Li, Peng, & Li, 2016 Japan, Italy, Norway, Denmark, France,

Switzerland, USA, Brazil

Turati, Galeone, La Vecchia,
Garavello, & Tavani, 2011

Japan, India, Italy, Switzerland, Denmark, Brazil,
USA

Esophagus
Zhang, Zhou, & Hao, 2018 Japan, Taiwan, Sweden, Italy, Greece,

Switzerland, Norway, Argentina

Wang et al., 2016 Japan, Norway, Denmark, France, Germany,
Greece, Italy, Netherlands, Norway, Spain,

Sweden, United Kingdom, USA

Zheng et al., 2013 Japan, China, Iran, Turkey, India, Italy, Greece,
Switzerland, Norway, Sweden, USA, Argentina,

Brazil, Uruguay, Paraguay

Turati et al., 2011 Japan, Taiwan, Italy, Switzerland, Greece,

Sweden, USA, Argentina

vs. low consumption

vs. low consumption

vs. low consumption

vs. low consumption

® Reduction remains in adjustment for Asian (OR:
0.65) countries

31% reduction for high

consumption (OR: 0.69)

Reduction remains in adjustment for Asian
(RR: 0.35) countries and smoking (RR: 0.68)
31% reduction for high

consumption (RR: 0.69)

Reduction remains in adjustment for Asian
(OR: 0.64) and European (OR: 0.62) countries
37% reduction for high

consumption (OR: 0.63)

Reduction remains in adjustment for Asian
(RR: 0.74), South American (RR:0.58) and
36% reduction for high European (RR: 0.61) countries

consumption (RR: 0.64)

Vs. = one cup

vs. low consumption

vs. low consumption

vs. low consumption

vs. low consumption

35% reduction for 3 cups/day
(OR: 0.65)

36% reduction for high consumption (OR: 0.64)
in Asian countries (SCC and AC)

No association for high

consumption in SCC (OR: 0.76)

No association for high

consumption in AC (OR: 0.90)

No association in adjustments for European
countries (RR: 0.89), alcohol (RR: 0.84) and
No association for high smoking (OR: 0.85)
consumption in SCC (RR: 0.89)

No association for high

consumption in AC (RR: 0.91)

33% reduction for high consumption (OR: 0.67)
in Asian countries (SCC and AC)

No association for high
consumption in SCC (OR: 1.00)
No association for high
consumption in AC (OR: 0.90)

No association in adjustments for European
countries (OR: 0.95), men (OR: 0.82) and alcohol/
smoking (OR: 0.89)

No association for high
consumption in SCC (RR: 0.87)
No association for high
consumption in AC (RR: 1.18)

SCC = squamous cell carcinoma; AC = adenocarcinoma; RR = relative risk; OR = odds ratio.

and human papillomavirus infection may also be involved
(Warnakulasuriya, 2009). Esophageal cancers, presenting ~572,000
new cases and ~508,000 related-deaths annually, are represented by 2
major subtypes, namely squamous cell carcinoma (SCC) and adeno-
carcinoma (AC). Both predominantly occur in men in Asian and Eur-
opean countries. Smoking and alcohol consumption are the main risk
factors for esophageal SCC, while obesity and gastroesophageal reflux
are also accounted for AC (Bray et al., 2018). Regarding coffee beverage
consumption, many studies on oropharyngeal cancer present the same
non-linear correlation describing that high consumption decreases the
risk for this malignancy by 31% - 37% compared to low consumption.
Moreover, this inverse association remains even if the data are adjusted
for European, Asian countries or smoking (Table 1). For esophageal
cancer data, meta-analysis results are inconsistent. Studies do not in-
dicate any overall correlation between coffee consumption and the risk
for esophageal SCC and AC development. Nonetheless, when data were
subgrouped, high coffee consumption led to a 33%-36% risk reduction,
considering both SCC and AC, in the highly affected Asian, but not in
the European population (Table 1). Zheng et al. (2013) proposed that
the genetic background difference between Europeans and Asians may
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account for distinct nutritional responses for coffee intake. In this case,
more in-depth experimental in vitro and in vivo findings are needed in
order to confirm the biological plausibility of this effect of coffee con-
sumption in different populational backgrounds.

Concerning gastric cancer, which is responsible for a million new
cases and 800,000 deaths per year, the age-standardized incidence and
mortality rates are higher in Eastern Asia, Central, and Eastern Europe
and South America and 2-fold higher in men than women. > 90% of
gastric cancers are AC, which can be classified according to the ana-
tomic site as cardia and noncardia subtypes. Cardia AC has similar risk
factors to esophageal AC, while almost 90% of noncardia AC cases are
attributed to Helicobacter pylori infection. For both, smoking, alcohol,
high salt and low fruit diet are also established risk factors (Bray et al.,
2018). A single recent meta-analysis showed that any daily coffee in-
take significantly reduces the risk of gastric cancer by 7% when com-
pared to non-consumers. A stronger association was observed in high
consumers (3-4 cups/day), which displayed a 12% risk decrease.
Nonetheless, most meta-analyses demonstrate that coffee consumption
does not modulate overall gastric cancer risk, considering pooled RR
and adjustments to smoking, alcohol drinking, Europe, and Asia
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Table 2
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Review of recent meta-analysis on the effects of coffee consumption against gastric and colorectal cancers.

Study

Countries/regions

Main findings Sub group analysis

Stomach
Deng et al., 2016

Xie, Huang, He, & Su,
2016

Zeng et al., 2015

Xie et al., 2014

Colorectal
Gan et al., 2017

Akter et al., 2016

Wang et al., 2016

Je, Liu, & Giovannucci,
2009

Japan, Korea, Singapore, Norway,
Netherlands, Sweden, Denmark, France,
Germany, Greece, Italy, Spain, United
Kingdom, USA

Japan, Singapore, Taiwan, Turkey, India,
Norway, Sweden, Finland, Poland, Italy,
Spain, Uruguay, Venezuela

Singapore, Norway, Sweden, Finland, USA

Japan, Singapore, Norway, Netherlands,
Sweden, Finland, USA

Japan, Singapore, Norway, Netherlands,
Sweden, Finland, Denmark, France, Germany,
Greece, Italy, Spain, United Kingdom, USA

Japan

Japan, Singapore, Norway, Netherlands,
Sweden, Finland, Denmark, France, Germany,
Greece, Italy, Spain, United Kingdom, USA

Japan, Norway, Sweden, Finland, USA

vs. low consumption ® Increased risk in adjustment for USA (RR: 1.36)
® No association in adjustments for Asia (RR: 0.96) and
® Increased risk for high consumption Europe (RR: 1.12)
in cardia (RR: 1.50)
® No association for high consumption
in non-cardia (RR: 0.99)

Vs. non-consumption -

® 7% reduction for any consumption
(RR: 0.93)
® 12% reduction for 3-4 cups/day
(RR: 0.88)
® 8% reduction for 1-2 cups/day
(RR: 0.92)
® 5% reduction for < 1 cup day
(RR: 0.95)
vs. low consumption ® Increased risk in adjustment for USA for 6.5 cups/day
(RR: 1.36)
® No association in adjustments for Asia (RR: 0.96), Europe
(RR: 1.07), smoking (RR: 0.95), and alcohol for 6.5 cups/
day (RR: 1.24)

® No linear association
® No association for 6.5 cups/day (RR:
1.18)
® No association for 3.5 cups/day (RR:
1.06)
® No association for 1.5 cups/day (RR:
0.97)
vs. low consumption ® Increased risk in adjustment for USA (RR: 1.35),
® No association in adjustments for Europe (RR: 1.08),
® No association for high consumption smoking (RR: 0.99), and alcohol (RR: 1.21)

for both (RR: 1.12)

vs. low consumption ® 11% reduction for colorectal in adjustment for high
decaffeinated consumption (RR: 0.89)
® No association for high consumption
for colorectal
(RR: 0.98)
® No association for high consumption
for colon (RR: 0.92)
® No association for high consumption
for rectum (RR: 1.06)
® 7% reduction for 4 cups increment
for colon (RR: 0.93)
vs. low consumption

® No associations for colorectal in adjustments for Europe
(RR: 1.03), Asia (RR: 0.97), USA (RR: 0.92), smoking (RR:
0.96), alcohol (RR: 0.95), red meat consumption (RR: 0.98),
low fruit intake (RR: 1.00), no physical activity (RR: 0.99)

® No associations for colorectal in adjustments for men (RR:
1.05) and women (RR: 0.82)
® No association for high consumption
for colorectal (RR: 0.95)
® No association for high consumption
for colon (RR: 0.98)
® No association for high consumption
for rectum (RR: 0.99)
vs. low consumption ® No associations in adjustments for Europe (RR: 0.97), Asia
(RR: 1.03), USA (RR: 0.89), smoking (RR: 0.97), alcohol
(RR: 0.96), red meat consumption (RR: 0.95), no fiber
intake (RR: 0.93), no physical activity (RR: 0.93)

® No association for high consumption
for colorectal (RR: 0.96)
® 13% decrease for high consumption
for colon (RR: 0.87)
® No association for high consumption
for rectum (RR: 0.94)
vs. low consumption ® 38% reduction in adjustment for colon in Japanese
women (0.62)
® No associations in adjustments in colorectal cancer for
Europe (RR: 0.91), USA (RR: 0.93) and Japan (RR: 0.83)

® No association for high consumption
for colorectal (RR: 0.91)

® 10% decrease for high consumption
for colon (RR: 0.90)

® No association for high consumption
for rectum (RR: 0.98)

RR = relative risk.
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(Table 2). Although epidemiological data on coffee intake are not
usually subgrouped considering different types of coffee (caffeinated or
decaffeinated), a cohort study revealed that decaffeinated coffee con-
sumption does not present a significant correlation with gastric cancer
risk (Sanikini et al., 2015). In contrast, one subgroup analysis revealed
that coffee may increase the risk for cardia, but not noncardia, gastric
cancer. In addition, high coffee consumption (6.5 cups/day) also
showed enhanced risk for both cardia and noncardia gastric cancers in
U.S. adjustment (Table 2). However, Xie, Wang, Huang, and Guo
(2014) and Deng et al. (2016) propose that these positive associations
should not be overinterpreted, because residual confounding effects of
other nutritional factors could exist, considering that coffee consump-
tion tends to be related to the unhealthy behaviors of “western life-
style”, such as smoking and high salt consumption. Furthermore, in
comparison to HCC, there are few prospective studies available to es-
tablish a solid correlation for gastric cancer. Indeed, findings are in-
consistent, and experimental in vivo and in vitro data point to the op-
posite direction, as will be further presented.

Colorectal cancer (CRC), considered the main type of digestive tract
malignant neoplasm (accumulating 1.8 million cases and 880,000
deaths in each year), is usually linked to smoking, alcohol drinking,
sedentary lifestyle and poor dietary habits (low fiber and vegetable and
high red meat and fat intakes) (Bray et al., 2018). The occurrence of
inflammatory bowel disease (IBD) (i.e. ulcerative colitis or Crohn's
disease) is also suggested to increase CRC risk (Wang & Fang, 2014).
Although CRC onset mainly involves environmental factors (~95%),
hereditary risk factors, such as Familial Adenomatous Polyposis and
Lynch syndrome (~5%), are also accounted for this malignancy (Bray
et al., 2018). The highest age-standardized incidence/mortality rates
for CRC are found in Europe, North America, and Eastern Asia, pre-
dominantly affecting men. Some of the recent meta-analyses on coffee
consumption and CRC are focused on Asian populations (Table 2),
considering that rates markedly increased in these regions over the last
decades due to a “western lifestyle” turnover (Bray et al., 2018). Coffee
drinking was not significantly associated with CRC risk in most studies
(Table 2). Nonetheless, non-linear overall risk reductions of 7% to 13%
were observed in high coffee consumers considering colon, but not
rectal cancer. These marginal correlations appeared to be stronger only
at higher ranges of intake, with 7% risk reductions for every 4 cups/day
of coffee. Upon data adjustment for Japanese women, risk reduction is
38% (Table 2). On the other hand, high decaffeinated coffee con-
sumption led to an 11% reduction for both colon and rectal cancer risks
(Gan et al., 2017) (Table 2). Gan et al. (2017) suggested that this effect
may be attributed to residual factors, since participants that drink
decaffeinated coffee tend to have healthier lifestyles, with higher fruit/
vegetable and low red meat intake. However, the direct contact of the
colonic mucosa with common bioactive coffee compounds, rather than
caffeine, should be addressed for this inverse association. As previously
discussed, chlorogenic acid isomers are heavily metabolized by colonic
microbiota, giving rise to many other bioactive compounds that have
direct contact with the colonic mucosa. Although clinical findings on
coffee consumption and CRC are missing, Kang et al. (2011) reported
that any consumption (> 1 cup/day) of caffeinated or decaffeinated
coffee showed similar responses on downregulating extracellular signal-
regulated kinase (ERK) phosphorylation in CRC tissue compared to non-
consumers. These parallel modulations of a key regulator on colon tu-
morigenesis underscore the importance of in vivo and in vitro ap-
proaches to unravel other mechanisms involved in caffeinated and
decaffeinated coffee intake and decreased CRC risk, as will be discussed
further on.

Liver cancers, mainly represented by HCC, accounted for about
840,000 incident cases and 780,000 deaths in 2018 (Bray et al., 2018).
HCC, a poor prognosis malignancy that comprises 75%-85% of all liver
cancer cases and deaths, usually occurs in a background of fibrosis or
cirrhosis (> 90% of cases), which is considered the main risk factor.
This cirrhotic context is mostly caused by chronic hepatitis B and/or C
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virus (HBV/HCV) infections, alcohol abuse and non-alcoholic fatty liver
disease (NAFLD) (Bray et al., 2018; Yang et al., 2011). Incidence data
for HCC presents clear gender and geographic disparities, usually oc-
curring in men and in Asian countries (Bray et al., 2018). In the last
decade, there is increasing and accumulating evidence proposing an
inverse linear dose-response correlation between coffee consumption
and HCC risk in different populations (Table 3). In general, coffee
consumption at any level leads to remarkable 27%-39% and 34%-43%
reductions in fibrosis/cirrhosis and HCC risks when compared to non-
consumers, respectively (Table 3). These inverse associations are
stronger for high coffee consumers. Moreover, 1 to 2 extra cups per day
on top of any consumption may lead to an additional 15%-27% re-
duction for HCC risk. Interestingly, when HCC data are stratified to
specific risk conditions such as the history of chronic hepatitis and HCV
or HBV serologic evidence or highly incident areas as Asia, these sig-
nificant reductions are still observed (Table 3). In contrast, dec-
affeinated coffee consumption failed in showing a significant reduction
for HCC risk in a recent meta-analysis (Godos et al., 2017). In addition,
the daily consumption of 2 extra cups of decaffeinated coffee on top of
any intake decreased HCC risk, but to a lesser extent in comparison to
caffeinated coffee (14% vs. 27%) (Kennedy et al., 2017). These data
suggest that decaffeinated coffee consumption presents a weak or none
inverse association to HCC risk compared to caffeinated coffee con-
sumption (Table 3). Thus, based on the epidemiological data available,
one may raise the question if these protective effects majorly attributed
to caffeine or to its combination or association to other highly abundant
and bioavailable coffee compounds, as trigonelline and chlorogenic
acid. Considering that a recent prospective cohort study also failed in
showing that caffeine alone reduces HCC risk (Tamura et al., 2018), the
combination of highly bioavailable coffee components may be ac-
counted for the protective effects of coffee consumption against HCC.
This insight should be considered for further translational investiga-
tions using in vivo and in vitro HCC models, since the available studies
predominantly investigate the effects of coffee compounds individually,
not in combination.

5. In vitro findings

In vitro studies demonstrate antiproliferative, antioxidant, anti-
fibrotic or proapoptotic effects of coffee brews or major bioavailable
coffee compounds on bioassays using SCC, AC, CRC, HCC and hepatic
stellate cells (HSC) (Figs. 3 and 4). In general, these described beneficial
effects are in line with the epidemiological evidence of inverse asso-
ciations between gastrointestinal and liver cancer risks and coffee
consumption, as pointed before. Interestingly, despite being adminis-
tered individually, major coffee compounds exhibit a common mod-
ulation of key pathways involved in many cancer hallmarks (Figs. 3 and
4). Nonetheless, some insights based on human consumption and
bioavailability of coffee compounds are necessary in order to improve
novel experimental approaches. Most in vitro assays are based on ex-
posing tumoral cells to bioactive coffee compounds individually,
lacking the complexity of compound combination as observed in whole
coffee beverages. Even when comparing the effects of whole coffee
versus coffee compounds, these studies only focus on individually se-
lected coffee compounds, and not on the combination of the most
common and/or highly bioavailable ones (Kalthoff, Ehmer, Freiberg,
Manns, & Strassburg, 2010; Nakayama, Funakoshi-Tago, & Tamura,
2017). Some studies evaluated the effects of cafestol and kahweol
combinations (Kalthoff et al., 2010), although these lipids are almost
completely absent in coffee brews after filtering. In addition, these as-
says applied coffee compounds in supraphysiological concentrations
ranging from high micromolar (uM) to millimolar (mM) levels, usually
mimicking the concentration observed in brewed coffee preparations
(Kalthoff et al., 2010) (Fig. 2). Nonetheless, a “metabolic approach”
should be considered for in vitro studies, such as the physiologically
applicable concentrations based on serum or plasma peaks after coffee
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Table 3
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Review of recent meta-analysis on the effects of coffee consumption against liver fibrosis/cirrhosis and hepatocellular carcinoma (HCC).

Study

Countries/regions

Main findings

Sub group analysis

HCC

Bravi, Tavani, Bosetti,
Boffetta, & La Vecchia,
2017

Godos et al., 2017

Kennedy et al., 2017

Yu et al., 2016

Wang et al., 2016

Bravi, Bosetti, Tavani,
Gallus, & La Vecchia,
2013

Bravi et al., 2007

Fibrosis/Cirrhosis
Kennedy et al., 2016

Liu et al., 2015

China, Japan, Finland, multicentre
Europe, USA

China, Japan, Finland, multicentre
Europe, Italy, Greece, USA

China, Japan, Hong Kong, Singapore,
Finland, multicentre Europe, Italy,
Greece, France, USA

Japan, Singapore, Finland,
multicentre Europe, USA

Japan, Singapore, Finland,
multicentre Europe, USA

China, Japan, Finland, Italy, Greece,
Serbia

Japan, Italy, Greece

Singapore, Norway, Finland, Italy,
France, USA

Hong Kong, Italy, France, UK, Brazil,
USA

vs. low/non-consumption

® 34% reduction for any
consumption (RR: 0.66)
® 50% reduction for high
consumption (RR: 0.50)
® 15% reduction for 1 cup
increment (RR: 0.85)
Vs. non-consumption

® Linear association:
- 32% reduction for 2 cups/day (RR:
0.68)
- 43% reduction for 3 cups/day (RR:
0.57)
- 53% reduction for 4 cups/day (RR:
0.47)

® 15% reduction for 1 cup
increment (RR: 0.85)

® 27% reduction for 2 cups
increment (RR: 0.73)

Vs. non-consumption

® Linear association:

- 24% reduction for 2 cups/day (RR:
0.76)

- 33% reduction for 3 cups/day (RR:
0.67)

- 42% reduction for 4 cups/day (RR:
0.58)

vs. low consumption

® 54% reduction for high
consumption (RR: 0.46)
® 27% reduction for 2 cups
increment (RR: 0.73)
Vs. non-consumption

® 40% reduction for any
consumption (RR: 0.60)
® 56% reduction for high
consumption (RR: 0.44)
® 20% reduction for 1 cup
increment (RR: 0.85)
Vs. non-consumption

® 41% reduction for any
consumption (RR: 0.59)

® 55% reduction for high
consumption (RR: 0.45)

® 23% reduction for 1 cup
increment (RR: 0.77)

® 44% reduction in all-cause
cirrhosis for 2 cups increment
(RR: 0.56)
® 42% reduction in alcoholic
cirrhosis for 2 cups increment
(RR: 0.58)
Vs. non-consumption

® 39% reduction in cirrhosis for any
consumption (OR: 0.61)

® 47% reduction in cirrhosis for
high consumption (OR: 0.53)

® 27% reduction in fibrosis for any
consumption (OR: 0.73)

® Reduction remains in adjustment for Asian countries (RR:
0.68)

® Non-significant reduction for decaffeinated (RR: 0.85)

® Significant reduction remains in adjustments for Asian countries
(RR: 0.42) and chronic hepatitis (RR: 0.56)

® 14% reduction for 2 decaffeinated cups increment (RR: 0.86)

® Reduction remains in adjustments for Asian countries (RR:
0.50), gender (male RR: 0.58, female RR: 0.57) and history of
liver diseases (RR: 0.48)

® Reduction remains in adjustments for Asian countries (RR:
0.51), men (RR: 0.29) and history of liver diseases (RR: 0.36)

® Reduction remains in adjustments for gender (male RR: 0.58,
female RR: 0.70), serologic evidence of HBV and/or HCV (RR:
0.52) and history of hepatitis (RR: 0.70)

® Reduction remains in adjustments for history of hepatitis (RR:
0.53)

® Reduction remains in adjustment for alcohol drinking in
cirrhosis (OR: 0.49) and for HCV infection in fibrosis (OR:
0.65)

RR = relative risk; OR = odds ratio.
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(12% in the medium, with ~400uM of caffeine) and decaffeinated
coffee increased the transcription of genes encoding antioxidant UDP
glucuronosyltransferases 1A (UGT1A) family through the upregulation
of aryl hydrocarbon receptor (AhR), nuclear factor erythroid-related
factor 2 (Nrf2) and antioxidant or xenobiotic response elements (ARE or
XRE) proteins in esophageal SCC cells (KYSE70) (Kalthoff et al., 2010).
In the same study, this important antioxidant pathway was not modu-
lated by xanthines (including caffeine, 3.4 mM) and lipids present in
coffee beverages, considering that these compounds individually did
not increase UGT1A family mRNA. The contribution of chlorogenic acid
and trigonelline to this antioxidant effect is still to be investigated.
Recently, Amigo-Benavent et al. (2017) showed that chlorogenic acid
(10, 100 and 1000 uM) reduced cell viability and proliferation of eso-
phageal SCC cells (OE-33) in a time- and concentration-dependent
manner. However, chlorogenic acid also reduced the viability and
proliferation of normal fibroblasts (CCD-18Co), mainly in the highest
applied dose (1000 M), considered supraphysiological. In non-toxic
doses to normal cells (0.1-1 uM), chlorogenic acid also increased cy-
totoxicity in SCC cells (Amigo-Benavent et al., 2017). In the same study,
caffeine (10, 100 and 1000 uM) showed no effect on both normal and
SCC cells. In accordance with these findings, high chlorogenic acid
doses (0.1 to 10 mM) decreased the viability of oral SCC cells (HSC-2) in
a concentration-dependent manner. Chlorogenic acid-treated cells dis-
played clear DNA fragmentation and nuclear condensation, typical
features of apoptosis that were correlated with increased levels of the
caspase cleavage product of cytokeratin 18 (Jiang et al., 2000). Mole-
cular insights into the antiproliferative or proapoptotic effects of coffee
compounds on SCC cell lines are still missing.

Caffeine showed beneficial effects on both well-differentiated (SGC-
7901) poorly differentiated (MGC-803) human gastric AC cell lines.
High doses of caffeine (0.5, 1, 2, 4 and 8 mM) showed similar results on
both cell lines, reducing cell viability, inhibiting cell cycle progression
and increasing apoptosis on a concentration-dependent way (Liu et al.,
2017). Since caffeine treatment above 2 mM also exerted proapoptotic
effects on normal gastric mucosa cells, the 0-2 mM range was selected
for further analysis. In keeping with the cell cycle arrest effects, caffeine
increased p21 protein production in poorly differentiated AC cells
whereas decreasing cyclin D1 protein levels in both types of cell lines
(Fig. 3A). In addition, a caffeine-mediated positive modulation of cas-
pase 3 and 9 axis was suggested, corroborating with the pro-apoptotic
effect in AC cells. Indeed, caffeine reduced vascular endothelial growth
factor A (VEGFA) and mammalian target of rapamycin kinase (MTOR)
expression, while it increased TP53 mRNA expression (Fig. 3A). In
addition, caffeine decreased anti-apoptotic Bcl-2 protein quantities, but
enhanced expression of pro-apoptotic Bax, cytochrome c and cleaved
caspase-3 and 9 proteins (Fig. 3A). Notably, both protein and gene
expression signatures in this proapoptotic axis were sustained even 24 h
after caffeine withdrawal in the cell culture medium. Hence, it was
suggested that caffeine may modulate the expression of microRNAs
(miRs) involved in this pathway, yet further elucidation is warranted.
Notably, chlorogenic acid exposure showed similar results as caffeine
on increasing apoptosis and hindering cell cycle progression accom-
panied by the upregulation of Bax and caspase 3 gene expression in AC
cells (Jafari, Zargar, Delnavazi, & Yassa, 2018) (Fig. 3A). These findings
suggest that caffeine and chlorogenic acid share the induction of
apoptosis as a mechanism for abrogating AC.

5.2. Colon cancer cells

In contrast to the upper digestive tract and liver cancer in vitro
bioassays, literature is loaded with findings comparing the effects of
coffee brews versus selected coffee compounds on CRC cell lines, as well
as the effects of the most important compounds individually. Findings
suggest that the combination of compounds in both caffeinated and
decaffeinated coffee beverages may display the most pronounced an-
tioxidant and antiproliferative effects on CRC cell lines (Fig. 3B). The
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exposure to a common caffeinated coffee brew (at 0.31, 0.63, 1.25, 2.5,
3.75 or 5.0%) decreased both mRNA and protein expression of K-RAS in
Caco-2 cells in a concentration-dependent manner through the upre-
gulation of miR-30c and miR-96 expression (Fig. 3B), which are direct
negative regulators of this oncogene (Nakayama et al., 2017). KRAS
activating mutations are commonly found in CRC cases, exerting es-
sential roles in the sustained proliferation of tumor cells (Vaughn,
ZoBell, Furtado, Baker, & Samowitz, 2011). Coffee also reduced epi-
dermal growth factor (EGF)-induced activation of phosphorylated
protein kinase B (Akt) and ERK in these cells, reinforcing the negative
modulation of K-RAS signaling (Fig. 3B). Of note, in the same study,
most of the isolated components, including caffeic and chlorogenic
acids and caffeine (100 uM for 24 h), did not modulate K-RAS protein
expression, except for a slight reduction observed in trigonelline
treatment (100 uM for 24 h) (Nakayama et al., 2017) (Fig. 3B). The
authors also observed that the reduction in K-RAS protein expression
was inversely correlated with the roasting of the beans used in brew
preparation. These findings suggest that K-RAS-mediated malignant
growth of CRC cells may be modulated by a sort of interaction between
coffee compounds, especially those emerging during the roasting of the
beans (Nakayama et al., 2017). Moreover, decaffeinated coffee ex-
posure (5, 10, 20 and 40 pg/mL) showed decreased mitogen-activated
protein kinase (MEK1) and T-LAK cell-originated protein kinase (TOPK)
activities, which are upstream activators of ERK (Fig. 3B), in a con-
centration dependent-manner, whereas chlorogenic acid displayed
weak attenuation of TOPK in CT-26 cell line (Kang et al., 2011). In
addition, caffeic acid showed stronger effects than chlorogenic acid, but
the whole phenolic fraction of decaffeinated coffee, as well as interac-
tion between these compounds, should be considered for explaining this
effect. In vitro results of Nakayama et al. (2017) and Kang et al. (2011)
are partially in line with clinical findings showing reduced ERK protein
expression in colonic tissue of CRC patients that frequently consumed
both caffeinated and decaffeinated coffee beverages (Kang et al., 2011).

Complex effects are also observed regarding the potential anti-
oxidant activity of coffee brews. As addressed in SCC cells (KYSE70),
Kalthoff et al. (2010) demonstrated that caffeinated and decaffeinated
coffee exposures, (both 12% in the medium) similarly upregulated
glucuronidation (UGT1A-related genes) via AhR/XRE and Nrf2/ARE
induction in Caco-2 cells (Fig. 3B), an effect that was not accomplished
by caffeine alone (~3.4 mM) and by cafestol combined with kahweol.
Indeed, there is accumulating evidence regarding the positive mod-
ulation of AhR/Nrf2 pathways by different coffee brews on Caco-2 cells
(Venkatasubramanian et al., 2017; Yazheng & Kitts, 2012). Findings
from Bakuradze et al. (2010) suggest that the cellular antioxidant ef-
fectiveness of coffee beverages may be linked to the chlorogenic acid
and N-methylpyridinium-derived (including trigonelline) fractions,
present in both caffeinated and caffeinated coffee brews. According to
these authors, tert-butyl hydroperoxide (t-BOOH)-induced reactive
oxygen species (ROS) levels were reduced in HT-29 cells by chlorogenic
acid isomer 5-CQA (30 pM), and mainly by chlorogenic acid- (1, 5, 10,
50 and 100 pg/mL) or N-methylpyridinium-rich (1, 5 and 100 pg/mL)
fractions extracted from coffee. Interestingly, only the 5-CQA (most 1,
3, 10 and 30 uM) and chlorogenic acid-rich fraction (1, 10 and 100 pg/
mL) of coffee increased the protein expression of ARE-dependent en-
zymes, such as NAD(P)H quinone dehydrogenase 1 (NQO1) and glu-
tamate-cysteine ligase catalytic subunit (GCLC) (Fig. 3B). Recently,
Liang and Kitts (2018) reinforced the antioxidant role of chlorogenic
acid isomers (including the abundant 3-, 4- and 5-CQA) on phorbol-12-
myristate-13-acetate or interferon-y (IFNy)-induced inflammation in
Caco-2 cells, demonstrating that high concentrations (1 and 2 mM) of
the most abundant isomers similarly increased Nrf2 protein expression
(Fig. 3B), and 5-CQA upregulated gene expression of Nrf2 and its glu-
tathione-related target genes (glutathione peroxidase 2, glutathione
synthetase and glutathione-disulfide reductase). All isomers (0.2, 1.0
and 20 mM) similarly reduced interleukin-8 (IL-8) protein levels in a
concentration-dependent manner. Shin et al. (2015) demonstrated that
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chlorogenic acid not only decreased IL-8 secretion but also down-
regulated mRNA and transcriptional activity of this proinflammatory
mediator in Caco-2 cells (Fig. 3B). In addition to these effects, chloro-
genic acid treatment (100-1000 uM) decreased cell viability, increased
cytotoxicity and induced S-phase cell-cycle arrest in a concentration-
dependent manner, which was accompanied by the increased protein
expression of the pro-apoptotic caspase-3 (Ekbatan, Li, Ghorbani,
Azadi, & Kubow, 2018). In the same study, an equimolar mix of
chlorogenic, caffeic acids and the selected microbial metabolites 3-
phenylpropionic and benzoic acids in low concentrations showed more
prominent results than isolated chlorogenic or caffeic acid individually
in high concentrations (both at 500 and 1000 uM), indicating that these
compounds may function together on abrogating CRC.

Although caffeine is not likely to be involved in the antioxidant
effects of coffee brews in CRC cell lines, low concentrations of this
xanthine (10 uM) modulated master regulators of tumor angiogenesis
and migration in HT-29 cells under hypoxic conditions, a common
feature of malignant tumors. This xanthine reduced the protein ex-
pression of (1) hypoxia-inducible factor-la (HIF-1a) transcription
factor and its downstream target VEGF via antagonism of adenosine A3
receptor, and (2) IL-8 through blockade of adenosine A,p receptor
(Merighi et al., 2007) (Fig. 3B). Moreover, when combined with ade-
novirus-mediated transfer of phosphatase and tensin homolog (Ad-
PTEN) treatment, caffeine administration attenuated growth and in-
duced apoptosis through downregulation of Akt and modulation of
p44/42 MAPK pathways in HCT116 cells in a synergistic manner, not
exerting the same effects in normal CCD-18Co colon fibroblasts (Saito
et al., 2003). Therefore, the authors proposed the combined treatment
with Ad-PTEN and caffeine as a potential therapeutic alternative for
CRC (Saito et al., 2003).

5.3. Liver cancer and hepatic stellate cells

There is a single report on the effects of whole brewed caffeinated
(12% in the cell culture medium, with ~400 uM of caffeine) and dec-
affeinated coffee on HCC cells (HepG2) (Kalthoff et al., 2010). In a si-
milar manner to SCC (KYSE70) and CRC (Caco-2) cell lines, both types
of coffee upregulated UGT1A-induced glucuronidation by AhR sig-
naling and Nrf2 binding to ARE and XRE (Fig. 4A). Again, this anti-
oxidant effect was not related to the xanthine fraction of coffee, since
the treatment with caffeine (3.4 mM) and other coffee xanthines in-
dividually did not increase UGT1A expression in HepG2 cells (Kalthoff
et al., 2010). The study did not investigate whether other common
coffee compounds, like chlorogenic acid and trigonelline, are im-
plicated in this potential antioxidant effect of brewed coffee. None-
theless, previous findings suggest that this effect in HCC cells is related
to the hydroxycinnamic acid fraction of the beverage, including
chlorogenic acid (Baeza et al., 2014). Low concentrations of chloro-
genic acid (1, 10 and 20 uM) decreased t-BOOH-induced cytotoxicity,
lipid peroxidation and protein oxidation in HepG2 cells by restoring
reduced glutathione levels (GSH) and glutathione reductase (GR) and
peroxidase (GSH-Px) activities (Fig. 4A), which are endogenous anti-
oxidant agents modulated by the ARE/Nrf2 axis. In the same study,
caffeine administration did not alter both oxidative stress and the an-
tioxidant response. In addition, high concentrations of chlorogenic acid
(0.5 and 1.0 mM) decreased cell viability and induced S-phase arrest in
HepG2 cells in a dose-dependent manner (Yan, Liu, Hou, Dong, & Li,
2017). This antiproliferative effect was attributed to the down-
regulation of active ERK1/2 protein expression (Fig. 4A). Furthermore,
chlorogenic acid decreased the matrix metalloproteinase (MMP)-2/
tissue inhibitor of metalloproteinase (TIMP)-2 ratio, suggesting an at-
tenuation in MMP-2 activity, which plays a relevant role in extra-
cellular matrix (ECM) degradation and remodeling essential for tissue
invasion and metastasis (Yan et al., 2017) (Fig. 4A).

Caffeine alone (200, 400 and 600 uM) reduced cell viability, inva-
sion, and migration of two different HCC cell lines (HepG2 and Huh7)
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in a concentration-dependent manner. These effects were associated
with the downregulation of VEGF and Akt and suggest an abrogation of
downstream VEGF and Akt-mediated signaling. In this respect, caffeine-
treated HCC cells presented a reduction in the expression of MMP-2 and
-9 proteins, both related to ECM degradation and remodeling, and re-
duced protein expression of Snail and N-cadherin, but increased ex-
pression of E-cadherin, which are involved in epithelial-mesenchymal
transition (EMT) (Dong et al., 2015) (Fig. 4A). Concerning Akt sig-
naling, caffeine-mediated (1.0, 1.5 and 2.0mM) reduction of Akt
phosphorylation was implied in the decrease of cell proliferation of
HCC cells (SK-Hep-1) as well (Edling, Selvaggi, Ghonaim, Maffucci, &
Falasca, 2014) (Fig. 4A). Caffeine has shown beneficial effects on ab-
rogating pro-inflammatory signaling mediated by Hepatitis B virus x
protein (HBx) in HepG2 cells (Ma, Wang, & Tang, 2015). This xanthine
significantly reduced prostaglandin E, (PGE,) levels by stimulating the
protein expression of peroxisome proliferator-activated receptor
gamma (PPAR-y), which is a negative regulator of PGE, synthesis
(Fig. 4A). The caffeine-mediated increase in PPARy is proposed to
subsequently block protein expression and/or transcriptional activity of
early growth response protein-1 (EGR1) and microsomal prostaglandin
E synthase-1 (mPGES-1), ultimately leading to PGE, synthesis (Ma,
Wang, & Tang, 2015). Interestingly, the treatment with trigonelline
alone (50, 75 and 100puM) also decreased migration of HCC cells
(Hep3B) in a concentration-dependent manner without altering cell
viability by reducing the protein levels of protein kinase Ca (PKCa) and
mRNA levels of MMP-7 (Liao et al., 2015) (Fig. 4A). Recently, in a
palmitic acid (PA)-induced model fatty liver disease in HepG2 cells, it
was shown that trigonelline (50 uM) downregulated the protein ex-
pression of sterol regulatory element-binding protein 1 (SREBP1) and
PPAR-y, suggesting decreased PA-induced lipotoxicity. Furthermore,
trigonelline was able to enhance the protein expression of Beclin-1, a
positive regulator of autophagy and apoptosis (Sharma, Lone, Knott,
Hassan, & Abdullah, 2018) (Fig. 4A).

In addition to HCC cells, activated HSC, which produce collagen
type I and III, are also regarded as key therapeutic targets for fibrosis
and cirrhosis, the major risk factor for HCC development. Individually,
caffeine treatment decreased the viability in a time and concentration-
dependent manner and reduced the activation of human (LX-2) and rat
(HSC-T6) HSCs by exerting antifibrotic and proapoptotic activities (Li
et al., 2017; Shim et al., 2013; Wang et al., 2014) (Fig. 4B). This xan-
thine (4mM) appears to block 2 distinct adenosine A,, receptor-
mediated signaling pathways: (1) cAMP/PKA/SRC/ERK1/2 activation
leading to procollagen type I synthesis, and (2) p38/MAPK activation
leading to procollagen type III production (Wang et al., 2014). In ad-
dition, Li et al. (2017) recently showed that caffeine (20 mM) induces
inositol-requiring enzyme 1 alpha (IRE1l-a)-mediated endoplasmic re-
ticulum stress, with subsequent increases in autophagy (p62 and LC3II
accumulation) and apoptosis. Similar to caffeine, chlorogenic acid di-
minishes HSC activation. This antioxidant molecule (~25, 50 and
100 uM) attenuated oxidative stress in LX-2 and HSC-T6 cells, thus re-
ducing the activation of the p38/ERK1/2/collagen I/IIl pathway and
abrogating the redox-sensitive and profibrogenic nuclear factor kB (NF-
kB) pathway as well (Shi et al., 2013, 2016). Moreover, chlorogenic
acid exposure (~55, 110 and 220 uM) upregulated the antifibrogenic
Smad7/MMP-9 pathway by decreasing miR-21 expression, which is a
negative regulator of Smad7 (Yang et al., 2017) (Fig. 4B). No data are
available on the effects of whole decaffeinated and caffeinated coffee
and trigonelline in HSC cells.

Although coffee compounds are usually administered individually,
these data shed light onto common molecular targets of these com-
pounds in both HCC (MMP modulation in migration and invasion ac-
tivities) and HSC (p38/ERK1/2/collagen I/IIl pathway modulation in
inflammation) (Fig. 4). These shared molecular targets and pathways
suggest that the combination of highly bioavailable coffee compounds
may underlie the protective effects of coffee consumption against fi-
brosis/cirrhosis and/or HCC, as suggested in caffeinated coffee data
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from epidemiological studies. Nonetheless, monolayer in vitro models
lack the complexity of the fibrosis or cirrhosis-associated hepatocarci-
nogenesis microenvironment. The use of complex in vitro models, as 3D
HCC and HSC spheroids (Abu-Absi, Hansen, & Hu, 2004), is needed to
confirm these molecular beneficial effects of the combination of
bioactive coffee compounds.

6. In vivo findings

Evidence stemming from most in vivo studies predominantly de-
monstrate anti-carcinogenic effects of coffee brews or major bioavail-
able coffee compounds on tongue, esophagus, stomach, colon, and liver
carcinogenesis preclinical bioassays, in keeping with the epidemiolo-
gical and in vitro findings. Based on the available data, some critical
points can be raised that might be helpful in designing future in vivo
studies. Firstly, the dosages used in most studies do not usually mimic
human coffee consumption and bioavailability of coffee compounds,
and supraphysiological approaches are frequent. Allometric calculation
approaches should be applied to suitably translate the dosage from one
species to the another. The well-accepted Human Equivalent Dose
(HED) calculation considers the body surface area (BSA) normalization
for dose translation. BSA correlates well with important parameters of
both rodent (rats and mice) and humans, such as basal metabolism,
oxygen utilization and renal function (Reagan-Shaw, Nihal, & Ahmad,
2008). Thus, considering the data on average caffeine consumption
from coffee in the USA, the 109.4-271 mg/day [1.82-4.52 mg/Kg body
weight (b.wt.)/day in 60 Kg adults] range would correspond to
22.5-55.8 and 11.4-28.3 mg/Kg b.wt. doses in mice and rats, respec-
tively. Secondly, several studies evaluated the anti-carcinogenic effects
of the paper-filtered cafestol and kahweol lipids (Fig. 2), and these
findings will not be included in this section. The main effects of coffee
and most bioavailable coffee compounds (caffeine, chlorogenic acid,
and trigonelline) on experimental tongue/esophagus, stomach, colon,
and liver carcinogenesis are discussed in this section and summarized in
Tables 4-6. Details on the experimental procedures (i.e., carcinogen,
dose, concentration, regimen of treatment, etc.) and the main effects on
the endpoint lesions or cellular processes are also presented. In general,
these studies focus on changes in incidence and/or multiplicity of
preneoplastic and neoplastic lesions, with few data on potential related
mechanisms. Indeed, the most prominent mechanistic findings come
from hepatocarcinogenesis models or bioassays mimicking HCC main
risk conditions, such as fibrosis and NAFLD. Therefore, the main
pathways and biological processes commonly modulated by whole
caffeinated coffee, decaffeinated coffee, and isolated compounds during
these liver rodent bioassays are depicted in Fig. 5.

6.1. Upper digestive tract carcinogenesis bioassays

7,12-dimethylbenz[a]anthracene (DMBA), 4-nitroquinoline-1-oxide
(4-NQO), diethylnitrosamine (DEN) and N-nitrosomethylbenzylamine
(NMBA) are known carcinogens used for the induction of SCC in the
oral cavity (tongue and buccal pouch) and esophagus (Nagini &
Kowshik, 2016; Sallet, Zilberstein, Andreollo, Eshkenazy, & Pajecki,
2002; Tang, Knudsen, Bemis, Tickoo, & Gudas, 2004) while N-methyl-
N’-nitro-N-nitrosoguanidine (MNNG) and N-methyl-N-nitrosourea
(MNU) are used for the induction of SCC in forestomach and AC in
glandular stomach of rodents (Tsukamoto, Mizoshita, & Tatematsu,
2007; Yu, Yang, & Nam, 2014). Due to their extensive similarities to
human cancer, these animal models are usually applied to investigate
multistage carcinogenesis and to assess the efficacy of chemopreventive
agents (Nagini & Kowshik, 2016; Tsukamoto et al., 2007). A few studies
on the effects of coffee, caffeine or chlorogenic acid on oral, esophageal
and gastric carcinogenesis have been published (Table 4). The literature
lacks animal studies investigating the effects of trigonelline on upper
digestive tract carcinogenesis.

Miller, Formby, Rivera-Hidalgo, and Wright (1988) showed that
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dietary supplementation with coffee bean powder is implicated in the
attenuation of oral SCC development in a DMBA-induced buccal pouch
painting hamster model, displaying a marked reduction (11-fold) in
SCC mass (Table 4). Using a similar model, Saroja, Balasenthil,
Ramachandran, and Nagini (2001) described that common coffee ad-
ministration exerted no preventive effect on SCC development, re-
sulting in increased mean tumor volume (Table 4). In the same study,
common coffee treatment reduced lipid peroxidation and increased
GSH levels and GSH-Px activity in oral pouch mucosa. The exact mo-
lecular mechanisms of these contrasting effects need further clarifica-
tion. In a 4-NQO-induced tongue carcinogenesis model, Tanaka et al.
(1993) demonstrated that the consumption of chlorogenic acid during
the initiation step significantly reduces the incidence of squamous cell
hyperplasia, moderate and severe dysplasia and total incidence of pa-
pillomas and SCC. In addition, chlorogenic acid reduced cell replication
in non-neoplastic surrounding squamous epithelium. In a DEN-induced
esophageal carcinogenesis model, Balansky, Blagoeva, Mircheva, and
De Flora (1994) observed that caffeine intake does not interfere with
the development of esophagus squamous cell papillomas in female BD6
rats. As in animal studies on oral and esophageal carcinogenesis, there
are few animal studies on the effects of caffeine or chlorogenic acid on
gastric carcinogenesis (Table 4). Nishikawa et al. (1995) observed that
caffeine treatment reduced the incidence of pyloric AC and lipid hy-
droperoxide levels in the gastric mucosa of male Wistar rats submitted
to MNNG and NaCl-induced carcinogenesis. Ultimately, the chlorogenic
acid treatment led to a reduction of the incidence of MNU-induced
adenomatous hyperplasia and AC, as well as to a decrease in pro-
liferating cell nuclear antigen (PCNA) labeling indexes in non-neo-
plastic glandular areas (Shimizu et al., 1999). As could be observed in
epidemiological studies, results from animal models also lack suffi-
ciently strong evidence of beneficial effects of coffee and its main
components on upper digestive tract carcinogenesis. Thus, these few
findings indicate the need for additional animal studies to convincingly
prove the beneficial effects and potential interactions of coffee bioac-
tive compounds on oral and esophageal SCC and gastric AC develop-
ment.

6.2. Colon carcinogenesis models

1,2-dimethylhydrazine hydrochloride (DMH) and its metabolites
azoxymethane (AOM), methylazoymethanol (MAM) or MNNG and
heterocyclic amines, such as 2-amino-1-methyl-6-phenylimidazo[4,5]-
[blpyridine (PhIP), are widely applied chemicals that promote the de-
velopment of both preneoplastic (non-dysplastic and dysplastic aber-
rant crypt foci [ACF]) and neoplastic (adenomas and adenocarcinomas)
lesions in the colon of rodents (Ward & Treuting, 2014). These lesions
are mainly detected in the middle and distal colon and used as putative
endpoints in short and medium-term rodent bioassays, enabling the
evaluation of potential environmental and dietary factors or preventive
compounds on different stages of colon carcinogenesis (Ward &
Treuting, 2014).

Although epidemiological data show protective effects for both
caffeinated and decaffeinated coffee consumption at higher levels, ex-
perimental animal data comparing these different types of coffee or
isolated compounds are limited. Recently, Soares, Kannen, Jordao
Junior, and Garcia (2018) showed that caffeinated coffee intake, but
not decaffeinated coffee or caffeine, counteracted the development of
dysplastic ACF during the initial stages of MNNG-induced colon carci-
nogenesis (Table 4). Rather than decaffeinated coffee, caffeinated
coffee-treated rats also displayed fewer ACF positive for metallothio-
nein, which is proposed as a stem cell mutation marker (Soares et al.,
2018). In the same study, all treatments reduced DNA damage (phos-
phorylate H2A histone family/member X, cH2AX) and only caffeinated
coffee and caffeine diminished proinflammatory cyclooxygenase 2
(COX-2) expression in colonic mucosa. The authors suggested that the
anti-inflammatory and antigenotoxic effects exerted by caffeinated
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Table 4 (continued)

Reference

Main findings

Before (1), during (2) or after (3)

carcinogen exposure/model

establishment

Coffee or specific compound Dose/Concentration/Regimen

Animal

Carcinogen/Procedure (dose, exposure)

Park et al., 2010

® No effects on ACF and tumor

1,2 and 3

100 or 1000 mg/kG in diet for 20 weeks

Chlorogenic acid

Male A/J mice

AOM (10 mg/Kg, b.wt., i.p. 1 X /week, for

development
® Decreased colitis activity index

6 weeks)
DSS (25 mg/mL in drinking water for 8 days) Female C57BL/6 Chlorogenic acid

Zhang et al.,

2017

2 and 3

~0.35mg/mL in drinking water for 15 days

mice

DSS (30 mg/mL in drinking water for 8 days) Female C57BL/6 Chlorogenic acid

Shin et al., 2015

® Decreased colitis histological score

2 and 3

~0.35mg/mL in drinking water for 15 days

mice

N-methyl-N-nitrosourea;

N-methyl-N ‘-nitro-N-nitrosoguanidine; MNU

diethylnitrosamine; MNNG =

4-nitroquinoline-1-oxide; DEN

DMH = 1,2-dimethylhidrazine; PhIP = 2-amino-1-methyl-6-phenylimidazo[4,5]-[b]pyridine; DSS = dextran sulphate sodium; i.g.

traperitoneal route. SCC = squamous cell carcinoma; AC = adenocarcinoma; ACF = aberrant crypt foci; AC = aberrant crypt.

7,12-dimethylbenz[a]anthracene; 4-NQO

not applicable; DMBA

“

= in-

intrarectal route; s.c. = subcutaneous route; i.p.

intragastrical route; i.r.

580

Food Research International 123 (2019) 567-589

coffee may be implicated in reducing ACF development. In keeping
with these findings, Silva et al. (2014) demonstrated that the admin-
istration of common organic or commercial caffeinated coffee brews
diminished DMH-induced mutagenicity (micronuclei) and toxicity
(apoptotic cells) in colonocytes of male Swiss mice. Interestingly, the
most pronounced results were observed in infusions prepared with or-
ganic coffee powder, despite presenting similar caffeine, chlorogenic
acid, and trigonelline levels compared to the commercial preparation.
The same research group reported that although similar organic and
commercial common coffee brews reduced malondialdehyde (MDA)
levels in the liver, the major organ responsible for DMH metabolism
(Ward & Treuting, 2014), these treatments did not modulate the de-
velopment of conventional or high-risk mucin-depleted ACF (Carvalho
et al., 2011) (Table 4). Besides chemically-induced models, the dietary
exposure to common caffeinated coffee did not exert antitumoral effects
in multiple intestinal neoplasia (Apc™™ *) mice and did not alter p-
catenin and cyclin D1 protein levels in colonic adenomas either
(Oikarinen, Erlund, & Mutanen, 2007) (Table 4). In a xenograft mice
model using CT-26 CRC cell line, both decaffeinated coffee and
chlorogenic acid treatments showed similar results on reducing the
number of metastatic CT-26 tumors in the lung (Table 4), with stronger
reductions at higher doses (Kang et al., 2011). This effect was possibly
accomplished by reductions in COX-2 protein expression, corroborating
with findings from an AOM-induced model (Soares et al., 2018). Ad-
ditionally, reduced activity of matrix MMP-2 and MMP-9 and ERK
phosphorylation was also observed, which are directly involved in the
metastatic activity of CRC cells. Results were slightly stronger in dec-
affeinated coffee than chlorogenic acid treatment and the negative
regulation of the ERK pathway corroborates with clinical and in vitro
findings (Fig. 3B).

Concerning the most abundant coffee compounds, caffeine treat-
ment right after PhIP exposure resulted in a significant reduction in the
number of small ACF (< 4 aberrant crypts) and the total number of ACF
(Carter et al., 2007) (Table 4). Despite not altering cleaved caspase-3
protein expression in colonocytes, this protective effect was accom-
panied by a significant reduction in cell proliferation index in the co-
lonic crypts. In contrast, the co-administration of caffeine and PhIP
resulted in a significant increase in colonic ACF development associated
with a 2-fold enhancement in hepatic CYP1A2 protein expression in
male rats (Tsuda et al., 1999) (Table 4). Similar findings were observed
in a short-term study wherein Takeshita, Ogawa, Asamoto, and Shirai
(2003) showed that caffeine intake simultaneously to PhIP exposure
increased PhIP-induced DNA adduct formation as well as hepatic
CYP1A2 mRNA levels in female rats. However, no alteration in cell
proliferation, apoptosis or DNA repair enzymes were detected in the
colon of PhIP- and caffeine-treated group. In addition to ACF, Hagiwara
et al. (1999) demonstrated that caffeine intake during PhIP exposure
significantly increases the incidence and multiplicity of colonic neo-
plastic lesions in female rats (Table 4). In addition to the increase in
tumor incidence and volume, caffeine intake after cycles of PhIP ex-
posure and HF diet intake increased the frequency of B-catenin muta-
tions in colon tumors (79%, codon 34) compared to PhIP- and HF-ex-
posed counterparts (36%, mainly in codons 32 and 34). Taken together,
these findings suggest that caffeine exposure may modulate carcinogen
metabolizing enzymes (as the universal CYP1A2) and, thus, the com-
plex protective or promotional effects may depend on the time of ad-
ministration of this xanthine (i.e., after, during and/or before carci-
nogen exposure) (Table 4). Other effects and mechanisms of caffeine on
colon carcinogenesis, not considering the modification of carcinogen
metabolism, should be evaluated in further studies using well-estab-
lished transgenic and/or xenograft rodent models. Different from caf-
feine, most rodent bioassays point to a protective effect of chlorogenic
acid on different stages of colon carcinogenesis. The administration of
this polyphenol after AOM initiation resulted in a marked 43% -51%
reduction in the total number of preneoplastic ACF in male rats
(Morishita et al., 1997). In contrast, Park, Davis, Liang, Rosenberg, and
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Table 5 (continued)

Reference

Main findings

Before (1), during (2)
or after (3) model
establishment

Dose/Concentration/Regimen

Coffee or coffee compound

Animal/ Liver Disease

Carcinogen/Procedure (dose, time)

Shokouh et al.,

2018

carbon tetrachloride;

diethylnitrosamine; CCly
intragastric route; b.wt. = body weight; i.p.

bile duct ligation; GST-P = placental glutathione-S-transferase; G6Pase = glucose 6-phosphatase; DEN

not applicable; AFB1 = Aflatoxin B1l; BDL

TAA

“_«

intraperitoneal

high fat diet; NAFLD = non-alcoholic fatty liver disease; i.g.

partial hepatectomy; HFD =

thioacetamide; 2-AAF = 2-acetylaminofluorene; pH

route; s.c. = subcutaneous route.
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Bruno (2010) observed that chlorogenic acid intake before, during and
after AOM exposure did not influence ACF and tumor development in
male mice. Matsunaga et al. (2002) have also shown that chlorogenic
acid treatment during AOM initiation phase reduced colon tumor
multiplicity, while both exposures during initiation and post-initiation
phases diminished PCNA labeling index in colonocytes in non-tumorous
mucosa areas (Table 4).

Apart from the chemically-induced colon carcinogenesis models,
some studies have shown similar protective effects of caffeine and
chlorogenic acid on dextran sulfate sodium (DSS)-induced colitis in
mice models (Lee, Low, Kamba, Llado, & Mizoguchi, 2014;Shin et al.,
2015 ; Zhang et al., 2017) (Table 4). In patients with IBD, chronic
mucosal inflammation is a key factor for carcinogenesis onset (Wang &
Fang, 2014). Caffeine attenuated colitis by reducing bacterial and in-
flammatory cell infiltration, modulating cytokine production, including
decreasing tumor necrosis factor a (TNF-a), IFNy and IL-17F while
increasing IL-10 and downregulating chitinase 3-like 1-associated Akt
signaling pathway activation (Lee et al., 2014). Similarly, chlorogenic
acid administration also attenuated colitis by reducing colonic in-
filtration of macrophages, neutrophils and CD3+ T cells, decreasing
pro-inflammatory NF-kB, IFNy, TNF-a, IL-1b, and IL-6 signaling, and
modulating colonic microbiota (i.e. decreased Firmicutes and Bacter-
oidetes whereas increased mucin-degrading Akkermansia spp.) (Shin
et al., 2015; Zhang et al., 2017).

6.3. Hepatocarcinogenesis, fibrosis,cirrhosis, and NAFLD models

In the past decade, increasing evidence from rodent models of he-
patocarcinogenesis or from bioassays mimicking its main risk condi-
tions (fibrosis, cirrhosis and NASH) allowed insight into the molecular
pathways modulated by common filtered caffeinated, decaffeinated
coffee and the most common and bioavailable compounds (Fig. 5). In
general, data from these preclinical bioassays are in line with the
findings of epidemiological studies showing beneficial effects of coffee
consumption, especially caffeinated coffee intake (Tables 5 and 6).
Different whole common coffee treatments reduced the mean number,
size and/or relative area of placental glutathione-S-transferase (GST-P)-
positive or glucose 6-phosphatase (G6Pase)-negative hepatocyte foci in
several rodent studies (Table 5). These foci are well-established pre-
neoplastic lesions (PNL) observed in models of chemically-induced
hepatocarcinogenesis, featuring the absence (as some DEN-induced
models) or presence of a fibrotic or cirrhotic [as in thioacetamide (TAA)
or carbon tetrachloride (CCly)-induced ones] background (Silva-
Oliveira, Fernandes, & Moraes-Santos, 2010; Furtado et al., 2012;
2014). These classical biomarkers, especially GST-P-positive foci, are
prone to neoplastic transformation or regression under adequate sti-
muli, enabling the in vivo short-term screening of modulators of che-
mical hepatocarcinogenesis (Tatematsu, Tsuda, Shirai, Masui, & Ito,
1987), such as coffee beverages and its isolated compounds.

Only a few studies compared the effects of different types of coffee
and/or isolated compounds on the fate of these lesions. Some findings
suggested that caffeinated coffee displays more pronounced attenuation
of PNL development compared to decaffeinated coffee and caffeine
alone (Ferk et al., 2014; Furtado et al., 2012) (Table 5), but the precise
mechanisms involved in these different responses are still unclear.
Nonetheless, during hepatocarcinogenesis, whole coffee and caffeine
increased GSH levels without altering GST-P-positive PNL and whole
coffee reduced DNA strand breaks in the liver, while decaffeinated
coffee exerted none of these effects (Ferk et al., 2014; Furtado et al.,
2012) (Fig. 5). Both caffeinated and decaffeinated coffee, (without al-
tering GST-P positive PNL) coffee also increased the activity of the
antioxidant UGT enzyme (Fig. 5), an effect equally addressed in HCC
cells (Kalthoff et al., 2010) (Fig. 4A). In the absence of fibrosis/cir-
rhosis, while caffeinated coffee diminished the levels of IL-6 and TNF-a
(Katayama et al., 2014), which are considered potent hepatomitogenic
cytokines, and reduced the number of PCNA-positive hepatocytes
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Fig. 5. Main molecular pathways and biological processes modulated by whole caffeinated, decaffeinated coffee brews or highly bioavailable isolated coffee
compounds in fibrosis/cirrhosis (left), non-alcoholic fatty liver disease (NAFLD) (right) and hepatocarcinogenesis (down) in vivo models. Caffeinated/decaffeinated
coffee and highly bioavailable isolated coffee compounds share many molecular targets. Notably, some modulated pathways in vivo are also addressed in vitro, as

summarized in Fig. 4.

(Fig. 5), decaffeinated coffee did not (Furtado et al., 2012). These an-
tioxidant, antigenotoxic and antiproliferative effects, especially exerted
by whole coffee, may contribute to lessening GST-P-positive PNL de-
velopment. However, other underlying mechanisms should be con-
sidered as well. Indeed, a single study comparing whole coffee versus
caffeine reported that only caffeine reduced the size and area of GST-P-
positive PNL and the number of neoplastic lesions, (including adenomas
and HCC) (Furtado et al., 2014) (Table 5). In the same study, despite
not altering antiapoptotic Bcl-2 protein expression, caffeine adminis-
tration increased protein levels of proapoptotic Bax, whereas common
caffeinated coffee did not. In line with these findings, caffeine showed
similar results when administered alone, reducing GST-P-positive PNL
and PCNA protein levels in the liver (Fujise et al., 2012) (Table 6,
Fig. 5). Chlorogenic acid administration alone attenuated the progres-
sion of HepG2 xenograft tumors in mice, reducing tumor volume and
weight in a dose-dependent manner (Yan et al., 2017) (Table 6). In
xenograft tumors, chlorogenic acid reduced ERK1/2 phosphorylation
(Fig. 5) and MMP-2/TIMP2 and MMP-9/TIMP2 ratios, which are im-
plicated in sustained cell proliferation and invasion of tumor cells, re-
spectively (Yan et al., 2017). Interestingly, the same effects on the
ERK1/2 and MMP-2/TIMP2 pathways were observed when chlorogenic
acid was added to the cell culture medium of HepG2 cells (Yan et al.,
2017) (Fig. 4A). Regrettably, no studies on the effects of trigonelline
treatment in hepatocarcinogenesis in in vivo models are available. Al-
together, these studies underscore the complexity of understanding the
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effects of coffee beverages on hepatocarcinogenesis, since beneficial
effects are not restricted to whole coffee and/or caffeine alone. Thus,
additive or synergistic effects of the most common or highly bioavail-
able compounds may be considered. As it follows, complex similar re-
sponses were also observed in models recapitulating HCC risk condi-
tions.

Featured in 75-80% of human HCC cases (Bray et al., 2018), the
fibrotic/cirrhotic background associated to chronic liver disease is re-
capitulated by well-established experimental rodent models, especially
in those induced by chemicals, (e.g. TAA/CCl;) (Tables 5 and 6).
Considering that the profibrotic microenvironment is essential to pre-
neoplastic and neoplastic lesion development, alleviating this feature
may indirectly slow down hepatocarcinogenesis. Some studies report
that whole coffee and caffeine have stronger effects than decaffeinated
coffee on diminishing profibrogenic signaling mediated by trans-
forming growth factor  (TGF-B) and downstream connective tissue
growth factor (CTGF), thus reducing HSC activation, fibrotic areas and
collagen I mRNA production (Arauz et al., 2017). Furtado et al. (2012,
2014) demonstrated that only whole coffee administration diminished
collagen III mRNA expression and total and active MMP-2 levels com-
pared to decaffeinated and/or caffeine alone. In contrast, other authors
addressed similar effects of whole coffee, decaffeinated coffee and
caffeine on reducing oxidative stress (reducing lipid peroxidation and
increasing GSH axis) (Fig. 5), profibrogenic signaling (TGF- and CTGF)
(Fig. 5) and ECM remodeling (MMP-2, 9 and —13) (Arauz et al., 2014;
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Arauz, Moreno, Cortés-Reynosa, Salazar, & Muriel, 2013; Furtado et al.,
2012). In line with in vitro studies with HSC (Fig. 4B), caffeine treat-
ment alone attenuated fibrosis/cirrhosis presumably via interaction
with adenosine A,a receptors and reduction of the downstream cAMP/
PKA/CREB signaling pathway (Chan et al., 2006; Wang et al., 2015)
(Fig. 5). In fact, adenosine A,, receptor plays a central role in the pa-
thogenesis of hepatic fibrosis, since knockout mice (Aon~"7) showed a
10-fold decrease in collagen areas during TAA-induced fibrosis (Chan
et al., 2006). Due to these effects, some authors pointed caffeine as the
main antifibrotic agent in coffee, supporting the “caffeine hypothesis”
(Dranoff, 2018). Nonetheless, the effects of chlorogenic acid on the
antifibrotic miR-21-regulated Smad7 signaling pathway and anti-
oxidant Nrf2 axis should also be considered for explaining the effects of
coffee beverages (caffeinated coffee and, especially, decaffeinated
coffee) on liver fibrosis. When administered to rats individually, this
polyphenol reduced HSC activation, fibrosis areas, collagen I and III
mRNA production and hydroxyproline levels (Shi et al.,, 2016; Yang
et al., 2017). Chlorogenic acid may suppress fibrosis through the at-
tenuation of oxidative stress (MDA levels) in liver tissue, increasing the
protein expression of Nrf2 transcription factor, and gene expression of
its downstream targets, heme oxygenase-1 (HO-1), NQO1 and GCLC,
resulting in augmented GSH levels (Fig. 5), superoxide dismutase and
catalase activities (Shi et al., 2016). Furthermore, chlorogenic acid
treatment downregulates miR-21 expression in liver, subsequently in-
creasing the mRNA and protein expression of Smad7, a direct miR-21
target (Yang et al., 2017) (Fig. 5). Smad7 upregulation was implicated
in decreasing profibrotic Smad2 and Smad3 signaling in rat liver (Yang
et al.,, 2017). Of note, the modulation of the miR-21/Smad7 axis by
chlorogenic acid was also observed in HSC in vitro (Yang et al., 2017)
(Fig. 4B).

Being a growing risk factor for human HCC in high-income coun-
tries, experimentally-induced NAFLD was found to be alleviated by
whole and decaffeinated coffee interventions, as well as caffeine,
chlorogenic acid and trigonelline individually (Tables 5 and 6). A
limited number of studies compared the effects of different types of
coffee in dietary-induced NAFLD models (Table 5). Shokouh et al.
(2018) showed that common whole coffee treatment reduced both
plasma and liver triglycerides levels as well as steatosis scores in the
liver, while a combination of chlorogenic acid, trigonelline, and caffeic
acid did not (Table 5). The molecular events underlying this pro-
nounced response in common coffee treatment are still to be unveiled.
On the other hand, another study showed that both caffeinated and
decaffeinated coffee regimens triggered strikingly similar responses in
reducing the expression of lipid metabolism-related genes, especially
PPAR-y and PPAR-y-regulated genes, such as CD36, which positively
correlated with fatty acid uptake in the liver (Takahashi et al., 2014)
(Fig. 5).

Vitaglione et al. (2010) compared decaffeinated coffee treatment
with combinations of polyphenols or melanoidins individually
(Table 5). In general, all treatments showed similar responses in redu-
cing liver fat accumulation through increased PPAR-a mRNA and
protein expression, which is responsible for lipid p-oxidation and
clearance, decreased oxidative stress (decreased MDA levels and in-
creased GSH axis) and inflammation (increased levels of IL-4 and IL-10
and decreased mRNA and protein of TNF-a and TGF-p) (Fig. 5). Dec-
affeinated coffee treatment individually, presumably containing
chlorogenic acid and trigonelline, also counteracted NAFLD develop-
ment in high fat diet (HFD)-fed rats (Brandt et al., 2019; Salomone
et al., 2014; Takahashi et al., 2014) (Table 5). Salomone et al. (2014)
proposed that these protective effects may be attributed to the reduc-
tion of lipid peroxidation and DNA oxidative damage through the up-
regulation of antioxidant agents (peroxiredoxin 1, glutathione S-trans-
ferase a2, and D-dopachrome tautomerase) and chaperones that
maintain endoplasmic reticulum or mitochondrial homeostasis (GRP78,
PDI-A3, mtHSP70, and DJ-1) (Fig. 5). Decaffeinated coffee reduced the
protein expression of electron transfer flavoprotein subunit a, which is
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part of the mitochondrial respiratory chain and directly relates to de
novo lipogenesis (Salomone et al., 2014). Alterations in the intestinal
barrier permeability with subsequent translocation of bacterial en-
dotoxins to the liver are proposed to trigger inflammatory responses
and insulin resistance in the liver, contributing to the multifactorial
development of NAFLD (Miele et al., 2009). Decaffeinated coffee
treatment is also suggested to attenuate NAFLD development by
maintaining small intestine barrier integrity, reducing endotoxin
translocation to the liver and subsequently decreasing proinflammatory
response (reduced granulocyte infiltration and IL-1b mRNA) and insulin
resistance (decreased insulin receptor mRNA) (Brandt et al., 2019).

The administration of the most common and highly bioavailable
coffee compounds alone unraveled both distinct (autophagy induction)
and similar (PPAR-y axis downregulation) mechanisms implicated in
experimental NAFLD attenuation compared to whole or decaffeinated
coffee approaches. Caffeine treatment alone enhanced lipids autophagy
by abrogating mTOR negative regulation (enhanced LC3-II protein and
lipase A gene expression) (Fig. 5), which was followed by (3-oxidation of
fatty acids (increased carnitine palmitoyltransferase I o gene expression
and ketones and ATP levels) that culminated in lipid clearance and
NAFLD attenuation (Sinha et al., 2014). Interestingly, trigonelline alone
showed similar results as caffeine in inducing liver autophagy by the
modulation of the mTOR pathway (Sharma et al., 2018) (Fig. 5). In
addition to autophagy, caffeine also reduced oxidative stress (reduced
malondialdehyde, nitrogen oxide and increased GSH levels) and de novo
lipogenesis (fatty acid synthase and acetyl CoA carboxylase genes),
while increasing lipid B-oxidation (gene expression of PPAR-a) (Helal,
Ayoub, Elkashefand, & Ibrahim, 2018) (Fig. 5). Similarly to whole
caffeinated or decaffeinated coffee regimens, chlorogenic acid alone
reduced proinflammatory responses by downregulating macrophage-
related genes and decreasing PPAR-y axis (Ma, Gao, & Liu, 2015)
(Fig. 5). The downregulation of PPAR-y pathway was also featured
when trigonelline was individually administered to high-fat diet-fed
rats (Sharma et al., 2018) (Fig. 5).

7. Conclusions and future perspectives

Taken together, epidemiological (Tables 1-3), in vitro (Figs. 3 and 4)
and in vivo (Tables 4-6, and Fig. 5) findings predominantly address
protective effects of coffee beverages and of its most common and
bioavailable individual compounds in gastrointestinal and liver cancer
development. Some mechanistic glimpses on their antiproliferative,
antioxidant, proapoptotic and antifibrotic actions are also described,
mostly in vitro (Figs. 3 and 4). It is also noteworthy mentioning that
caffeine, chlorogenic acid, and trigonelline, when individually ad-
ministered, modulate common molecular targets directly implicated in
key cancer hallmarks, suggesting that the combination of coffee com-
pounds (as seen in whole coffee beverages), may account for the ben-
eficial effects of coffee consumption. It should be stressed that in vivo
studies are sometimes mechanistically limited. Hopefully, translational
approaches using different preclinical rodent models, such as geneti-
cally modified and patient-derived xenograft (PDX), will overcome
these limitations. As far as in vitro approaches are concerned, caution
should be taken in data interpretation, as supraphysiological and non-
translatable concentrations are often used. Therefore, more physiolo-
gically relevant administration based on coffee compound metabolism
and bioavailability should be considered in these studies. Considering
that naturally-occurring polyphenols (as chlorogenic acid) and alka-
loids (as trigonelline and caffeine) are proposed to target epigenetic
processes (Bishayee & Bhatia, 2018), the modulation of the epigenetic
machinery by coffee or selected coffee compounds, including DNA
methylation, histone modifications and non-coding RNAs, should be
definitely investigated in further experiments on gastrointestinal and
liver carcinogenesis.

In general, the consumption of common and/or espresso coffee
brews is considered a safe and popular dietary habit, especially among
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adult and older people. Moreover, coffee bean production and con-
sumption displayed remarkable 70% and 160% increases in the past 3
decades (1990-2018) (International Coffee Organization, 2018), re-
spectively, eliciting the need and relevance of future research on the
beneficial effects of coffee on cancer development. On the other hand,
some concern on the presence of heat-derived contaminants in coffee
beverages (polycyclic aromatic hydrocarbons, furan, acrylamide), as
well as the potential risk of hot-beverage intake on esophageal cancer,
have been recently raised (Loomis et al., 2016). Nonetheless, according
to the International Agency for Research on Cancer (IARC) report, there
is lack of evidence for carcinogenicity in humans, and along with ex-
perimental data, coffee intake was classified into group 3 (not classi-
fiable as to its carcinogenicity to humans) (Loomis et al., 2016). Al-
though coffee consumption can be incorporated as a healthy habit for
most of the adult population, side effects of coffee consumption should
be considered in potential “sensitive” populational subgroups. Poole
et al. (2017) described harmful associations between high coffee in-
gestion and pregnancy outcomes (increased risk of low birth weight,
pregnancy loss, and 1°* and 3 semester preterm birth). Indeed, EFSA
(2015) indicates that caffeine consumption in pregnant women should
be limited to 200 mg/day (corresponding to 1-2 cups of common or
espresso brews), half the habitual caffeine consumption (400 mg/day).
Other health consequences should be considered, since coffee con-
sumption is proposed to cause sleep disruption (Clark & Landolt, 2017)
and to slightly increase peripheral arterial stiffness (Echeverri, Pizano,
Montes, & Forcada, 2017).
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' Abstract

Aberrant microRNA expression implicates on hepatocellular carcinoma (HCC) development. Conversely, daily
coffee consumption reduces by ~40% the risk for fibrosis/cirrhosis and HCC, while decaffeinated coffee does not. It is
currently unknown whether these protective effects are solely related to caffeine (CAF), or to its combination with other
common and/or highly bioavailable coffee compounds, such as trigonelline (TRI) and chlorogenic acid (CGA). We evaluated
whether CAF individually or combined with TRl and/or CGA alleviates fibrosis-associated hepatocarcinogenesis, examining
the involvement of miRNA profile modulation. Male C3H/HeJ mice were submitted to a diethyinitrosamine/carbon
tetrachloride-induced model. Animals received CAF (50 mg/kg), CAF+TRI (50 and 25 mg/kg), CAF+CGA (50 and 25 mg/kg)
or CAF+TRI+CGA (50, 25 and 25 mg/kg), intragastrically, 5x/week, for 10 weeks. Only CAF+TRI+CGA combination reduced
the incidence, number and proliferation (Ki-67) of hepatocellular preneoplastic foci while enhanced apoptosis (cleaved
caspase-3) in adjacent tissue. CAF+TRI+CGA treatment also decreased hepatic oxidative stress by enhancing the
antioxidant Nrf2 axis. CAF+TRI+CGA had the most pronounced effects on decreasing hepatic pro-inflammatory IL-17/NFkB
signaling, contributing to reduce CD68-positive macrophage number, stellate cell activation, and collagen deposition. The
miRNAomic profile revealed that CAF+TRI+CGA upregulated tumor suppressors miR-144-3p and antifibrotic miR-15b-5p,
frequently altered in human HCC. CAF+TRI+CGA reduced protein levels of pro-proliferative EGFR (miR-144-3p target) and
antiapoptotic Bcl-2 family members (miR-15b-5p targets). Our results suggest that the combination of most common and
highly bioavailable coffee compounds, rather than CAF individually, attenuates early fibrosis-associated

hepatocarcinogenesis by modulating miRNA expression profile.

Keywords: Caffeine; trigonelline; chlorogenic acid; liver fibrosis; hepatocarcinogenesis; miRNA.
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1. Background

Hepatocellular carcinoma (HCC), the main type of primary liver cancer, ranks as the sixth most incident and fourth
deadliest cancer worldwide (841,080 new cases and 781,631 deaths per year) [1]. HCC is considered a poor prognosis
disease, with an overall median survival of 11 months after clinical diagnosis [2]. Most HCC cases (70 - 90%) arise in the
setting of liver fibrosis/cirrhosis, mainly caused by chronic hepatitis B (HBV) and C (HCV) virus infections, alcoholic liver
disease (ALD) and non-alcoholic fatty liver disease (NAFLD) [3,4]. This malignancy emerges due to the accumulation of
multiple molecular alterations, including the deregulation of microRNA (miRNA) expression [5,6]. miRNAs are noncoding,
single-stranded molecules of ~22 nucleotides that constitute a class of gene regulators [7]. In general, miRNAs canonically
interact with the 3' untranslated region (3' UTR) of target mRNAs, inducing their degradation or promoting translational
repression [7]. It is estimated that ~60% of protein-coding genes in the human genome are controlled miRNA expression
[7]. A wealth of evidence points out to the pivotal involvement of miRNAs during hepatocarcinogenesis, as either potential
tumor suppressors or onco-miRNAs [8]. In order to unveil the molecular aspects involved in liver fibrosis and
carcinogenesis, chemically-induced murine models have been established as suitable tools for pre-clinical research [9-
11]. These bioassays display striking morphological and molecular similarities to the corresponding human diseases,
including aberrant miRNA expression profile [12], enabling the translational screening of preventive and therapeutic
strategies for this liver malignancy [9-11].

In contrast, epidemiological and experimental data suggest that nutritional habits and interventions may reduce
the incidence of different types of cancer, including HCC [13]. The “common” brewed and espresso coffee beverages,
prepared from roasted and grounded seeds of Coffea genus plant species, are widely consumed worldwide and exhibit
impressive impact on the economy of producing/exporting countries [14]. Indeed, there is a spectrum of epidemiological
data evidencing the clear inverse correlation between coffee consumption and fibrogenesis and/or hepatocarcinogenesis
risks [15-17]. Overall, coffee consumption (>1 cup/day) reduces by ~40% the risk for fibrosis/cirrhosis and HCC, even upon
adjustments for risk factors or highly incident areas [16,17]. In contrast, decaffeinated coffee intake leads to none or less
pronounced risk reduction [18,19]. Thus, could this protection be attributed to caffeine (CAF) individually, or, to CAF
combination with other common constituents of coffee beverages? The inherent mechanisms and exact compounds
involved in this differential response are still unclear.

The brewed and espresso coffees are complex mixtures that include many compounds of different chemical

classes [20,21]. Particularly, the alkaloids CAF and trigonelline (TRI), and the polyphenol chlorogenic acid (CGA) are some
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of the most abundant bioactive compounds in coffee beverages [20,21]. After coffee consumption, these compounds

present high bioavailability and may accumulate in the plasma due to their long half-life times during regular consumption
of many coffee cups along the day [22]. In our previous studies, CAF intake attenuated liver fibrosis and carcinogenesis in
rats [23,24]. Furthermore, CGA and TR are also proposed to reduce liver fibrosis and NAFLD in rats, respectively [25,26].
Despite presenting beneficial effects individually, the literature lacks mechanistical studies concerning the combination of
these abundant and highly bioavailable compounds on liver fibrosis/carcinogenesis models. Besides, as recently reviewed
by our group [15], many in vivo and in vitro interventions do not resemble human consumption and/or bioavailability, as
well as coffee compound concentrations and/or doses are usually overestimated. Finally, since naturally occurring
phytochemicals are recently proposed to modulate epigenetic machinery, contributing to cancer prevention, the modifying
effects of common coffee compounds on non-coding RNA expression should be unraveled in the context of liver disease
[15, 27].

Thus, we assessed whether CAF administration individually or combined with TRI and/or CGA alleviates fibrosis-
associated hepatocarcinogenesis in a diethylnitrosamine (DEN)/carbon tetrachloride (CCls)-induced mice model. In
parallel, hepatic miRNA profiling was evaluated to unveil the underlying involvement of these non-coding RNAs, correlating
the changes in miRNA expression with fibrosis-associated hepatocarcinogenesis outcomes. Also considering a
physiological plausible approach, we evaluated the cytotoxic effects of the same compounds on a human HCC cell line.
Our study could provide a translational insight into potential preventive strategies based on tumor suppressor or onco-
miRNAs modulated by bioactive coffee compounds. This study constitutes the first scientific report on the beneficial effects

of coffee compounds on the miRNAomic profile of a common end-stage liver disease mice model.

2. Materials & Methods
2.1 In vivo experiments
2.1.1 Experimental design

The liver-cancer susceptible C3H/HeJ mice strain was submitted to a previously established fibrosis-associated
hepatocarcinogenesis model [11]. Briefly, male mice (n = 5 to 10 animals/group) were initiated for liver carcinogenesis by
receiving a single intraperitoneal (i.p.) injection of DEN [10 mg/kg body weight (b.wt.) in 0.9% saline, Sigma-Aldrich, USA]
or just saline vehicle at 14 postnatal day (PND) (week 2) (Fig. 1). Mice were weaned at PND 28 (week 4). In order to

promote DEN-initiated hepatocytes in a fibrotic background, resembling 70-90% of HCC cases in humans [3], mice
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received three weekly i.p. increasing CCls doses (0.25 to 1.50 uL/g b.wt. 10% solution in corn oil, Sigma-Aldrich, USA)

from week 8 to 16 or corn oil vehicle (4-6 p.m.), as previously established by our group [11]. In addition, from week 7 to
17, mice received CAF alone (50 mg/kg b.wt.), CAF and TRI (50 and 25 mg/kg b.wt./day, respectively); CAF and CGA (50
and 25 mg/kg b.wt./day, respectively); CAF, TRI and CGA treatments (50, 25 and 25 mg/kg b.wt./day, respectively) or just
distilled water as vehicle (intragastrically, five times per week) (8-10 a.m.) (Fig. 1). Solutions containing bioactive coffee
compounds were prepared on a daily basis. All mice were euthanized by exsanguination under ketamine/xylazine
anesthesia (100/16 mg/kg b.wt., i.p.) at 17 weeks of age, a week after the last CCl, administration. Blood was collected in
heparinized syringes from cardiac puncture, centrifuged (1503xg, 10 min.) and serum samples were collected and stored
at -80°C for further analysis. At necropsy, the liver was removed, weighted and representative samples from left lateral,
right medial and caudate liver lobes were collected for histological analysis, according to previous trimming
recommendations [28]. Additional samples from the left lateral and medial lobes were collected, snap-frozen in liquid
nitrogen and stored at -80°C.

The animals were obtained from School of Veterinary Medicine and Animal Science of the University of S&o Paulo
(FMVZ, USP, Séo Paulo-SP, Brazil) and were kept in Botucatu Medical School of Sdo Paulo State University (FMB,
UNESP, Sao Paulo-SP, Brazil). Mice were kept in a room with continuous ventilation (16-18 air changes/hour), relative
humidity (45-65%), controlled temperature (20-24°C) and light/dark cycle 12:12h and were given water and diet (Nuvital -
Nuvilab, Brazil) ad libitum. Body weight and food consumption were recorded once a week during the experimental period.
The animal experiment was carried out under protocols approved by Botucatu Medical School/lUNESP Ethics Committee
on Use of Animals (CEUA) (Protocol number 1186/2016) and all animals received humane care according to the criteria

outlined in the “Guide for the Care and Use of Laboratory Animals” [29].

2.1.2 Dose determination of bioactive coffee compounds

High coffee consumption, as observed in the USA and in many European countries, leads to an estimated CAF
intake range of 200-300 mg/day (~2.8 to 4.0 mg/Kg b.wt./day, considering 70 Kg adults) [30,31]. Therefore, the CAF dose
(50 mg/Kg b.wt.) was calculated based on the allometric translation of Human Equivalent Dose (HED) [32], considering

the dose of 4.0 mg/Kg b.wt./day, as it follows:
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(D) HED (mg/kg/day) = Animal d kg/day) x 1ice Km *
(mg/kg/day) = Animal dose (mg/kg/day) X4

3
I HED = 50 X —
(In) 37

(IIT) HED = 4 mg/kg/day or 280 mg/day (70 kg adult)

*Km = species-related constant based on body weight and surface area [32]

The administered dose corresponded to the consumption of 280 mg CAF/day, equivalently to 2-3 cups of common
coffee brew [15,21]. Moreover, this dose was previously applied and showed no toxic effect on chemically-induced cirrhosis
in rodents [33]. Since the epidemiological studies are focused on CAF consumption from coffee beverages, both TRI and
CGA doses (25 mg/kg b.wt.) were based on TRI or CGA/CAF ratio found in filtered coffee, as previously determined by
our research group [24]. TRI (0.51 mg/mL of coffee), CGA (0.41 mg/mL of coffee) and CAF (1.0 mg/mL of coffee)
concentrations in filtered coffee display a ratio of 1/2, resembling previous studies [20,21]. The administration of coffee
compounds from the seventh week of age on (sexual maturity) resembles human exposure to coffee/CAF, which starts

from puberty and extends over the adult age [31,32].

2.1.3 Preneoplastic hepatocyte foci screening and collagen morphometry

Liver samples were fixed in 10% neutral buffered formalin for 24 h at room temperature, stored in 70% ethanol
and embedded in paraffin. Five-micron thick liver sections from paraffin-embedded blocks were obtained and stained with
Hematoxylin and Eosin (H&E), the gold standard staining to identify preneoplastic liver lesions in mice. The altered
hepatocyte foci (AHF), considered the main endpoint lesions for the 17-week time-point, were identified by the blind reading
of coded slides, using well-established criteria [11,28]. The analyzed sections had representative fragments of left lateral,
right medial and caudate lobes (one slide/animal). Then, the total number of AHF/liver section area (cm?), the mean size
(mm?), the relative area (sum of all AHF areas/liver section area, in mm?cm?) and the incidence of these lesions were
calculated. The liver section areas were measured by Stemi 2000 stereo zoom microscope (Zeiss, Germany) using a Dino
Capture (ANMO Electronics Corporations, USA) image analysis system. The AHF size was measured by Olympus CellSens
software (Olympus Corporation, Japan). Quantitative analysis of collagen fibers was performed in Sirius red-stained sections
using Leica QWin V3 software (Leica Microsystems, Germany), selecting 10 random microscopic fields (20x objective) per

section (left lobe), comprising portal areas [Collagen area (%) = Sirius red area / total 20x field area analyzed].
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214 Immunohistochemistry

For immunohistochemistry, deparaffinated 5-um liver sections on silane-covered microscope slides were subject
to antigen retrieval in 0.01M citrate buffer (pH 6.0, 120°C, 5 min) in a Pascal Pressure Chamber (Dako Cytomation,
Denmark). After endogenous peroxidase blockade with 1% H20; in phosphate-buffered saline (PBS) (15 min.), the slides
were treated with skim milk (60 min.) and incubated in a humidified chamber (4°C, overnight) with anti-a-smooth muscle
actin (a-SMA, i.e. hepatic stellate cell marker, ab124964, 1:500 dilution, Abcam, UK), anti-CD68 (i.e. macrophage/ Kupffer
cell marker, ab125212, 1:1000 dilution, Abcam, UK), anti-Ki-67 (i.e. cell proliferation marker, ab16667, 1:100 dilution,
Abcam, UK), anti-Proliferating Cell Nuclear Antigen (PCNA, i.e. cell proliferation marker, PC10, 1:100 dilution, Dako
Cytomation, Denmark), anti-cleaved caspase-3 (i.e. apoptosis marker, 5A1E, 1:100 dilution, Cell Signaling, USA), anti-NFkB
p65 (sc-372, 1:100 dilution, Santa Cruz Biotechnology, USA) primary antibodies. Then, slides were incubated with one-step
horseradish peroxidase (HRP)-polymer (EasyPath - Erviegas, Brazil) (20 min). Reactions were visualized with 3'3-
diaminobenzidine (DAB) chromogen (Sigma-Aldrich, USA) and counterstained with Harris hematoxylin.

The semiquantitative analysis of a-SMA immunostained sections was performed as described for collagen
morphometry. In adjacent liver (avoiding preneoplastic foci), 10 random fields (20x objective) were assessed in left hepatic
lobe sections, mainly comprising portal areas. Ki-67 and PCNA positive hepatocytes; cleaved caspase-3 positive cells; and
CD68 positive macrophages were counted and divided by the liver area analyzed (mm?). In preneoplastic foci (considering
all types), all Ki-67 and PCNA-positive hepatocytes or cleaved caspase-3-positive cells were counted and divided by the
lesion area analyzed (mm2). All analyses were performed in Olympus CellSens (Olympus Corporation, Japan) and Image J

software (National Institutes of Health, USA).

2.1.5 Enzyme-Linked Immunosorbent Assay (ELISA)

Liver samples (~100 mg) of the left medial lobe were homogenized in RIPA buffer (Cell Signaling, USA) containing
1% protease inhibitor cocktail (Sigma-Aldrich, USA), in proportion 30 mg tissue/100 pl buffer, and maintained at 4°C for 2
h. Then, the homogenate was centrifuged (10,000xg, 4°C, 30 min.) and the supernatant was collected for protein
quantification by the Bradford method. The levels of tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6) and 17 (IL-17)
were determined by the Luminex multiple analyte profiling (xMAP) methodology using a 96-well plate containing specific

magnetic beads for each of the cytokines, following the manufacturer's instructions (MCYTOMAG-70K, Millipore, USA).
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Before normalization by the amount of protein (mg or g), liver samples followed the limits of detection of the kit: IL-6 (1134

-107 pg/mL), IL-17 (1074 - 103 pg/mL), and TNF- a (1200-110 pg/ml).

2.1.6 TBARS and antioxidant enzymes

For thiobarbituric acid reactive species (TBARS) determination, left medial lobe samples (50 mg) were
homogenized with magnetic beads in 0.5 mL of 3% sulfosalicylic acid solution and centrifuged (18.000xg, 4°C, 3 min.) Then,
samples were mixed with 0.67% thiobarbituric acid solution (1:1 proportion) [34]. For antioxidant profiling, other samples of
the left medial lobe (50 mg) were homogenized in 50 mM phosphate buffer (pH 7.4) using a motor-driven Teflon glass Potter
Elvehjem (100xg/min) and centrifuged (12000xg, 4°C, 15 min). The supernatant was collected for antioxidant enzyme
determination. Catalase activity was assayed in sodium and potassium phosphate buffer with 10 mM hydrogen peroxide
[35]. Glutathione peroxidase (GSH-Px) determination followed the oxidation of 0.16 mM NADPH in the presence of
glutathione reductase (GR) [36]. Superoxide dismutase (SOD) was determined by the reduction of hydroxylamine-generated
nitro blue tetrazolium (NBT), in a medium containing 0.1 mM EDTA, 50 mM NTB, 78 mM NADH and 33 mM phenazine
methosulfate [37]. All determinations were performed using a microplate reader (25°C) (mQuant-Gen5 2.0 software, Bio-

Tec Instruments, USA).

2.1.7 RNA extraction and miRNA global expression assay

Liver samples (~30 mg) of the left lateral lobe were homogenized in 1 mL QIAzol (Qiagen, UK). Total RNA was
isolated separately using a QIAGEN RNeasy column-based system following the manufacturer's instructions (Qiagen,
UK). RNA quantification and integrity were assessed in Qubit 2.0 Fluorometer (Invitrogen, USA) and Agilent 2100
Bioanalyzer platform (Agilent Technologies, USA), respectively. Samples with RNA integrity number (RIN) >7.0 were
profiled for miRNA expression [7.65 £ 0.43, mean + standard deviation (S.D.)] Reports on RIN are presented in
Supplementary Fig. 1. The RNA samples were stored at -80°C until further analysis.

An amount of 100 ng of total RNA (each sample/mouse) was used for nCounter Mouse v1.5 miRNA global
expression assay (detecting 600 murine and murine-related viral miRNAs) in an automated system (NanoString
Technologies, USA). These analyses were performed at the Molecular Oncology Research Center, Barretos Cancer
Hospital (Barretos - SP, Brazil). Briefly, total RNA samples were incubated with specific tags that bind the 3’ end of each

mature miRNA, in order to normalize miRNA melting temperatures. The tag excess was removed, and the miRNA-tag
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| complexes were incubated with 10 uL and 5 WL of reporter and capture probes, respectively, at 64°C for 18 h. Reporter

probes had specific fluorescent signals for each miRNA in 5’end and capture probes are biotinylated in 3’ end. The mix
was purified and then pipetted in a streptavidin-covered cartridge by nCounter Prep Station. Finally, cartridges were
analyzed in nCounter Digital Analyzer, which acquired 280 fields of view per sample and counted the miRNA-reporter
probe complexes. For miRNA expression analysis, raw counting of miRNA-reporter probe complexes was normalized by
the median of the top-ten miRNAs presenting the lowest coefficient of variation (low CV values) using NanostringNorm

package [38]. Student t-test was used for pair comparison, considering p < 0.05 and fold change (FC) > 1.5. The heat

maps were performed using the ComplexHeatmap package in Galaxy computational environment (https://usegalaxy.org/)
[39]. Pair comparisons were crossed using Venn's diagram, distinguishing the differentially expressed miRNAs related to

the treatments.

2.1.8 miRNA target analysis and Gene Ontology/KEGG pathway analysis

After the identification of differentially expressed miRNAs, Ingenuity Pathway Analysis software (IPA, Qiagen, USA)
was applied for miRNA target analysis, restricting outcome target lists to experimentally validated data. The output list was
submitted to functional enrichment analysis using the Gene Ontology (GO) Consortium online platform

(https://geneontology.org) [40] and KEGG pathway analysis in DAVID Bioinformatics Resources 6.8 online platform

(https://david.ncifcrf.gov/) [41]. The main biological process (BP) annotations and KEGG terms were ranked by the lowest

adjusted p values, considering p < 0.05. STRING v11 (https:/string-db.org) was applied for drawing association networks,

considering curated databases and experimentally determined interactions among targets [42].

2.1.9 Immunoblotting

Aliquots containing 7 g of total protein (extracted as described in item 2.1.5) were heated (95°C, 5 min) in Laemmli
sample buffer (2.5 mM Tris, 2% SDS, 10% glycerol, 0.01% bromophenol blue, 5% 2-mercaptoethanol) and then
electrophoretically separated in a 10% SDS-PAGE gel under reducing conditions and transferred to nitrocellulose
membranes (Bio-rad Laboratories, USA). Membranes were blocked with skim milk in Tris-Buffered Saline-Tween (TBS-T,
1 M Tris, 5 M NaCl, pH 7.2, 500 uL Tween-20) (1 h). Membranes were subsequently incubated with anti-NFkB p65 (sc-372,
65 kDa, 1:1000 dilution, Santa Cruz Biotechnology, USA), anti-a-SMA (ab124964, 43 kDa, 1:1000 dilution, Abcam, UK),

anti-Nrf2 (PA5-27882, ~95-110 kDa, 1:1000, Thermo Fisher Scientific, USA), anti-HIF-1a (PA1-16601, 93 kDa, 1:1000
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| dilution, Thermo Fisher Scientific, USA), anti-Bcl2I2 (PA5-78865, 21 kDa, 1:250 dilution, Thermo Fisher Scientific, USA),

anti-Mcl-1 (PA5-11389, 37 kDa, 1:4000 dilution, Thermo Fisher Scientific, USA), anti-VEGF (PA5-16754, 37 kDa, 1:700,
Thermo Fisher Scientific, USA), anti-Bcl-2 (PA5-20068, 26 kDa, 1:2000, Thermo Fisher Scientific, USA), anti-total EGFR
(ab2430, 170 kDa, 1:250, Santa Cruz Biotechnology, USA), anti-PCNA (PC10, 36 kDa, 1:1000 dilution, Dako Cytomation,
Denmark), or anti-B-actin (sc1615, 43 kDa, 1:1000 dilution, Santa Cruz Biotechnology, USA) primary antibodies diluted in
TBS-T overnight. After 5 wash steps with TBS-T, membranes were incubated with specific HRP-conjugated secondary
antibodies, according to the primary antibodies used (2 h). Finally, membranes were submitted to immunoreactive protein
signals detected using Clarity Max ECL Substrate (Bio-Rad Laboratories, USA). Signals were captured by a G:BOX Chemi
system (Syngene, UK) controlled by an automatic software (GeneSys, Syngene, UK). Band intensities were quantified using
densitometry analysis Image J software (National Institutes of Health, USA). Finally, protein expression was reported as

fold change according to B-actin protein expression used as a normalizer.

2.2 In vitro experiments
2.2.1 Cell culture, treatments, and cytotoxicity assay

HCC C3A cell line (clonal derivative of human HepG2 cells) (ATCC, CRL-10741TM, USA) were grown in Eagle’s
Minimum Essential Medium (MEM) (Vitrocell, Brazil) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 100
U/ml penicillin and 100 pg/ml streptomycin (Gibco, USA) in a humidified atmosphere of 5% CO, at 37°C. C3A cells were
seeded in 96-well plates at a density of 7 x 104 cells/mL. Twenty-four hours after seeding, tumor cells were treated with
medium supplemented with varying concentrations of CAF alone or combined with TRI and/or CGA (Sigma-Aldrich, USA)
(6 subcultures per treatment) for 24 or 48 h, according to the Supplementary Table 1. All compounds were diluted with MEM
to the desired concentrations. CAF concentrations were based on serum peak (~40 uM) after the ingestion of 280 mg of
CAF, equivalently to 2-3 cups of common coffee brew [15,21,22].

For cytotoxicity assessment, lactate dehydrogenase (LDH) levels were measured using a colorimetric kit (Roche
Diagnostics, Germany). Positive control for cell lysis was established by adding 100 pL of 2% Triton X-100 solution (Thermo
Fisher Scientific, USA). Plates were centrifuged (250 xg, 10 min.) in order to obtain a cell-free supernatant. Then, the
supernatant (100 pL/well) was transferred from the top of all the wells to the LDH assay plate. Next, the supernatant was
mixed with the kit working solution (100 uL/well) and assay plates were then incubated at room temperature in the dark for

20 min. The absorbance (abs.) was measured at 340 nm using an automated ELISA plate reader (Varioskan Flash, Thermo
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| Scientific, USA). The results were calculated by the following relation: (sample abs. value — untreated control abs. value) /

(positive control abs. value — untreated control abs. value) x 100. Three independent experiments were performed.

2.3 Statistical analysis

Data were analyzed by One-way ANOVA or Kruskal-Wallis and post hoc Tukey's test. Data on incidence were
analyzed by Fisher’s Exact test. Differences were considered significant when p<0.05. Statistical analyses were performed
using GraphPad Prism software 6.0 (GraphPad, USA). Data are presented as mean + standard deviation (S.D.), box plot
or the proportion of affected animals (percentage). The number of replicates (n) per group for each analysis is determined

in the results section.

3. Results
3.1 General findings

All treatments with bioactive coffee compounds did not significantly alter final body weight and food consumption
compared to vehicle and DEN/CCIs groups (Table 1). Indeed, all groups showed similar body weight evolution curves
during the 17 weeks of the experiment (Supplementary Fig. 2). As expected, DEN/CClsinduced fibrosis-associated
hepatocarcinogenesis model increased absolute (p<0.001) and relative (p=0.019) liver weights, as well as elevated serum
ALT levels (p=0.027), compared to the untreated counterpart. In contrast, all coffee compound interventions reduced
absolute liver weight compared to DEN/CCls model (p<0.001) (Table 1). CAF and CAF+TRI+CGA oral treatments
diminished relative liver weight as well (p=0.019) (Table 1). Despite presenting 7% to 20% reductions in ALT levels

compared to DEN/CCl4 group, coffee compound-treated groups did not significantly alter ALT levels (Table 1).

3.2 The combination of coffee compounds attenuates preneoplastic lesion development

In the early stages of mouse hepatocarcinogenesis, the AHF are considered putative preneoplastic lesions and
were identified in H&E-stained sections as eosinophilic, basophilic and clear cell phenotypes (Fig. 2A). DEN-induced AHF
frequently displays Hras and Braf (97.3% of basophilic foci) oncogene mutations, predisposing these hepatocellular lesions
to neoplastic progression under promoting stimuli [43,44]. In the established DEN/CCls-induced model, the basophilic
phenotype prevails [11]. As expected, the established DEN/CCls;—induced model increased the incidence of preneoplastic

foci compared to the untreated counterpart (p<0.001) (Table 2). Interestingly, only the CAF+TRI+CGA combination reduced
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the incidence of clear cell foci compared to DEN/CCIls group (p=0.011) (Table 2). Moreover, only the combination of all
coffee compounds reduced by 43% and 38% the number of all AHF (p=0.024) and basophilic phenotype (p=0.029) per liver
area compared to DEN/CCls group, respectively (Fig. 2B). The decreased number of lesions also led to diminished relative
foci area in the CAF+TRI+CGA group (p=0.032) (Supplementary Fig. 3A). Due to the carcinogen effect on glycogen
metabolism, the glycogenotic eosinophilic and clear cell foci phenotypes are the first to arise in hepatocarcinogenesis [44].
Progressively, these lesions tend to a “metabolic turnover”, giving rise to the basophilic foci with a glycogenolytic profile [45].
These metabolic changes, as well as Braf and Hras mutations, are the stimulus to promote cell proliferation, a cancer
hallmark [44, 45]. Thus, our findings indicate that the combination of coffee compounds, rather than CAF individually, may

modulate different steps of hepatic preneoplasia development.

3.3 The combination of coffee compounds reduces proliferation in preneoplastic foci and increases apoptosis in
adjacent tissue

Sustained cell proliferation into preneoplastic lesions could favor the accumulation of genetic and epigenetic
alterations, predisposing AHF to neoplastic progression [46]. DEN/CCls model induced an increase (p<0.0001) in hepatocyte
proliferation (Ki-67-positive cells) in adjacent tissue, compared to the untreated counterpart (Fig. 3). Although all coffee
compound treatments did not modulate cell proliferation in adjacent tissue, only the combination of CAF+TRI+CGA
diminished the number Ki-67+ hepatocytes inside all types of preneoplastic lesions compared to CAF and DEN/CCls groups
(p=0.0059) (Fig. 4A). Negative modulation of cell proliferation into AHF can slow lesion development [46], resulting in
diminished incidence and number of lesions per liver area. In addition, the CAF+TRI+CGA intervention presented
significantly more cleaved caspase-3-positive cells in adjacent liver tissue when compared to the other groups (p<0.0001)

(Fig. 3). Treatments did not modulate the number of apoptotic cells inside AHF (Fig. 4B).

3.4 The combination of coffee compounds attenuates fibrosis by decreasing IL-17/ NFkB p65 axis

In keeping with the increased liver weight and ALT levels, the applied DEN/CCls-induced model displayed typical
features of chronic liver disease, within enhanced collagen area showed by fibrous expansions and bridging (p<0.0001),
HSC activation indicated by the increased a-SMA protein expression (p<0.0001) and increased number of CD68-positive
hepatic macrophages, predominantly concentrated in fibrous expansions (p=0.0004) when compared to the untreated

counterpart (Fig. 5A, B and C). In accordance, DEN/CCls model presented 2.4-fold higher hepatic levels of pro-inflammatory
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| cytokine IL-17 compared to the untreated group (p=0.007) (Fig. 5B). Conversely, only the combination of CAF+TRI+CGA,

rather than CAF individually, reduced by 25% the collagen area compared to the DEN/CCl4 group (p<0.0001), displaying
more delicate collagen fibers in Sirius red-stained liver sections (Fig.s 5A and B). Moreover, only the combination of all
coffee compounds decreased the number of CD68-positive macrophages in comparison to CAF, CAF+TRI-treated and
DEN/CCl4 groups (p=0.0004) (Fig. 5B). The CAF+TRI, CAF+CGA and especially, CAF+TRI+CGA treatment reduced IL-17
hepatic levels compared to DEN/CCls group as well (p=0.007) (Fig. 5B). IL-6 and TNF-a hepatic levels were similar in all
groups (Supplementary Fig. 3B). All coffee compound combinations, including CAF+TRI+CGA, decreased a-SMA protein
expression in the liver compared to DEN/CCIs (p<0.0001), indicating an attenuation in HSC activation by the coffee
compound combination that corroborates with reduced collagen deposition in CAF+TRI+CGA group (Fig. 5C). Lastly, only
the combination of all coffee compounds significantly reduced pro-inflammatory NFkB p65 protein expression in the liver
compared to DEN/CCl, group (p=0.015) (Fig. 5C).

Liver resident (Kupffer cells, KC) and recruited macrophages play pivotal roles in inducing pro-inflammatory and
pro-fibrogenic responses in HSC through the production of cytokines and subsequent paracrine signaling [47]. The pro-
inflammatory IL-17 production, mainly mediated by KC, directly contributes to HSC activation and collagen production, being
essential on undergoing liver fibrosis [48]. The IL-17 signaling, as well as increased oxidative stress, are stimuli for NFkB
transcription factor (including p65 subunit) upregulation and nuclear translocation, eliciting pro-survival and pro-inflammatory
and responses in both HSC and KC [48]. NFkB signaling may not only contribute to the profibrogenic response but is also
proposed to induce a pro-survival response in hepatocytes, promoting preneoplastic and neoplastic lesion development
[49]. Indeed, immunohistochemistry for NFkB p65 revealed both cytoplasmic/nuclear staining in hepatocytes of basophilic
lesions and nuclear staining in adjacent hepatocytes, mainly in DEN/CCls group (Supplementary Fig. 4). On the other hand,
IL-17 receptor a knockout (IL17RA*) or antagonism, as well as the selective inactivation of NFkB using a decoy, are
proposed to ameliorate CCls-induced liver fibrosis [48,50]. Thus, when combined (CAF+TRI+CGA) and administered in
physiological applicable doses, coffee compounds showed more pronounced results on attenuating the pro-fibrogenic IL-

17INFkB axis in the liver, in keeping with the reduction on HSC activation and collagen deposition.

3.5 The combination of coffee compounds attenuates oxidative stress and induces antioxidant response
Oxidative stress plays pivotal roles in both human and experimental fibrosis/cirrhosis-associated

hepatocarcinogenesis [10,11,51]. DEN and CCls hepatic metabolisms generate reactive oxygen species (ROS) and
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.nucleophilic metabolites [62,53]. The DEN-induced DNA oxidative damage is implicated in genomic instability,

predisposing hepatocytes to preneoplastic and neoplastic lesion development [52]. Moreover, the byproducts of CCls
metabolism, as well as ROS produced by CD68-positive macrophages, contribute to oxidative stress-mediated signaling
that leads to HSC activation and fibrosis [48,53,54]. TBARS, formed as byproducts of lipid peroxidation, are well-accepted
markers of oxidative stress [55]. All coffee compound treatments showed a trend in decreasing TBARS and increasing
Nrf2 protein levels, but only CAF+TRI+CGA reached significance when compared to untreated and/or DEN/CCls groups
(p=0.013 and p=0.010, respectively) (Fig. 6A and B). DEN/CCl, model significantly decreased catalase and GSH-Px
activities while presented a trend on reducing SOD activity (Fig. 6C). Although all coffee compound treatments did not alter
catalase activity, all treatments GSH-Px activity compared to DEN/CCl4 (p<0.0001) (Fig. 6C). Of note, only CAF+TRI+CGA
treatment increased SOD activity compared to DEN/CClsand CAF+TRI groups (p=0.0011) (Fig. 6C).

The nuclear factor erythroid-related factor 2 (Nrf2) is a transcription factor that controls the expression enzymatic
antioxidant agents, including GSH system, catalase, and SOD, which are accounted for ROS and lipid hydroperoxide
neutralization [56,57]. In vitro, both caffeinated (containing CAF, TRI, and CGA) and decaffeinated coffee (containing TRI
and CGA) treatments similarly induced antioxidant response through the upregulation of Nrf2 and downstream antioxidant
response element (ARE) axis in HCC cells (HepG2) [58]. Other in vitro findings suggest that this antioxidant effect is related
to the hydroxycinnamic acid fraction of the beverage, including CGA, and not to CAF [59]. Nonetheless, several in vivo
reports have shown the individual ability of CAF, TRI or CGA to induce Nrf2 and/or downstream antioxidant agents [26,60],
although the exact mechanisms remain to be fully elucidated. Here, findings suggest that the combination of the most
common and bioavailable coffee compounds (as seen in caffeinated coffee beverages), rather than caffeine alone, is
responsible for reducing oxidative stress and increasing hepatic endogenous antioxidant Nrf2 axis. The individual free
radical scavenging capacity of these molecules, mainly CAF and CGA, and their metabolites should be considered to
understand the decrease in MDA levels as well [61]. Thus, decreased oxidative stress in the CAF+TRI+CGA group may
be in part attributed to the induction of Nrf2 axis and SOD/GSH-Px enzymes, ultimately contributing to reduce fibrosis and

to decrease the incidence/number of preneoplastic lesion in this group.

3.6 The combination of coffee compounds upregulates miR-144-3p, miR-376a-3p and miR-15b-5p
Since CAF+TRI+CGA treatment displayed the most pronounced effects on attenuating preneoplastic lesion

development and liver fibrosis in comparison to DEN/CCIs group, we performed global miRNA expression in this group in
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*order to unveil the potential implications and correlations of miRNA modulation on the previously observed outcomes. We

also analyzed the global miRNA expression in the CAF-treated group to identify CAF-modulated miRNAs in the
CAF+TRI+CGA-related miRNA signature. DEN/CCls-induced fibrosis-associated hepatocarcinogenesis model displayed 19
differentially expressed miRNAs compared to the untreated group (14 up and 5 downregulated) (Table 3). Interestingly, both
miR-144-3p (FC=0.57; p=0.0054) and miR-376a-3p (FC=0.53; p=0.0008) were downregulated in the liver of DEN/CCls-
submitted mice. In keeping with our data, miR-144-3p levels were decreased in HCC in a similar DEN-induced
hepatocarcinogenesis model in neonatal C3H mice [62]. In human HCC and fibrotic liver, miR-144-3p is downregulated as
well, being inversely correlated with tumor staging and profibrotic HSC-related transforming growth factor (TGF)- 1 marker,
respectively [63,64]. Moreover, miR-144-3p (HepG2, Hep3B, and Huh7) and miR-376a-3p (HepG2 and Huh7) expressions
are decreased in classical human HCC cell lines [63,65].

Conversely, we found that CAF+TRI+CGA treatment upregulated 9/19 (~50%) of the differentially expressed
miRNAs in fibrosis-associated hepatocarcinogenesis model, including miR-144-3p (FC=2.14, p=0.001), miR-376a-3p
(FC=1.62, p=0.0035) and miR-15b-5p (FC=1.52, p=0.0011) (Table 4, Fig. 7A, Supplementary Fig. 5). CAF treatment
upregulated only 5/19 (26%) (Fig. 7A, Supplementary Table 2). Using Venn’s diagram (Fig. 7A), we observed that
CAF+TRI+CGA and CAF comparisons to DEN/CCI. group shared the upregulation of 5 miRNAs (mmu-miR-199a-3p, miR-
199a-5p, miR-132-3p, miR-144-3p, miR-376a-3p). Since CAF+TRI+CGA vs. CAF comparison showed no statistical contrast
regarding these 5 miRNAs, these are probably modulated by CAF administration. The other 4 miRNAs were exclusively
upregulated by CAF+TRI+CGA treatment (miR-15b-5p, miR-342-3p, miR-350-3p and miR-335-5p) (Fig. 7A). Therefore, we
considered all 9 miRNAs as part of the CAF+TRI+CGA-related miRNA signature for further target analysis.

Noteworthy, treatment with miR-144-3p by intravenous administration diminished HCC size in a DEN-induced
neonatal hepatocarcinogenesis model in C3H mice by targeting and decreasing the protein expression of proliferation-
related growth factor receptor (EGFR) [62]. Similar findings on attenuating cell proliferation were observed after miR-144-
3p or miR-376a-3p mimic transfection to human HCC cells and xenograft mice model [64,65]. Although miR-15b-5p is
upregulated in our DEN/CCls-induced model (Table 3), as well as in HCC samples and tumor cell lines, previous findings
suggest that this miRNA may act a tumor suppressor/antifibrotic miRNA when the expression is way up increased by mimetic
transfection. Indeed, miR-15b-5p transfection induced endoplasmic reticulum stress and apoptosis in HCC cells and

xenograft mice model [66]. Moreover, miR-15b-5p transfection induced apoptosis in activated rat HSC by targeting
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| antiapoptotic Bcl-2 and enhancing the caspase axis [67]. Thus, the upregulation of miR-144-3p, miR-376a-3p, miR-15b-5p

by CAF+TRI+CGA may have direct implications on the attenuation of both fibrosis and preneoplastic lesion development.

3.7 Target genes are associated with negative regulation of apoptosis and positive regulation of proliferation

The target analysis of the 9 miRNAs modulated by CAF+TRI+CGA revealed an output of 232 validated genes.
Interestingly, according to IPA analysis, most of these validated targets are modulated by miR-15b-5p (197/232)
(Supplementary Table 3). Gene enrichment analysis regarding biological processes (BP) evidenced that 18-25% of the
target genes were significantly associated with cell death or proliferation functional annotations (Fig. 7B). Especially, 20%
(47/232) were associated with “negative regulation of cell death”, while ~18% (43/232) were associated with “positive
regulation of cell population proliferation” annotation (Fig. 7B). In addition, KEGG pathway analysis revealed that ~18%
(43/232), 12% (28/232), and 7% (17/232) were linked to “pathways in cancer”, “microRNAs in cancer” and “Hepatocellular
Carcinoma”, respectively (Fig. 7B). Among other significant terms, we observed that ~14% (32/232), ~9% (21/232) and ~6%
(14/232) of genes were associated to the pro-proliferative PI3K-Akt, Ras and HIF-1 pathways, respectively, corroborating
with proliferation-related annotations in GO analysis (Fig. 7B).

Network analysis using STRING depicted many experimentally determined interactions among the proteins coded
by the target genes (Supplementary Fig. 6). Among interactions regarding cell death annotations, we observed key members
of the Bcl-2 family, including myeloid cell leukemia sequence 1 (Mcl1), B cell leukemia/lymphoma 2 (Bcl2) and BCL2-like 2
(Bcl212), which are responsible for a strong anti-apoptotic (pro-survival) signaling (Supplementary Fig. 6 and Supplementary
Table 3). These Bcl-2 family members are experimentally validated targets of miR-15b-5p in different tissues, including
mouse liver, rat HSCs and human HCC cell lines (Supplementary TableS 3 and 4). Network analysis also evidenced the
central role of the epidermal growth factor receptor (Egfr) on target interactions in cell proliferation annotations
(Supplementary Fig. 6). In the early stages of DEN-induced hepatocarcinogenesis, particularly in preneoplastic foci and
adenomas, the downstream signaling mediated by EGFR, which is a target of miR-144-3p (Supplementary Tables 3 and 4),
activates of PI3K-Akt and Ras pathways (Fig. 7B), promoting cell proliferation in these lesions [67]. EGFR activation is also
proposed to induce the hypoxia-independent overexpression of hypoxia-inducible factor 1 (HIF-1a) transcription factor and
its downstream targets, including vascular endothelial growth factor (VEGF) and c-Met [67]. This interaction was also
depicted in our network analysis (Supplementary Fig. 6). It is worthy of note that HIF-1a and VEGF are miR-144-3p and

miR-15b-5p targets, respectively (Supplementary Tables 3 and 4). The EGFR-mediated HIF-1a activation may be crucial in
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the expansion of preneoplastic hepatocyte population and neoplastic progression as well as EGFR-mediated PI3IK-Akt/Ras

induction [68]. Indeed, Egfr shared both positive regulation of cell population proliferation and hepatocellular carcinoma
annotations in network analysis (Supplementary Fig. 7), eliciting the importance of this miR-144-3p target on

hepatocarcinogenesis.

3.8 The combination of coffee compounds reduces protein levels of Bcl-2 family members and EGFR

In line with target analysis, we observed that the combination of all coffee compounds reduced the protein levels of
Bcl-2 family members evaluated (Fig. 8A). In the CAF+TRI+CGA group, Mcl-1 was significantly reduced compared to
untreated and DEN/CCls4 groups (p=0.019), whereas Bcl-2 and Bcl2I2 were significantly reduced compared to the untreated
group (p=0.017 and p=0.032, respectively) (Fig. 8A). As expected, CAF treatment did not reduce the protein levels of Bcl-2
family members. These findings could indicate coffee compound-mediated upregulation of miR-15b-5p may reduce the
protein expression of these key anti-apoptotic proteins, contributing to an increased number of apoptotic cells (cleaved
caspase-3 positive) in the adjacent liver (Fig. 3A). Since a miR-15b-5p mimic induced apoptosis in activated HSC in rats by
diminishing Bcl-2 mRNA and protein expressions and increasing caspase axis [67], a coffee compound-induced pro-
apoptotic signal in HSC may contribute on alleviating fibrosis in this intervention group, as observed (Fig. 5). Indeed, as seen
in Sirius red-stained, a-SMA and cleaved caspase-3 immunostained sections, apoptotic cells were found near the regions
of increased a-SMA expression (activated HSCs) and collagen accumulation (Supplementary Fig. 8).

Moreover, CAF+TRI+CGA treatment reduced by 54% the DEN/CCl:-mediated increase in EGFR protein levels
(p=0.018) (Fig. 8B). Our results indicate that coffee compound combination-mediated upregulation of miR-144-3p may
alleviate EGFR signaling activation during the early stages of mouse hepatocarcinogenesis, contributing to decrease
proliferation (Ki-67-positive hepatocytes) inside preneoplastic foci (Fig. 4A), ultimately attenuating preneoplastic foci
development (Fig. 2B, Table 2). Our findings suggest that EGFR-mediated activation of HIF-1a transcription factor may not
be involved in this effect since HIF-1a and VEGF protein expressions were not modified by CAF+TRI+CGA treatment
(Supplementary Fig. 9). The downstream modulation of the PI3K-Akt/Ras axis is hypothesized (Fig. 7B), but complementary
studies are warranted. Regarding cell proliferation, we also evaluated the beneficial effects of the coffee compound
combination on proliferating nuclear cell antigen (PCNA), a miR-376a-3p target widely accepted as a proliferation marker
[69] (Supplementary Table 3). Although CAF+TRI+CGA intervention failed on reducing the number of PCNA-positive

hepatocytes in adjacent liver, also presenting a statistical trend (p=0.051) on decreasing hepatic PCNA protein levels
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| (Supplementary Fig. 9), only CAF+TRI+CGA reduced the number of PCNA- positive hepatocytes in preneoplastic foci

(p=0.039) (Fig. 8B), in keeping with Ki-67 findings (Fig. 3B). Despite sharing the upregulation of miR-144-3p and miR-376a-
3p, CAF treatment failed on reducing EGFR protein levels and the number of PCNA-positive hepatocytes inside
preneoplastic foci (Fig. 8B). Therefore, we hypothesize that other mechanisms, independently from miR-144-3p and miR-
376a-3p modulation, may contribute to decreasing the number of preneoplastic lesions in the CAF+TRI+CGA group, as

reduced oxidative stress (Fig. 6A).

3.9 The combination of coffee compounds enhances cytotoxicity in human HCC cells

The exposure to all concentrations of CAF individually (160, 80, 40 and 20 uM) significantly increased cytotoxicity
in C3A cells after 48h of exposure (p<0.001), not after 24h (Supplementary Fig. 10). In general, the combination of all coffee
compounds (CAF+TRI+CGA) in all tested concentrations displayed more pronounced results on enhancing cytotoxicity
compared to untreated-, CAF-treated and/or two drug-treated cells after both 24 and 48h of exposure (p<0.001)
(Supplementary Fig. 10). LDH in vitro findings are in keeping with the in vivo results suggesting that the combination of
coffee compounds, rather than CAF individually, may attenuate HCC. Increased LDH levels may indicate a disruption of the
cell membrane which occurs in necrosis or in late stages of apoptosis [70]. Pro-apoptotic effects of CAF, TRI or CGA are
not well-described in HCC cell lines [15], but miR-15b-5p transfection increased the number of late apoptotic cells in human
HCC Hep3B cell line by targeting and suppressing Rab1A oncogene [67]. Nonetheless, the correlation between coffee

compound-induced cytotoxicity and miR-15b-5p expression in vitro needs further evaluation.

4, Discussion

In the current study, we aimed at evaluating the effects of CAF individually or combined with TRI and/or CGA on a
well-established chemically-induced model of fibrosis-associated hepatocarcinogenesis in C3H/Hed mice. The modulation
of miRNA profile by these compounds was also investigated, correlating changes in expression with liver
fibrosis/carcinogenesis outcomes. In summary (Fig. 9), the combination of all compounds displayed the most pronounced
effects on alleviating preneoplastic foci development. This treatment also reduced hepatocyte proliferation in preneoplastic
lesions and enhanced apoptosis in adjacent tissue. In addition, CAF+TRI+CGA combination alleviated fibrosis, reducing
hepatic pro-inflammatory IL-17/NFkB signaling. Moreover, CAF+TRI+CGA decreased hepatic oxidative stress and

enhanced the antioxidant Nrf2 axis. miRNAomic profile showed the upregulation of miR-144-3p and miR-15b-5p, which were
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" in accordance with the reduction of pro-proliferative EGFR (miR-144-3p target) and antiapoptotic Bcl-2 family members (Bcl-

2, Mcl-1, and Bcl212, miR-15b-5p targets) were reduced in this group. Noteworthy, this is the first report on the modulation
of miRNA expression by bioactive coffee compounds administered in physiologically-based doses during fibrosis-associated
hepatocarcinogenesis. Especially, results indicate that miR-15b-5p and miR-144-3p upregulation are potentially implicated
in liver fibrosis and carcinogenesis outcomes.

Globally, coffee beverage consumption is a popular and safe dietary habit, presenting a growing cultural and
economic impact [14,15]. In fact, from 1960 to 2017, global coffee bean production increased by ~100% [71]. There is a
wealth of epidemiological evidence pointing out to the hepatoprotective effects of coffee consumption on liver fibrosis and
cancer [15-17]. On the other hand, recent data evidenced that decaffeinated coffee, compositionally identical to caffeinated
coffee apart from not having CAF, showed none or less pronounced protection [18,19]. In this context, some authors support
the “caffeine hypothesis”, directly correlating the hepatoprotective effects of coffee beverages to the widely reported bioactive
properties of this xanthine [72]. Nonetheless, coffee is a complex pharmacopeia, and the potential effects of other abundant
compounds, as TRI and CGA, were also considered in the present investigation. In previous chemically-induced models of
fibrosis and hepatocarcinogenesis in rats, caffeinated coffee resulted in more pronounced attenuation of preneoplastic foci
development and collagen |l mRNA expression than decaffeinated coffee and CAF alone [23], suggesting that the
combination of CAF with other common coffee compounds may account for this protective effect. However, the mechanisms
and exact compounds involved in this differential response were still to be unveiled. As highlighted before, both in vivo and
in vitro experimental approaches designed herein reflected this widespread dietary habit. CAF dose was based on average
CAF consumption from coffee in the USA and European countries, which are top coffee consuming nations, corresponding
to ~280 mg CAF/day (2-3 cups) [30,31]. As reviewed by our group, the allometric HED calculation approach for CAF was
not applied in previous fibrosis/hepatocarcinogenesis bioassays, and doses/concentrations are usually above human intake
[15]. In vitro, the corresponding serum peak of the same CAF intake was chosen (~40 uM) [22]. Regarding TRI and CGA
doses, since epidemiological data on human consumption of these compounds from coffee are scant, we considered the
concentration ratio compared with CAF found in coffee beverages [15,22].

As hypothesized, only the combination of the most common and highly bioavailable coffee compounds attenuated
collagen deposition and preneoplastic foci development (Fig. 9), the main outcomes observed in the DEN-initiated/CCls-
promoted mouse model at this time point (week 17). DEN is an initiating agent for liver carcinogenesis that causes DNA

damage and genomic instability in hepatocytes, while multiple CCls administrations lead to lipid peroxidation and cell death,
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| providing the necessary necro inflammatory background for HSC activation, collagen deposition and preneoplastic lesion

growth [11,52,53]. This short/medium-term bioassay combining DEN and CCls regimens, rather than only DEN-induced
models, resembles molecular and morphological features of the corresponding human disease in its early stages since most
HCC cases (70 - 90%) are set up on fibrosis/cirrhosis context [3]. Although coffee compounds (8-10 a.m.) and CCl, (4-6
p.m) were concomitantly administered for 8 weeks, CCls is biotransformed by cytochrome (CYP) 2E1, while CAF is majorly
metabolized (90%) by CYP1A2, TRI is methylated by nicotinamide N-methyltransferase (NNMT), and CGA is heavily
metabolized by colonic microbiota [15, 52]. Thus, it is unlikely that coffee compound intervention interfered with CCls phase
| metabolism.

In addition to the reduction in liver fibrosis and preneoplastic foci development, the miRNomic profile of the
CAF+TRI+CGA group revealed an upregulation of the tumor suppressors miR-144-3p and miR-376a-3p, and
antifibrotic/tumor suppressor miR-15b-5p (Fig. 9). While miRNAs are directly implicated in physiological processes in the
liver, including postnatal growth, regeneration, and functioning, their abnormal expression is pivotal in different stages of
fibrosis/cirrhosis-associated hepatocarcinogenesis in humans, contributing to sustained cell proliferation, epithelial-
mesenchymal transition, invasion, metastasis, angiogenesis, and drug resistance hallmarks [8]. In chemically-induced
rodent models of fibrosis and hepatocarcinogenesis, the importance of miRNA deregulation is also reported [6, 12].
Especially, the DEN/CCI, approach used recapitulated some miRNomic features of the corresponding human disease, as
the downregulation of miR-144-3p and miR-376a-3p, eliciting the translational value of the present short/medium-term
bioassay. As briefly discussed, miR-144-3p downregulation is also a feature of more advanced stages of DEN-induced
mouse hepatocarcinogenesis since it is also observed in HCC [62]. He et al. [62] showed that the intravenous treatment with
miR-144-3p increased its levels in tumor and adjacent tissue. When enhanced, miR-144-3p targeted EGFR and decreased
downstream pro-proliferative Akt signaling pathway, acting as a tumor suppressor by reducing HCC size. In contrast, miR-
144-3p knockout increased EGFR/Akt axis [62]. Noteworthy, 85% of human HCC cases present miR-144-3p downregulation,
while 32-66% and 45% display EGFR overexpression and amplification, correspondingly, evoking the importance of this
pathway in human liver tumorigenesis as well [64,73]. Here, we reported that the combination of coffee compounds
upregulated miR-144-3p while decreased EGFR protein levels (Fig. 9). In line with these findings, CAF+TRI+CGA
combination reduced cell proliferation inside preneoplastic foci. These findings suggest that even in the early stages of
hepatocarcinogenesis, miR-144-3p upregulation may target EGFR, decreasing cell proliferation and resulting in lower

preneoplastic foci development (Fig. 9).
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The roles of miR-367a-3p on rodent models of liver fibrosis and carcinogenesis are not described yet. However,
the downregulation of this miRNA is featured in both physiological and pathological liver contexts. Around 80% of human
HCC samples displayed decreased levels of this miRNA, and similar findings were observed in HCC cell lines [65].
Interestingly, this non-coding RNA was also downregulated during liver regeneration after partial hepatectomy in mice,
suggesting underlying roles in controlling hepatocyte proliferation [65]. Our findings are the first to report the downregulation
of this miRNA during the early stages of chemically-induced fibrosis-associated hepatocarcinogenesis. In vitro, the
transfection of miR-376a-3p mimics exerted a tumor-suppressive effect in the Huh7 HCC cell line by targeting p85a [65]. In
mice, the only experimentally validated target of this miRNA is PCNA, which is an auxiliary protein of DNA polymerase 0, an
enzyme necessary for DNA synthesis during cell replication [69]. We found that CAF+TRI+CGA combination upregulated
miR-376a-3p while decreased the number of PCNA-positive hepatocytes in preneoplastic foci, indicating that, along with
miR-144-3p, the modulation this miRNA could result on a reduced number of preneoplastic foci (Fig. 9).Interestingly, we
found a reduction in cell proliferation indexes (Ki-67-and PCNA-positive hepatocytes) just inside preneoplastic foci, whereas
CAF+TRI+CGA treatment did not alter proliferation in adjacent tissue. Since preneoplastic foci display increased cell
proliferation compared to adjacent tissue, in part due to mutations in Braf and Hras [43,44], our findings could indicate that
these lesions may be sensitive to CAF+TRI+CGA-mediated modulation of these tumor suppressor miRNAs.

The combination of all coffee compounds upregulated miR-15b-5p in the liver as well. On activated HSC isolated
from rat liver, the upregulation of miR-15 family by the transfection of mimics (including miR-15a, miR-15b, and miR-16)
contributed to cell death by targeting anti-apoptotic proteins, such as Bcl-2, and subsequently increasing caspase levels
(caspase-3, -8 and -9) [67]. Hence, the modulation of the miR-15 family is proposed as a novel therapeutic strategy for liver
fibrosis, considering that HSC death could attenuate collagen deposition [67]. In line with increased miR-15b-5p expression,
we observed that protein levels of antiapoptotic Bcl-2 family members were reduced while apoptosis (cleaved caspase-3-
positive cells) was increased in adjacent tissue in CAF+TRI+CGA treatment (Fig. 9). Bcl-2, Mcl-1 and Bcl212, proteins placed
in the mitochondrial membrane, bind to pro-apoptotic BH3 sensitizers, initiators, or pore formers, avoiding mitochondrial
permeability, cytochrome release and activation of caspase cascade [74]. Then, results indicate that CAF+TRI+CGA-
mediated upregulation of miR-15b-5p and decrease of Bcl-2 family may lead to HSC apoptotic cell death (thus reduced o-
SMA protein expression), contributing to decreased collagen deposition (Fig. 9). Nonetheless, the negative modulation of

oxidative stress and proinflammatory IL-17/NF-kB axis should also be accounted for decreased liver fibrosis, since it appears
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o be independent of mIRNA modulation (Fig. 9). Along with miR-144-3p and miR-376a-3p modulation, the amelioration of

hepatic fibrotic context by CAF+TRI+CGA may indirectly contribute to slow preneoplastic foci development (Fig. 9).

Finally, none is reported on how alkaloids and polyphenols could directly alter canonical and non-canonical miRNA
biogenesis, but the modulation of the crosstalk between cellular pathways and miRNA biogenesis is speculated. The
activation of the pro-inflammatory NF-kB transcription factor is responsible for upregulating some anti-inflammatory miRNA
families in negative feedback [75]. EGFR upregulation is also responsible for argonaute 2 (AGO2) phosphorylation, reducing
its binding to Dicer and thus inhibiting miRNA processing from precursor to mature miRNAs, which could hinder the
maturation of specific tumor-suppressor-like miRNAs [76]. In addition, oxidative stress is proposed to cause miRNA
deregulation at the level of transcription, processing, cellular localization and functioning [75]. Thus, the relationship between
CAF+TRI+CGA-mediated effects on oxidative stress, NF-kB, EGFR and miRNA biogenesis should be evaluated on future
investigations.

In conclusion, findings suggest that the combination of the most common and bioavailable coffee compounds as
seen in coffee beverages, rather than CAF alone, attenuates chemically-induced fibrosis and hepatocarcinogenesis. Results
also indicate that these beneficial effects may be mediated by alterations in miRNA expression and provide mechanistical
insights on the hepatoprotective population-level effects attributed to caffeinated coffee consumption. Finally, the modulation
of tumor suppressor and antifibrotic miRNAs by naturally occurring compounds may open a preventive avenue, as these
non-coding RNAs should be considered potential new targets for further translational investigations on early fibrosis-

associated hepatocarcinogenesis.
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Figure 1. Animal study diagram. DEN = 1x diethyniltrosamine [10 mg/Kg body weight (b.wt.), intraperitoneal injections]; CCls =

3x/week carbon tetrachloride (0.25 to 1.50 uL/g b.wt., intraperitoneal injections); VEH = saline 0.9% or corn oil vehicle; CAF =

caffeine (50 mg/Kg b.wt., intragastrically administered, 5x/week); TRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt.,

intragastrically administered, 5x/week); n = number of mice/group; e = euthanasia.



Capitulo 2 — Artigo cientifico |

A ~ Basophiliccell Clear cell | Eosinophilic cell

B Preneoplastic foci (all) Basophilic cell foci
12- p=0.024 10+ p=0.029
104 & ab ab a ab
5y ab
o 8"‘ ab o ab
§ , § 6
g b S 4 b
L 4 L
2- 2
0' T 0" T
N\ & < N\
‘\\oo\“ o Q;& e Recs ‘\\00\ P Qx’\q’ &
N ¢ <@ N S S\
ng Gvg

Figure 2. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid (CGA) on preneoplastic foci development during DEN/CCls-induced
fibrosis-associated hepatocarcinogenesis. (A) Representative photomicrographs of H&E-stained sections showing basophilic, clear and eosinophilic cell foci (arrowheads,
20x objective, scale bar=50 um). (B) Number of preneoplastic foci (all types) and basophilic foci per liver area. Data are mean £ S.D. n = 5 (untreated) to 10 (other groups)
mice/group. DEN/CCl, = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 uL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg
b.wt.) andTRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material & Methods section). Different
letters correspond to statistical difference among groups by ANOVA and post hoc Tukey test (p<0.05).
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Figure 3. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid (CGA) on cell proliferation
(Ki-67) and apoptosis (Cleaved Caspase-3) in adjacent liver tissue during DEN/CCls-induced fibrosis-associated
hepatocarcinogenesis. (A) Representative photomicrographs (40x objective, scale bar=25 pm). (B) Semiquantitative analysis. Data
are mean + S.D. n= 5 (untreated) to 8 (other groups) mice/group. DEN/CCI, = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and
carbon tetrachloride 0.25 to 1.50 pL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.) And TRI, CGA = trigonelline
and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material & Methods section).

Different letters correspond to statistical difference among groups by ANOVA and post hoc Tukey test (p<0.05).



A DEN/CCL,

Capitulo 2 - Artigo cientifico | 93

DEN/CCL,

CAF

e, B J t. : —‘H‘—-,--H-N‘\ B c. o aaf “op. ff—— ,/ : SO e —
g S ” > \-“ '] - .0 &0 "_’C o £, s -\b N\
s, X ! Ia- . i W4 : {17 \ V4
5007, ¢ 35 Kes y i 7o S 5 g / AN
IR R i ot A/ A PR 1 RIS ¢ Fi / 3
N ’ . N wel \ A A ? \ s () A ) o 1 1
LI ¢ ‘ B4 1 o3/ %N o {5 ; i ]
L 3 1 ¢ ®, (4 \ - e 04 ) 1 v
o4 a4 ‘o ) 1 : g A 2 Tae s ’
., . A J 1 B e, 2 U4 Vi 1 1
K Vel | RS T 1 D P ) ’ 1 1
& I Lo 10 . 7 3 1 I
\ anl, F P ~ u% A 4
) ! {bs .. i) S e X 2o
"‘"\ ;? ;2 T B N o s / \ % : A : : /
» o P IRLAy o A SR & A & Y4 e R ARA \ 2"
! Se —_.” ' ’ “.\\‘ o' ;4’ ° '\& ‘g sy vpe W \ o
e & O L ¥ ® TN v LV LT ROLY Ot ¢ > \ -
. . " ° N ) ? A . N‘ﬂ- 2 —"‘ . Y Srnel y
— ;. — e - ’ e— E—
CAF + TR| + CGA Ki-67 CAF +TRI+ CGA Cleaved Caspase-3
- — . 12001 -
A ‘ L \ T a p =0.0059 ) : &7 % T i
o D, ‘ Q,.‘ : N ) £ 900 e AP : - L X E
» ol o o ~ E KN X o 504
¢ I e TN 8 a ab c | emmEaag : S
- L SR Rreas N 1
¥ ",( N > & p ) . - 3 :’ 40
P \ S 600 ' bl N : s
s : g ab ] \ $ 30
,I ! S l‘ ¢ e @ I Y ©
? .', ® . 4 = b 1 \ 1 % 204
N ‘\ e *, i é 3004 1 Vi e 8 a5
) o L J -\ U | T
’ _\\\ RN i ¥4 \\; 3 ,’ ° 0
. . ., 2 4 . 7 = T T
%) TN L PO e 0- ! N St i ’ A < \Y >
TR o - A, & & @ o o . S ‘I ¢ &R R A C
N - 1 _‘ $\c’ < < "o ’(G \~ ’ €$ Pg ?" @"
; s Eo & N @ q iy v o oF
. 5y Sy LA o
o L o & [¥a -

Figure 4. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid (CGA) on (A) cell proliferation (Ki-67) and (B) apoptosis (Cleaved Caspase-3) in preneoplastic foci during
DEN/CCls-induced fibrosis-associated hepatocarcinogenesis. Representative photomicrographs (20x objective, scale bar=50 pym) and semiquantitative analysis are presented. Data are mean + SD.n=5
(untreated) to 8 (other groups) mice/group. DEN/CCls = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 uL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.)

and TRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material & Methods section). Different letters correspond to statistical difference
among groups by ANOVA and post hoc Tukey test (p<0.05).
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Figure 5. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid (CGA) on fibrosis markers during DEN/CCls-induced fibrosis-associated hepatocarcinogenesis. (A)
Representative photomicrographs of collagen fibers in Sirius red-stained sections and a-smooth muscle actin (a-SMA) and CD68 immunostaining (20x objective, scale bar=50 um). (B) Collagen area (Sirius
red-stained sections), number of CD68-positive macrophages and interleukin-17 (IL-17) levels (ELISA). (C) Representative blot bands and semiquantitative analysis of a-SMA and NFkB p65 protein levels. Data
are mean £ S.D. n = 5 (untreated) to 8 (other groups) mice/group. DEN/CCls = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 uL/g b.wt. i.p. from week 8 to 16. CAF =
caffeine (50 mg/Kg b.wt.) And TRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material & Methods section). Different letters correspond
to statistical difference among groups by ANOVA and post hoc Tukey test (p<0.05).
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Figure 6. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid (CGA) on (A) thiobarbituric acid reactive species (TBARS),
(B) Nrf2 protein levels and (C) catalase, glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) activities during DEN/CCls-induced fibrosis-associated
hepatocarcinogenesis. Data are mean + S.D. n (TBARS and enzymes) = 5 (untreated) to 8 (other groups) mice/group. n (immunoblot) = 5 (untreated) to 6 (other
groups) mice/group. DEN/CCls = diethyinitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 uL/g b.wt. i.p. from week 8 to 16. CAF =
caffeine (50 mg/Kg b.wt.) And TRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material
& Methods section). Different letters correspond to statistical difference among groups by ANOVA and post hoc Tukey test (p<0.05).
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Figure 7. (A) Venn’s diagram analysis of global miRNA expression by NanoString. Nineteen miRNAs were differentially expressed in
DEN/CCls-induced fibrosis associated carcinogenesis hepatocarcinogenesis, including the downregulation of tumor suppressor miR-144-
3p and miR-376a-3p. CAF+TRI+CGA treatment upregulated 9/19 (~50%) of the differentially expressed miRNAs in DEN/CCl4 group,
including the tumor suppressors miR-144-3p, miR-376a-3p and antifibrotic miR-15b-5p. CAF+TRI+CGA-related miRNA signature (9
miRNAs) involved 4 miRNAs exclusively upregulated in this treatment and 5 miRNAs also upregulated in CAF-treated group. 1:
upregulation; |: downregulation. (B) Gene ontology and KEGG pathway analysis of the 232 experimentally validated target genes

associated with CAF+TRI+CGA treatment miRNA signature, ranked by adjusted -log10 (p value).
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Figure 8. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and chlorogenic acid (CGA) on (A) Mcl-1, Bcl-2, Bcl212 (miR-15b-5p targets) hepatic protein levels, (B) PCNA (miR-
376a-3p target) immunostaining in preneoplastic foci and EGFR (miR-144-3p target) hepatic protein levels a during DEN/CCls-induced fibrosis-associated hepatocarcinogenesis. Representative blot
bands and semiquantitative analysis are presented. 20x objective, scale bar=50 ym. Data are mean + S.D. n=5 (untreated) to 6 (other groups) mice/group. DEN/CCls = diethylnitrosamine 10 mg/kg
b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 uL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.) and TRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both)

intragastrically administered from week 7 to 17 (see Material & Methods section). Different letters correspond to statistical difference among groups by ANOVA and post hoc Tukey test (p<0.05).
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Figure 9. Summary of the main effects of caffeine (CAF), trigonelline (TRI) and chlorogenic acid (CGA) combination on fibrosis-associated
hepatocarcinogenesis. The combination of coffee compounds upregulated tumor suppressor miR-144-3p and miR-376a-3p and decreased
EGFR protein expression (miR-144-3p target) and the number of PCNA (miR-376a-3p target) positive hepatocytes in preneoplastic foci.
Decreased cell proliferation contribute to the attenuation of preneoplastic foci development. Treatment upregulated miR-15b-5p and increased
protein expression of Bcl-2 family members (miR-15b-5p targets), promoting apoptosis. Along with the attenuation of pro-inflammatory CD68
macrophages (M®)/IL-17/NF-kB axis, hepatic stellate cell (HSC) death may alleviate collagen accumulation and fibrosis. The induction of Nrf2

antioxidant axis is also proposed to attenuate oxidative stress, implicating on decreased fibrosis/carcinogenesis outcomes.
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| 10. Tables

Table 1. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid (CGA) on food consumption, final body weight, liver

relative and absolute weights, and alanine aminotransferase (ALT) levels during DEN/CCls-induced fibrosis-associated hepatocarcinogenesis.

Groups'
Parameters
Untreated DEN/CCls CAF CAF + TRI CAF + CGA CAF + TRI + CGA

Food consumption (g/mice/day) 4.54 (5.17-4.22) 4.25(4.68-4.07) 4.61(4.77-3.88) 4.13(4.33-4.05) 4.01(4.28-3.89) 4.26(4.40-3.87)
Final body weight (g) 26.98 + 1.31 27.40 +£1.33 26.82 +1.02 26.80 +1.35 26.16 + 1.64 2714 £1.74

Liver absolute weight (g) 1.54+0.11b 1.75+0.14 a 156+0.10b 1.58 +£0.09 b 1.55+0.11b 159+0.14b
Liver relative weight (%) 571+£0.29b 6.34+0.37 a 583+048b 5.93+0.29 ab 5.93+0.34 ab 587+0.48b
ALT (U/L) 33.80+8.15b 60.88+15.08a 51.00+17.38ab 48.57+11.19ab 51.16+14.54ab 56.00 +9.96 ab

Data are mean £ S.D. or median (q75-g25). n = 5 (untreated) to 10 (other groups) mice/group. 'DEN/CCls = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2
and carbon tetrachloride 0.25 to 1.50 pL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.) and TRI, CGA = trigonelline and/or chlorogenic acid
(25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material & Methods section). Different letters correspond to statistical difference

among groups by ANOVA and post hoc Tukey test (p<0.05).
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Table 2. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid (CGA) on preneoplastic

foci incidence during fibrosis-associated hepatocarcinogenesis.

Groups'
Parameters = treated DEN/CC: CAF CAF + TRI CAF+CGA  CAF +TRI+CGA
Foci(alltypes)  0/5(0)b 1010 (100%)a 1010 (100%)a 10/0 (100%)a 9/10 (90%)a  8/10 (80%)a
Basophilic foci - 10110 (100%)  910(90%)  10/0(100%)  9/10 (90%)  7/10 (70%)
Eosinophilic foci - 0110 (0) 310 (30%)  310(30%)  4M0(40%) 210 (20%)
Clearcellfoci - 6/10 (60%)a 310 (30%)ab  310(30%)ab 3110 (30%)ab 010 (0)b

Data are the proportion of affected animals (percentage). 'DEN/CCls = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon
tetrachloride 0.25 to 1.50 pL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.)and TRI, CGA = trigonelline and/or
chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material & Methods section). Different

letters correspond to statistical difference by Fisher Exact test (p<0.05).
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Upregulated (14)
miRNAs MIMATIDs p value FC
miR-199a-3p MIMAT0000230  0.0011 2.29
miR-125a-5p MIMAT0000135 9.90E-06  2.14
miR-883b-3p MIMAT0004851  0.0470 2.14
miR-199a-5p MIMAT0000229  0.0200 2.00
miR-342-3p MIMAT0000590  0.0040 2.00
miR-466a-3p MIMAT0002107  0.0330 1.86
miR-223-3p MIMAT0000665  0.0140 1.74
miR-132-3p MIMAT0000144  3.50E-05  1.62
miR-34a-5p MIMAT0000542  0.0003 1.62
miR-669a-5p MIMAT0003477  0.0250 1.62
miR-150-5p MIMAT0000160  0.0350 1.51
miR-15b-5p MIMAT0000124  0.0039 1.51
miR-335-5p MIMAT0000766  0.0150 1.51
miR-350-3p MIMAT0000605  0.0001 1.51
Downregulated (5)
miRNAs MIMATIDs p value FC
miR-451a MIMAT0001632  0.0140 0.61
miR-496a-3p MIMAT0003738  0.0130 0.61
miR-144-3p MIMAT0000156  0.0054 0.57
miR-486a-5p MIMAT0003130  0.0067 0.57
miR-376a-3p MIMAT0000740  0.0008 0.53

p<0.05 and fold change (FC) >1.5. n= 5 (Untreated) or 6
(DEN/CCls) mice/group. DEN/CCls = diethylnitrosamine 10
mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50

uL/g b.wt. i.p. from week 8 to 16.
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Table 4. miRNAs modulated by CAF+TRI+CGA treatment
during fibrosis-associated  hepatocarcinogenesis  (vs.
DEN/CCls group).

Upregulated (9)
miRNAs MIMATIDs p value FC
miR-199a-5p MIMAT0000229  0.00008 2.30
miR-144-3p MIMAT0000156  0.00100 2.14
miR-199a-3p MIMAT0000230  0.00001 1.87
miR-335-5p MIMAT0000766  0.00610 1.62
miR-342-3p MIMAT0000590  0.03400 1.62
miR-376a-3p MIMAT0000740  0.00350 1.62
miR-132-3p MIMAT0000144  0.00037 1.52
miR-15b-5p MIMAT0000124  0.00110 1.52
miR-350-3p MIMAT0000605  0.00011 1.52

p<0.05 and fold change (FC) >1.5. n= 6 (DEN/CCls) or 7
(CAF+TRI+CGA) mice/group. DEN/CCls = diethyinitrosamine
10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to
1.50 pL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg
b.wt.) and TRI, CGA = trigonelline and/or chlorogenic acid (25
mg/Kg b.wt., both) intragastrically administered from week 7 to

17 (see Material & Methods section).
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Supplementary Figure 1. Reports on RNA quality control analysis performed by Agilent 2100 Bioanalyzer platform

(Agilent Technologies, USA). RIN = RNA Integrity Number; MS = untreated group samples; MH = DEN/CCls; C =

caffeine-treated group samples; CTA = caffeine + trigonelline + chlorogenic acid-treated group samples.
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Supplementary Figure 2. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid

(CGA) on body weight evolution during DEN/CCls-induced fibrosis-associated hepatocarcinogenesis. Data are the mean

+ S.D. n =5 (untreated) to 10 (other groups) mice/group. DEN/CCl4 = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and

carbon tetrachloride 0.25 to 1.50 pL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.) and TRI, CGA =

trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material &

Methods section). Data were analyzed by ANOVA (p<0.05).
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Supplementary Figure 3. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and/or chlorogenic acid
(CGA) on (A) preneoplastic foci size, relative area, and (B) interleukin-6 (IL-6) and tumor necrosis factor a (TNF-a) levels
during DEN/CCls-induced fibrosis-associated hepatocarcinogenesis. Data are the mean + S.D or box plots. n (ELISA) =5
(untreated) to 8 (other groups) mice/group. n (Foci screening) = 5 (untreated) to 10 (other groups) mice/group. DEN/CCls =
diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 pL/g b.wt. i.p. from week 8 to 16. CAF
= caffeine (50 mg/Kg b.wt.) and TRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically

administered from week 7 to 17 (see Material & Methods section). Data were analyzed by ANOVA and post hoc Tukey test

(p<0.05).
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Supplementary Figure 4. (A) Representative photomicrographs of NF-kB p65 immunostained sections and respective H&E-
stained sections of basophilic preneoplastic foci (20 objective, scale bar=50 ym). Hepatocytes of preneoplastic foci displayed
stronger cytoplasmatic p65 immunostaining than adjacent liver tissue, with eventual nuclear staining (detail). (B)
Representative photomicrographs of NF-kB p65 immunostained sections of adjacent hepatocytes (40x objective, scale
bar=25 um). Eventual hepatocytes showing nuclear staining (arrowheads and detail) were found. DEN/CCls =
diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 uL/g b.wt. i.p. from week 8 to 16. CAF
= caffeine (50 mg/Kg b.wt.) and TRI, CGA = trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically

administered from week 7 to 17 (see Material & Methods section).
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DEN/CCI, CAF+TRI+CGA

Supplementary Figure 5. Heatmap of the miRNAs upregulated by CAF+TRI+CGA treatment during fibrosis-associated

hepatocarcinogenesis (vs. DEN/CCls group), considering p<0.05 and fold change (FC) >1.5.
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Supplementary Figure 6. Network analysis of the validated target genes of the differentially expressed miRNAs in CAF+TRI+CGA treatment. The interactions among the nodes (physical or functional)
considered curated databases and/or experimentally determined data. Functional annotations regarding negative regulation of cell death (red) and positive regulation of cell population proliferation (blue)

were highlighted in the network. The importance of key members of antiapoptotic Bcl-2 family (Bcl-2, Bcl2I2 and Mci1) and pro-proliferative EGFR signaling (Egfr, Vegf, Hif1a) is depicted in the networks.
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Supplementary Figure 7. Network analysis of the validated target genes of the differentially expressed miRNAs in CAF+TRI+CGA treatment. The interactions among the nodes (physical or functional)
considered curated databases and/or experimentally determined data. Functional annotations regarding negative regulation of cell death (red) or positive regulation of cell population proliferation (blue)
and Hepatocellular Carcinoma (green) were highlighted in the network. Egfr (dotted circle) shared both positive regulation of cell population proliferation and Hepatocellular Carcinoma annotations,

eliciting the importance of this miR-144-3p target on hepatocarcinogenesis.
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Supplementary Figure 8. Representative photomicrographs of Sirius red-stained sections and respective a-SMA and
cleaved caspase-3 immunostained sections (20 objective, scale bar=50 pym). In CAF+TRI+CGA group, apoptotic bodies
(cleaved caspase-3 positive cells, arrowheads) are distributed over the region of activated hepatic stellate cells (a-SMA) and
collagen deposition (Sirius red). a-SMA = alpha smooth muscle actin. DEN/CCls = diethylnitrosamine 10 mg/kg b.wt. i.p. at
week 2 and carbon tetrachloride 0.25 to 1.50 pL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.) and TRI, CGA
= trigonelline and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material &

Methods section).
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Supplementary Figure 9. Effects of caffeine (CAF) individually or combined to trigonelline (TRI) and chlorogenic acid (CGA) on (A) HIF-a (miR-144-3p target) and VEGF (miR-15b-5p target)

hepatic protein levels, (B) PCNA (miR-376a-3p target) immunostaining in preneoplastic foci and EGFR (miR-144-3p target) hepatic protein levels a during DEN/CCls-induced fibrosis-associated

hepatocarcinogenesis. Representative blot bands and semiquantitative analysis are presented. 40x objective, scale bar=25 um. Data are mean + S.D. n = 5 (untreated) to 6 (other groups) mice/group.

DEN/CCls = diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon tetrachloride 0.25 to 1.50 pL/g b.wt. i.p. from week 8 to 16. CAF = caffeine (50 mg/Kg b.wt.) and TRI, CGA = trigonelline

and/or chlorogenic acid (25 mg/Kg b.wt., both) intragastrically administered from week 7 to 17 (see Material & Methods section). Different letters correspond to statistical difference among groups by

ANOVA and post hoc Tukey test (p<0.05).
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Supplementary Figure 10. Effects of varying concentrations of caffeine (CAF, 20, 40, 80 or 160 uM) alone or combined with trigonelline (TRI, 10, 20, 40 or 80
uM) and/or chlorogenic acid (CGA, 10, 20, 40 or 80 uM) on the cytotoxicity of C3A cells after 24 or 48 h of exposure. LDH = lactate dehydrogenase. Values are
Mean + S.D. Different letters correspond to statistical difference by ANOVA and post hoc Tukey test (p<0.05).
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Supplementary Table 1. Concentrations of caffeine
(CAF), trigonelline (TRI) and chlorogenic acid (CGA) used

in vitro.

Concentration (uM)
CAF TRI CGA

Combinations

20 -
40 -
CAF % ]
160 -
20 10
40 20
CAF +TRI %0 1
160 80 .
20 - 10
40 - 20
CAF + CGA 2 ] 0
160 - 80
20 10 10
40 20 20
CAF + TRI + CGA %0 10 10

160 80 80

Supplementary Table 2. miRNAs modulated by CAF treatment

during fibrosis-associated hepatocarcinogenesis (vs. DEN/CCls

group).
Upregulated (5)

miRNAs MIMATIDs p value FC
miR-144-3p MIMAT0000156  0.008 1.74
miR-199a-5p MIMAT0000229  0.004 1.74
miR-199a-3p MIMAT0000230  0.002 1.62
miR-132-3p MIMAT0000144  0.024 1.52
miR-376a-3p MIMAT0000740  0.013 1.52

p<0.05 and fold change (FC) >1.5. n = 6 mice/group. DEN/CCl4 =
diethylnitrosamine 10 mg/kg b.wt. i.p. at week 2 and carbon
tetrachloride 0.25 to 1.50 uL/g b.wt. i.p. from week 8 to 16. CAF =
caffeine (50 mg/Kg b.wt.) and TRI, CGA = trigonelline and/or
chlorogenic acid (25 mg/Kg b.wt, both) intragastrically

administered from week 7 to 17 (see Material & Methods section).
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Supplementary Table 3. Experimentally validated targets of the 9 differentially expressed miRNAs in CAF+TRI+CGA treatment during fibrosis-associated

hepatocarcinogenesis according to Ingenuity Pathway Analysis (IPA) output.

miRNA Source Confidence Target gene
miR-132-3p  Ingenuity Expert Findings, TarBase,miRecords Experimentally Observed Arhgap32
miR-132-3p  miRecords Experimentally Observed Capn8
miR-132-3p  miRecords Experimentally Observed Mecp2
miR-132-3p  miRecords Experimentally Observed Mmp9
miR-132-3p  TarBase Experimentally Observed Pgc
miR-132-3p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Rb1
miR-132-3p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Sox4
miR-132-3p  miRecords Experimentally Observed Tip1
miR-144-3p  miRecords Experimentally Observed Enpp6
miR-144-3p  TarBase Experimentally Observed Met
miR-144-3p  TarBase Experimentally Observed Hif1a
miR-144-3p  TarBase Experimentally Observed Egfr
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Abcf2
miR-15b-5p  TarBase Experimentally Observed Abhd10
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Acp2
miR-15b-5p  miRecords Experimentally Observed Actria
miR-15b-5p  TarBase Experimentally Observed Adss
miR-15b-5p  miRecords Experimentally Observed Anapc16
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Anin
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Arhgdia
miR-15b-5p  TarBase, TargetScan Human,miRecords Experimentally Observed,High (predicted) Arl2
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miR-15b-5p  miRecords Experimentally Observed AsxI2
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Atf6
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Atg9a
miR-15b-5p Egggl#t%gjg: dFSindings,TarBase,TargetScan Experimentally Observed,Moderate (predicted) Bel2
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human,miRecords Experimentally Observed,High (predicted) Bcl212
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Bdnf
miR-15b-5p  miRecords Experimentally Observed Bmit
miR-15b-5p  miRecords Experimentally Observed C170rf80
miR-15b-5p  miRecords Experimentally Observed C2orfr4
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Ca12
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Cacna2d1
miR-15b-5p  miRecords Experimentally Observed Cadm1
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Caprint
miR-15b-5p  miRecords Experimentally Observed Card8
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human,miRecords Experimentally Observed,High (predicted) Ccend1
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Ccnd3
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human,miRecords Experimentally Observed,High (predicted) Ccne1
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Cenf
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Cdc14a
miR-15b-5p  miRecords Experimentally Observed Cdc14b
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Cdc25a
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Cdkbrap1
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Cdk6
miR-15b-5p  miRecords Experimentally Observed Cenpj
miR-15b-5p  miRecords Experimentally Observed Cep63
miR-15b-5p  miRecords Experimentally Observed Cfi2
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miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Chek1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Chordc1
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Cldn12
miR-15b-5p  miRecords Experimentally Observed Crebl2
miR-15b-5p  miRecords Experimentally Observed Crhbp
miR-15b-5p  miRecords Experimentally Observed Cshi1
miR-15b-5p  TarBase, TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Dmtf1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Dnajb4
miR-15b-5p  TarBase Experimentally Observed Dtd1
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) E2f3
miR-15b-5p  miRecords Experimentally Observed Echdc1
miR-15b-5p  TarBase Experimentally Observed Egfr
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Eif4e
miR-15b-5p  TarBase Experimentally Observed F2
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Fam122¢
miR-15b-5p  miRecords Experimentally Observed Fam69a
miR-15b-5p  Ingenuity Expert Findings, TarBase, TargetScan Human Experimentally Observed,High (predicted) Fgf2
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Fof7
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Fgfr1
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Flt3
miR-15b-5p  TarBase Experimentally Observed Fndc3b
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Galnt13
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Galint7
miR-15b-5p  TarBase Experimentally Observed Gfm1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Gipt1
miR-15b-5p  TarBase Experimentally Observed Gnl3l
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miR-15b-5p  miRecords Experimentally Observed Golgad
miR-15b-5p  miRecords Experimentally Observed Golph3l
miR-15b-5p  TarBase Experimentally Observed Gpam
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Grb10
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Grb2
miR-15b-5p  TarBase Experimentally Observed Gstm4
miR-15b-5p  miRecords Experimentally Observed Gtf2h1
miR-15b-5p  miRecords Experimentally Observed H3f3a/h3f3b
miR-15b-5p  miRecords Experimentally Observed Hace1
miR-15b-5p  TarBase Experimentally Observed Hars
miR-15b-5p  miRecords Experimentally Observed Hdhd?
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Herc6
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human,miRecords Experimentally Observed,High (predicted) Hmgat
miR-15b-5p  TarBase Experimentally Observed Hmox1
miR-15b-5p  miRecords Experimentally Observed Hpf1
miR-15b-5p  miRecords Experimentally Observed Hsdl2
miR-15b-5p  miRecords Experimentally Observed Hsp90b1
miR-15b-5p  TarBase, TargetScan Human,miRecords Experimentally Observed,High (predicted) Hspata/hspatb
miR-15b-5p  TarBase Experimentally Observed Hyal3
miR-15b-5p  TarBase Experimentally Observed Ifrd1
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed lgf1
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) lgf1r
miR-15b-5p  TarBase Experimentally Observed lgfer
miR-15b-5p  TarBase Experimentally Observed Ipo4
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Itga2
miR-15b-5p  miRecords Experimentally Observed Jun
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miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Jun/junb/jund
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Kenn4
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Kif23
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Kitlg
miR-15b-5p  TarBase Experimentally Observed Kpna3
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Lamc1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Lamtor3
miR-15b-5p  TarBase Experimentally Observed Lamtorb
miR-15b-5p  miRecords Experimentally Observed Ldah
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Luzp1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Lypla2
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Map2k1
miR-15b-5p  miRecords Experimentally Observed Map2k4
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Mapk3
miR-15b-5p  miRecords Experimentally Observed Mecl1
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Mgatda
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Mir-9
miR-15b-5p  TarBase Experimentally Observed Milt1
miR-15b-5p  TarBase Experimentally Observed Miit11
miR-15b-5p  TarBase Experimentally Observed Mrpl20
miR-15b-5p  miRecords Experimentally Observed Msh2
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Myb
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Naa15
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Napg
miR-15b-5p  Ingenuity Expert Findings,miRecords Experimentally Observed Nfia
miR-15b-5p  miRecords Experimentally Observed Nipal2
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miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Notch2
miR-15b-5p  TarBase Experimentally Observed Npr3
miR-15b-5p  miRecords Experimentally Observed Ntbdc1
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Ogt
miR-15b-5p  miRecords Experimentally Observed Omat
miR-15b-5p  miRecords Experimentally Observed Osgepl1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Pafah1b2
miR-15b-5p  TarBase Experimentally Observed Panx1
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Pdcd4
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Pdcd6ip
miR-15b-5p  miRecords Experimentally Observed Phkb
miR-15b-5p  TarBase Experimentally Observed Phldb2
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Pisd
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Plag1
miR-15b-5p  TarBase Experimentally Observed Plk1
miR-15b-5p  miRecords Experimentally Observed Pms1
miR-15b-5p  miRecords Experimentally Observed Pnn
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Pnp
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Ppif
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Ppp2rb¢c
miR-15b-5p  miRecords Experimentally Observed Prim1
miR-15b-5p  miRecords Experimentally Observed Primpol
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Psat1
miR-15b-5p  TarBase Experimentally Observed Ptgs2
miR-15b-5p  Ingenuity Expert Findings, TarBase, TargetScan Human Experimentally Observed,High (predicted) Pura
miR-15b-5p  miRecords Experimentally Observed PwwpZ2a
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miR-15b-5p  miRecords Experimentally Observed Rab21
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Rab30
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Rab9b
miR-15b-5p  miRecords Experimentally Observed Radb1c
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Raf1
miR-15b-5p  TarBase Experimentally Observed Rars
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Reck
miR-15b-5p  TarBase Experimentally Observed Rft1
miR-15b-5p  miRecords Experimentally Observed Rhot1
miR-15b-5p  miRecords Experimentally Observed Rida
miR-15b-5p  miRecords Experimentally Observed Rnasel
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Rtn4
miR-15b-5p  TarBase Experimentally Observed Sec24a
miR-15b-5p  TarBase Experimentally Observed Serpine2
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Shoc2
miR-15b-5p  miRecords Experimentally Observed Skap2
miR-15b-5p  TarBase, TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Slc12a2
miR-15b-5p  TarBase Experimentally Observed Slc16a3
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Slc25a22
miR-15b-5p  miRecords Experimentally Observed Slc35a1
miR-15b-5p  miRecords Experimentally Observed Slc35b3
miR-15b-5p  TarBase Experimentally Observed Slc38a1
miR-15b-5p  TarBase Experimentally Observed Slc38a5
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Slc7at
miR-15b-5p  Ingenuity Expert Findings Experimentally Observed Spit
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Sptlc1
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miR-15b-5p  TarBase Experimentally Observed Sqstm1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Srpra
miR-15b-5p  TarBase Experimentally Observed Srprb
miR-15b-5p  miRecords Experimentally Observed Tia1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Tmem109
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Tmem189-ube2v1
miR-15b-5p  miRecords Experimentally Observed Tmem251
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Tmem43
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Tnfsf9
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Tomm34
miR-15b-5p  miRecords Experimentally Observed Tpit
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Tpm3
miR-15b-5p  TarBase, TargetScan Human,miRecords Experimentally Observed,High (predicted) Tppp3
miR-15b-5p  miRecords Experimentally Observed Trmt13
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Txn2
miR-15b-5p  TarBase Experimentally Observed Ube2s
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Ube4a
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Ucp2
miR-15b-5p  miRecords Experimentally Observed Ugdh
miR-15b-5p  miRecords Experimentally Observed Ugp2
miR-15b-5p  TarBase Experimentally Observed Utp15
miR-15b-5p  TargetScan Human,miRecords Experimentally Observed,High (predicted) Vegfa
miR-15b-5p  miRecords Experimentally Observed Vps45
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Vii1h
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Weet
miR-15b-5p  miRecords Experimentally Observed Wipf1
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miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Wnt3a
miR-15b-5p  miRecords Experimentally Observed Wt1
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,Moderate (predicted) Yif1b
miR-15b-5p  miRecords Experimentally Observed Znf559
miR-15b-5p  TarBase, TargetScan Human Experimentally Observed,High (predicted) Znf622
miR-15b-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Zyx
miR-199a-3p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Calu
miR-199a-3p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Cd44
miR-199a-3p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Fn1
miR-199a-3p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Fubp1
miR-199a-3p TarBase Experimentally Observed Met
miR-199a-3p TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Mtor
miR-199a-3p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,High (predicted) Pon2
miR-199a-3p Ingenuity Expert Findings Experimentally Observed Prdx6
miR-199a-3p Ingenuity Expert Findings,miRecords Experimentally Observed Ptgs2
miR-199a-3p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Runx1
miR-199a-3p miRecords Experimentally Observed Smad1
miR-199a-3p Ingenuity Expert Findings Experimentally Observed Suz12
miR-199a-3p Ingenuity Expert Findings Experimentally Observed Vean
miR-199a-5p miRecords Experimentally Observed Aloxbap
miR-199a-5p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Dyrk1a
miR-199a-5p Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Ets1
miR-199a-5p Ingenuity Expert Findings, TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Hif1a
miR-199a-5p TarBase,miRecords Experimentally Observed Lamc2
miR-199a-5p TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Set
miR-199a-5p TargetScan Human,miRecords Experimentally Observed,Moderate (predicted) Sirt1
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miR-342-3p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Mtdh
miR-335-5p  Ingenuity Expert Findings Experimentally Observed Kit
miR-335-5p  Ingenuity Expert Findings Experimentally Observed Pton11
miR-335-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Pxn
miR-335-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Rasa1
miR-335-5p  Ingenuity Expert Findings, TargetScan Human Experimentally Observed,Moderate (predicted) Srf
miR-376a-3p MirTarBase Experimentally Observed Pcna

Supplementary Table 4. The main experimentally validated targets of differentially expressed miRNAs in CAF+TRI+CGA group.

Gene EntrezID Validated target of PMID

Tissue/Cell type

Bcl2 12043

miR-15b-5p

26195352, 22374434, 19232449,
22487517, 26884837, 23142080

Liver, hepatic and pancreatic stellate cells,
Hepatocellular carcinoma cells, CD4+ T cells

Bel2I2 12050  miR-15b-5p 24070634 Mesenchymal stem cell
Mcl1 17210 miR-15b-5p 26195352, 23142080 Liver, CD4+ T cells
Pcna 18538  mmu-miR-376a-3p 24686458 Ovary

Hif1a 15251

miR-144-3p, miR-199a-5p

25083871, 19265035, 26344767,
25823824, 26783726, 23142080

Muscle, Cardiac myocytes, Brain, Liver
cancer cells, Liver, CD4+ T cells

Vegfa 22339

miR-15b-5p

27070581, 22613985, 17205120

Joint, endothelial cells, nasopharyngeal
carcinoma cell line

Egfr 13649

miR-144-3p 29072132

Liver
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Nossos achados sugerem que a combinagdo dos compostos mais comuns e biodisponiveis do café (assim
como no café espresso e filtrado), ao invés da cafeina isoladamente, atenua a hepatocarcinogénese associada a
fibrose quando administrados em doses semelhantes ao consumo humano de café. Tais efeitos benéficos sao

mecanisticamente mediados, em parte, pela modulagao da expressao de miRNAs no figado

Assim, o consumo de substancias comuns e biodisponiveis do café, por meio da modulagao de miRNAs
supressores de tumor, possui efeito preventivo durante a hepatocarcinogénese, e nosso achados devem ser
confirmados por outras investigacdes translacionais utilizando de diferentes bioensaios. Considerando os dados
epidemiolégicos que serviram de justificativa para o estudo, nossos achados também indicam quais compostos e
alguns dos mecanismos que podem explicar os efeitos hepatoprotetores do consumo de café ao nivel

populacional.
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Abstract

Hepatocellular carcinoma causes ~10% of all cancer-related deaths worldwide, usually
emerging in a background of liver fibrosis/cirrhosis (70%-90% of cases). Chemically-
induced mouse models for fibrosis-associated hepatocarcinogenesis are widely-applied,
resembling the corresponding human disease. Nonetheless, a long time is necessary for
the development of preneoplastic/neoplastic lesions. Thus, we proposed an early fibrosis-
associated hepatocarcinogenesis model for male and female mice separately, focusing on
reducing the experimental time for preneoplastic/neoplastic lesions development and estab-
lishing standard models for both sexes. Then, two-week old susceptible C3H/HeJ male and
female mice (n = 8 animals/sex/group) received a single dose of diethylnitrosamine (DEN,
10 or 50 mg/Kg). During 2 months, mice received 3 weekly doses of carbon tetrachloride
(CCly4, 10% corn oil solution, 0.25 to 1.50 uL/g b.wt.) and they were euthanized at week 17.
DEN/CCI, protocols for males and females displayed clear liver fibrosis, featuring collagen
accumulation and hepatic stellate cell activation (a-SMA). In addition, liver from males dis-
played increased CD68+ macrophage number, COX-2 protein expression and IL-6 levels.
The DEN/CCI4 models in both sexes impaired antioxidant defense as well as enhanced
hepatocyte proliferation and apoptosis. Moreover, DEN/CCl,-treated male and female
developed multiple preneoplastic altered hepatocyte foci and hepatocellular adenomas. As
expected, the models showed clear male bias. Therefore, we established standard and suit-
able fibrosis-associated hepatocarcinogenesis models for male and female mice, shorten-
ing the experimental time for the development of hepatocellular preneoplastic/neoplastic
lesions in comparison to other classical models.
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Introduction

Hepatocellular carcinoma (HCC), the main type of primary liver cancer, is responsible for
~10% of all cancer-related deaths worldwide (~800,000 deaths/year, considering both genders)
[1]. Although epidemiological data presents clear gender disparity, assuming that HCC is
about three times more common in men (554,000 vs. 228,000 new cases/year), this malignant
neoplasia displays increasing importance in women, being the ninth most common cancer
and the sixth leading cause of cancer-related deaths in this gender [1].

HCC is considered a complex, multistep and multifactorial disease and it usually emerges
in a background of liver fibrosis/cirrhosis (70% to 90% of all HCC cases), mainly caused by
chronic hepatitis B and C virus infections, chronic ethanol abuse and nonalcoholic steatohepa-
titis (NASH) [2,3]. The pro-inflammatory and pro-fibrotic environment provided by these
risk factors are the necessary background for the emerging of genetic and epigenetic alterations
that can promote the development of dysplastic nodules and neoplastic lesions, mainly HCC
[4].

The establishment of chemically-induced hepatocarcinogenesis models in rodents proved
to be essential for both basic and translational research because of their remarkable similarities
to the corresponding human disease [5,6]. Nonetheless, due to the great variability of chemi-
cally-induced protocols (e.g. different chemical compounds, doses, frequencies of administra-
tion, etc.) and mouse strains used (less or more susceptible), the literature lacks standard mice
models for hepatocarcinogenesis in males and especially in females, neglected because the
models reflect the HCC male bias in humans [7]. In addition, a long latency time is necessary
for the development of hepatocellular preneoplastic and/or neoplastic lesions in these models
[5]. Finally, most of chemically-induced hepatocarcinogenesis mice models do not feature
liver fibrosis, calling into question whether these models can reliably recapitulate key events
observed during human hepatocarcinogenesis and HCC progression.

In this context, this study aimed at proposing a medium-term fibrosis-associated hepato-
carcinogenesis mouse model for male and female mice separately, allying chemically-induced
protocol and a susceptible mouse strain in order to reduce the experimental time to the devel-
opment of hepatocellular preneoplastic and neoplastic lesions associated to liver fibrosis. Thus,
the establishment of standard medium-term mice models may favor the emerging diagnostic,
preventive and therapeutic methods for fibrosis-associated hepatocarcinogenesis in humans.

Materials and methods
Experimental design

In order to reduce the experimental period, the C3H/HeJ mouse strain was selected due to

its increased susceptibility to DEN-induced hepatocarcinogenesis compared to Balb/C and
C57BL mouse strains [8,9]. C3H/HeJ male and female mice (n = 8 animals/sex/group),
obtained from the Department of Pathology of School of Veterinary Medicine and Animal Sci-
ence (University of Sdo Paulo) and kept in Botucatu Medical School (Sdo Paulo State Univer-
sity), were submitted to a classical infant hepatocarcinogenesis model [10] by receiving a
single intraperitoneal (i.p.) injection of diethylnitrosamine [DEN, 10 or 50 mg/kg body weight
(b.wt.) in 0.9% saline, Sigma-Aldrich, USA] at postnatal day (PND) 14 or just saline vehicle
(Fig 1). Both single 10 and 50 mg/Kg DEN doses were based on previous studies [11,12]. Mice
were weaned at PND 28 (week 4). From week 8 to 16, in order to promote DEN-induced hepa-
tocellular preneoplastic and neoplastic lesions in a background of liver fibrosis, mice received
3 weekly i.p. doses of carbon tetrachloride (CCly, 10% solution in corn oil, Sigma-Aldrich,
USA) or just vehicle (Fig 1). The initial dose of CCl, was 0.25 uL/g b.wt., and there were
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Fig 1. Experimental design. For details, see “Materials and methods” section.

https://doi.org/10.1371/journal.pone.0203879.9001

0.25 uL weekly increments to the utmost dose of 1.50 pL/g b.wt. [13]. All animals were eutha-
nized by exsanguination under isoflurane inhalant anesthesia at week 17, a week after the last
CCl, administration (Fig 1). Blood was collected from cava vein into heparinized syringes and
centrifuged for 10 minutes at 1503xg, and samples were stored at -80°C for further analysis.
Liver was sampled for histological analysis and additional samples were collected, snap-frozen
in liquid nitrogen and stored at -80°C. All animals were kept in propylene cages with stainless
steel cover and pine wood shavings bedding in a room with continuous ventilation (16-18 air
changes/hour), relative humidity (45-65%), controlled temperature (20-24°C) and light/dark
cycle 12:12 and were given drinking water and chow (Nuvital—Nuvilab, Brazil) ad libitum.
Body weight and food consumption, as well as the health condition of the animals, were moni-
tored and recorded one time per week during all the experimental period. The animal experi-
ment was carried out under protocols approved by Botucatu Medical School/UNESP Ethics
Committee on Use of Animals (CEUA) (Protocol number 1186/2016). All animals received
humane care according to the criteria outlined in the “Guide for the Care and Use of Labora-
tory Animals” [14].

Macroscopy, histopathology and collagen morphometric evaluation

At necropsy, the liver was removed, weighed, washed in saline solution (0.9% NaCl) and
grossly examined for the occurrence of liver nodules [15]. All macroscopically visible liver
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nodules greater than 1 mm in diameter were registered. The incidence and multiplicity of the
alterations were calculated for each group. Then, samples were collected from “normal-appear-
ing” liver tissue (left lateral, right medial and caudate lobes) and from macroscopic gross
lesions (for further histological diagnosis). The samples were fixed in 10% buffered formalin
for 24 h at room temperature, stored in 70% ethanol and embedded in paraffin wax. Five-
micron thick liver sections from paraffin-embedded blocks were obtained and stained with
Hematoxylin and Eosin (HE) and Sirius Red.

Preneoplastic and neoplastic lesions were identified in HE-stained sections using previously
well-established criteria [16] and their incidences were calculated for each group. For hepato-
cellular adenoma (HCA), it was also calculated the multiplicity (number of lesions/mice). For
preneoplastic altered hepatocyte foci (AHF), it was calculated (1) AHF number per liver area,
counting all AHF and dividing by the section liver area analyzed, (2) AHF size, by individually
measuring all AHF, and (3) AHF area, dividing the sum of all AHF areas by the liver section
area analyzed. The liver section area (cm?) was measured by Stemi 2000 stereo zoom micro-
scope (Zeiss, Germany) using a Dino Capture (ANMO Electronics Corporations, USA) image
analysis system. The AHF size (mm®) was measured by Olympus CellSens software (Olympus
Corporation, Japan). The morphometric analysis of collagen in Sirius red-stained sections
was performed according to previous studies [13] using Image-Pro Plus 4.5 software (Media
Cybernetics, USA) in 10 randomly selected fields (20x objective) per section (left lobe), com-
prising portal areas [Collagen area (%) = Sirius red area / (total field area — vascular luminal
area)].

Immunohistochemistry and semi-quantitative analysis

Immunoreactivity for a-smooth muscle actin (0-SMA, i.e. activated HSC marker), CD68 (i.e.
macrophage/Kupffer cell marker), Ki-67 (i.e. cell proliferation marker), cleaved caspase-3 (i.e.
apoptosis marker), transforming growth factor-o (TGF-a.), cyclooxygenase-2 (COX-2) and B-
catenin were detected using a one-step polymer-HRP system (EasyPath—Erviegas, Brazil).
Briefly, deparaffinated 5-um liver sections on silane-covered microscope slides were subjected
to antigen retrieval in 0.01M citrate buffer (pH 6.0) at 120°C for 5 min in a Pascal Pressure
Chamber (Dako Cytomation, Denmark). After endogenous peroxidase blockade with 1%
H,O0, in phosphate-buffered saline (PBS) for 15 minutes, the slides were treated with low-fat
milk for 60 min and incubated in a humidified chamber overnight at 4°C with anti-o-SMA
(ab124964, 1:500 dilution, Abcam, UK), anti-CD68 (ab125212, 1:1000 dilution, Abcam, UK),
anti-Ki-67 (ab16667, 1:100 dilution, Abcam, UK), anti-cleaved caspase-3 (5A1E, 1:50 dilution,
Cell Signaling, USA), anti-B-catenin (ab32572, 1:400 dilution, Abcam, UK), anti-TGF-o
(ab9585, 1:500 dilution, Abcam, UK) or anti-COX-2 (SP21, 72 kDa, 1:100 dillution, Biocare
Medical, USA) primary antibodies. Then, the slides were incubated with a one-step polymer-
HRP for 20 minutes. The reaction was visualized with 3"3-diaminobenzidine (DAB) chromo-
gen (Sigma-Aldrich, USA) and counterstained with Harris hematoxylin.

For Ki-67, cleaved caspase-3 and CD68 semi-quantitative analysis in surrounding liver tis-
sue (avoiding preneoplastic and neoplastic lesions), 10 random fields (40x objective) were
assessed in left hepatic lobe sections. The Ki-67- and cleaved caspase-3-positive hepatocytes
and CD68-positive macrophages were counted and divided by the liver area analyzed (mm?).
In AHF and HCAs, all Ki-67-positive hepatocytes were counted and divided by AHF or HCA
area (mm®). We also analyzed the TGF-o phenotype in AHF, calculating the incidence of
TGEF-o positive foci [17]. For B-catenin, the cellular location (membrane, cytoplasm or and/or
nucleus) was evaluated in the hepatocytes of surrounding liver tissue, FHA and HCA [12].
These analyses were performed in Olympus CellSens software (Olympus Corporation, Japan).

PLOS ONE | https://doi.org/10.1371/journal.pone.0203879 September 13,2018 4/26


https://doi.org/10.1371/journal.pone.0203879

@° PLOS | ONE

Fibrosis-associated hepatocarcinogenesis revisited

The a-SMA semi-quantitative analysis was performed using Image-Pro Plus 4.5 software
(Media Cybernetics, USA) in 10 randomly selected fields (20x objective) per section (left lobe),
comprising portal areas [0-SMA area (%) = o-SMA positive area / (total field area — vascular
luminal area)].

Western blot

Liver samples from the left lobe (~100 mg) were homogenized in lysis buffer (500 nM Tris-
HCI, 0.2 M NaCl, 0.1% Triton X-100, 10 mM CaCl,, and 10 ul/mL protease inhibitor cocktail
[Sigma-Aldrich, USA]) in the proportion of 30 mg of tissue/100 ul of buffer (4°C, 2 h). After
this procedure, the extracted material was centrifuged (1500xg, 4°C, 20 min) and the superna-
tant collected for protein quantification by Bradford method. Aliquots of liver homogenates
containing 7 pg of total protein were heated (95°C, 5 min) in Laemmli sample buffer (2.5 mM
Tris, 2% SDS, 10% glycerol, 0.01% bromophenol blue, 5% 2-mercaptoethanol) and then
electrophoretically separated in a 10% SDS-PAGE gel under reducing conditions and trans-
ferred to nitrocellulose membranes (Sigma Chemical, USA). Membranes were blocked with
non-fat milk in TBS-T (1 M Tris, 5 M NaCl, pH 7.2, 500 uL Tween-20) (1 h).

Membranes were subsequently incubated with rabbit polyclonal anti-NFxB p65 (sc-372, 65
kDa, 1:1000 dilution, Santa Cruz Biotechnology, USA), rabbit monoclonal anti-B-catenin
(ab32572, 92 kDa, 1:7000 dilution, Abcam, UK), anti-COX-2 (SP21, 72 kDa, 1:1000 dillution,
Biocare Medical, USA) or goat polyclonal anti-actin (sc1815, 43 KDa, 1:1000 dilution, Santa
Cruz Biotechnology, USA) primary antibodies in 5% BSA solution overnight. After 5 wash
steps with TBS-T, membranes were incubated with specific horseradish conjugated secondary
antibodies, according to the primary antibodies used (2 h). Finally, after 5 wash steps, the
membranes were submitted to immunoreactive protein signals detected using an Amersham
ECL Select Western Blotting Detection Reagent (GE Healthcare Life Sciences, UK). Signals
were captured by a G:BOX Chemi system (Syngene, UK) controlled by an automatic software
(GeneSys, Syngene, UK). Band intensities were quantified using densitometry analysis Image J
software (National Institutes of Health, USA). Finally, NFkB, COX-2 and B-catenin, protein
expression were reported as fold change according to B-actin protein expression used as a nor-
malizer. For each marker, we ran 2 samples of each group/gel, totalizing 3 gels and 6 samples/

group.

Interleukin-6 (IL-6) analysis

Liver samples (~100 mg) were homogenized in phosphate buffer, centrifuged (10000xg, 4°C,
35 min) and IL-6 protein levels were evaluated by enzyme-linked immunosorbent assay
(ELISA) in homogenate using Mouse IL-6 DuoSet ELISA (R&D Systems, USA). The assays
were performed according to the manufacturer’s instructions. The detection limit of IL-6 was
found to be 2500-19.5 pg/mL.

Serum transaminases and liver biochemistry

Serum alanine (ALT) and aspartate (AST) aminotransferase levels were determined by a con-
ventional kinetic assay according to the manufacturer’s instructions (Liquiform Labtest Diag-
nostica, Brazil). These determinations were performed in an automated spectrophotometric
(Labmax 240 analyzer, Labtest Diagnostica, Brazil).

For biochemical analysis, liver samples from the left lobe were homogenized in 50 mM
phosphate buffer (pH 7.4) using a motor—driven Teflon glass Potter Elvehjem (100xg/min)
and centrifuged (12000xg, -4°C, 15 min). The supernatant was used to determine catalase,
superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) activities and total glutathione,
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reduced glutathione (GSH) and lipid hydroperoxide levels. Catalase activity was determined in
sodium and potassium phosphate buffer containing 10 mM hydrogen peroxide [18]. GSH-Px
activity was assayed by following the oxidation of 0.16 mM NADPH in the presence of gluta-
thione reductase which catalyzed the reduction of oxidized glutathione (GSSG) formed by
GSH-Px [19]. SOD activity was determined based on the ability of the enzyme to inhibit

the reduction of nitro blue tetrazolium (NBT), which was generated by hydroxylamine in a
medium containing phosphate buffer, 0.1 mM EDTA, 50 mM NTB, 78 mM NADH and 33
mM phenazine methosulfate [20]. GSH was measured in medium containing 2 mM 5,5’-
dithiobis-(2-nitrobenzoic) acid (DTNB, Sigma-Aldrich, USA), 0.2 mM NADPH, and 2 U of
glutathione reductase in phosphate buffer (100 mM, pH 7.4) 5 mM EDTA [21]. The total glu-
tathione was assayed with 0.6 mM DTNB, and 1 U of glutathione reductase in buffer 0.1 M
Tris—-HCI, pH 8.0 containing 0.5 mM EDTA [21]. The lipid hydroperoxide levels were mea-
sured through hydroperoxide-mediated oxidation of Fe**, with 100 uL of sample and 900 uL
of a reaction mixture containing 250 uM FeSO,, 25 mM H,SO,, 100 uM xylenol orange and 4
mM butylated hydroxytoluene in 90% (v/v) methanol [22]. All determinations were performed
using a microplate reader (25°C) (mQuant-Gen5 2.0 software, Bio-Tec Instruments, USA).

Statistical analysis

When compared Saline/Corn oil, DEN 10/CCl, and DEN 50/CCl, groups, data were analyzed
by one-way ANOVA or Kruskal-Wallis test followed by post hoc Tukey test or Dunn’s method,
respectively. For DEN 10/CCl, vs. DEN 50/CCl, or male vs. female group comparisons, data
were analyzed using Student t or Mann-Whitney tests. All data on incidence were analyzed by
Fisher’s exact test. Differences were considered significant when p<0.05. Statistical analysis
were performed using GraphPad Prism software (GraphPad, USA). All data were expressed as
mean + standard deviation of the mean (S.D.) or median and interquartile (q1-g3) (box-plots).

Results

General findings

Male mice submitted to DEN 50/CCly protocol showed a reduction in body weight throughout
the experimental period (S1 Fig), but mainly at weaning (week 3, after DEN administration)
(p<0.001), CCl, onset (week 8) (p = 0.003) and at the end of the experiment (week 17)

(p = 0.038) compared to vehicles and/or DEN 10/CCl, groups (Table 1). In addition, DEN 50/
CCl,-treated males presented a reduction in food intake when compared to the other groups
(p<0.001) (Table 1). As reported previously, reduced body weight and food consumption

are common features of drug-induced liver toxicity in rodents [6]. However, animals did not
show severe signs of illness and no mortality was observed.

DEN 50/CCly-treated females presented reduced body weight compared to vehicle-treated
group only at weaning (week 3) (p = 0.046) (S1 Fig; Table 1). Although DEN 10/CCl,-treated
females showed increased food consumption (p<0.001) (Table 1), all groups showed similar
body weight evolution during the whole experiment (S1 Fig).

Serum transaminases and liver macroscopy

In males, both DEN/CCI, protocols displayed enhanced hepatocellular damage, indicated by
an increase in serum ALT and AST levels compared to vehicle-treated group (p<0.001 and
p = 0.003, respectively) (Table 1). The females submitted to DEN 10/CCl, protocol only
showed enhanced ALT levels (p<0.001) (Table 1), while DEN 50/CCl, protocol increased
both ALT and AST serum levels (p<0.001 and p = 0.005, respectively) (Table 1).
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Table 1. Effects of different DEN/CCL, protocols on body and liver weights, food consumption and serum transaminases levels of male and female C3H/He] mice.

Parameters Groups'
Saline/Corn oil DEN 10/CCl, DEN 50/CCl,
Males
Body weight at week 3 (weaning) (g) 9.89 +2.00" 9.12 +1.01° 7.42+1.24°
Body weight at week 8 (CCl, onset) (g) 23.27 +2.42° 22.19 + 1.65™ 20.77 + 1.08"
Final body weight (g) 27.92 +2.64° 27.15+ 1.21° 26.09 % 1.01°
Food consumption (g/mouse/day) 4.34 +0.56" 4.60 +0.57° 3.76 + 0.36"
Absolute liver weight (g) 139 +0.18" 1.80 + 0.28" 1.56 +0.17°
Relative liver weight (%) 4.98 +0.49" 6.62 +0.97° 6.00 + 0.57*
ALT (U/L) 32.90 + 7.30° 63.40 + 10.89% 62.55 + 17.75"
AST (U/L) 47.20 £ 7.55" 67.40 + 11.92° 59.46 + 9.82°
Females

Body weight at week 3 (weaning) (g) 9.08 +2.22° 7.69 + 1.05" 7.26 +1.33°
Body weight at week 8 (CCl, onset) (g) 18.27 +2.31 18.06 + 0.98 17.72 +1.42
Final body weight (g) 20.43 + 2.56 21.46 + 1.34 21.67 + 1.31
Food consumption (g/mouse/day) 3.71+0.31° 4.44 £ 0.33° 3.71 +0.26"
Absolute liver weight (g) 0.99 +0.13" 1.28 +0.18° 1.33 +0.27°
Relative liver weight (%) 4.88 +0.42" 5.99 + 0.70° 6.13 £ 1.00°
ALT (U/L) 27.40 + 5.58" 45.57 + 11.85° 40.90 + 4.17°
AST (U/L) 53.55 + 6.87° 62.20 + 9.44% 64.60 + 9.44°

Values are mean + S.D. n = 8 mice/sex/group.
'DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2 and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt., in 10% corn oil solution
for 8 weeks (see Material and methods section). Different letters correspond to statistical difference among groups by ANOVA and post hoc Tukey’s test (p<0.05).

https://doi.org/10.1371/journal.pone.0203879.t001

At necropsy, in keeping with transaminases data, liver of male and female mice exposed
to both DEN/CCI, protocols showed irregular macroscopic surfaces, typical of liver fibrosis,
while the liver of vehicle-treated mice showed normal smooth macroscopic appearance (Fig
2). Besides the fibrotic aspect, all DEN/CCl,-treated male mice developed multiple whitish
macroscopic nodules (>1 mm in diameter) (p<0.001, for both), while vehicle-treated male
mice did not (Fig 2, Table 2). Males from DEN 10/CCl, and DEN 50/CCl, groups demon-
strated similar multiplicity of these gross alterations (5.87 + 2.85 vs. 4.50 + 2.20 nodules/mice,
respectively, values are mean + S.D.). The majority of females submitted to DEN 10/CCl,
(p<0.001) and DEN 50/CCl, (p = 0.007) protocols developed these liver nodules as well (Fig 2,
Table 2). The DEN 10/CCl, and DEN 50/CCl,-treated females also showed similar multiplicity
of these alterations [1.00 (1.00-1.50) vs. 1.00 (0.50-1.00) nodules/mice, respectively, values are
median (q1-q3)]. All nodules were collected for further histopathological diagnosis.

Finally, considering the fibrotic aspect and the presence of nodules, male mice submitted to
DEN 10/CCly protocol displayed enhanced liver absolute and relative weights (p<0.001, for
both) compared to vehicle group, whereas DEN 50/CCly-protocol just enhanced liver relative
weight (p<0.001) (Table 1). In females, all DEN/CCI, protocols increased liver relative and
absolute weights compared to vehicle-treated group (p<0.001, for both) (Table 1).

Histopathological evaluation

The histopathological evaluation of liver samples from males and females revealed the occur-
rence of preneoplastic AHF, sub-classified as basophilic, eosinophilic or clear cell foci, accord-
ing to the predominant cell type (Fig 3). In both DEN/CClI, regimens applied in males and
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Fig 2. Representative macroscopic liver appearance of Saline/Corn oil and DEN/CCl,-treated male and female C3H/HeJ mice. DEN/CCl,-treated animals
displayed typical “rough” fibrotic appearance (arrows) and developed whitish nodules (arrowheads). DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in
0.9% saline at week 2, respectively and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt. in 10% corn oil solution for 8 weeks (see Material and methods
section).

https://doi.org/10.1371/journal.pone.0203879.9002

females, all mice developed AHF, and these groups presented enhanced incidence of these pre-
neoplastic lesions (considering all types) when compared to corresponding vehicle controls
(p<0.001, for all) (Table 2). Considering the different types of AHF, DEN 10/CCl, and DEN
50/CCl, protocols induced similar incidence of basophilic, eosinophilic and clear cell foci

in both males and females (Table 2). In our models, at the chosen time-point (week 17), the
occurrence of basophilic AHF displayed increased importance, since all males and the majority
of females developed these specific lesions (Table 2). Also, male mice submitted to DEN 10/
CCl, and DEN 50/CCl, protocols displayed similar number of AHF per liver area (cm?) (Fig
4). Interestingly, DEN 10/CCly protocol displayed an increase in mean AHF size (p<0.001)
and total liver area occupied by all these lesions (p = 0.022) compared to DEN 50/CCl, group
(Fig 4). In our female models, the all protocols did not differ in all parameters of AHF analysis
(Fig 4).

In addition to preneoplastic lesions, the histopathological evaluation of liver nodules
revealed the presence of neoplastic lesions, represented by HCA and HCC (S2 Fig). In male
mice, we observed a significant increase in HCA incidence in both DEN 10/CCl, (p<0.001)
and DEN 50/CCly (p = 0.007) protocols compared to vehicle-treated mice (Table 2). Yet simi-
lar in incidence (Table 2), the DEN 10/CCly protocol resulted in an increase in HCA multiplic-
ity in comparison to DEN 50/CCl,-treated group (p = 0.028) (Fig 4). Lastly, although 12.5% of
males in DEN 10/CCl, group developed HCC, our male models did not increase the incidence
of this malignant lesion compared to vehicle group (Table 2). At the chosen time-point, female
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Table 2. Effects of different DEN/CCI, protocols on the incidence of macroscopic nodules, preneoplastic and neo-
plastic lesions of male and female C3H/He] mice.

Parameters Groups'
Saline/Corn oil DEN 10/CCl, DEN 50/CCl,
Males
Macroscopic nodules 0/8 (0)° 8/8 (100%)* 8/8 (100%)*
All types of AHF 0/8 (0)° 8/8 (100%)* 8/8 (100%)*
Basophilic AHF - 8/8 (100%) 8/8 (100%)
Eosinophilic AHF - 3/8 (37.5%) 6/8 (75%)
Clear cell AHF - 8/8 (100%) 4/8 (50%)
HCA 0/8 (0)° 8/8 (100%)* 6/8 (75%)*
HCC 0/8 (0) 1/8 (12.5%) 0/8 (0)
Females
Macroscopic nodules 0/8 (0)° 7/8 (87.5%)* 6/8 (75%)*
All types of AHF 0/8 (0)b 8/8 (100%)* 8/8 (100%)*
Basophilic AHF - 7/8 (87.5%) 8/8 (100%)
Eosinophilic AHF - 4/8 (50%) 6/8 (75%)
Clear cell AHF - 2/8 (25%) 3/8 (37.5%)
HCA 0/8 (0)° 5/8 (62.5%) 2/8 (25%)*°

Values are the proportion of affected mice (percentage).

'DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2 and CCl, = carbon tetrachloride, i.
p.» 0.25 to 1.50 uL/g b.wt. in 10% corn oil solution for 8 weeks (see Material and methods section).

AHF = altered hepatocyte foci; HCA = hepatocellular adenoma; HCC = hepatocellular carcinoma. Different letters

correspond to statistical difference among groups by Fisher’s exact test (p<0.05).

https://doi.org/10.1371/journal.pone.0203879.t1002

mice did not develop HCCs, only HCAs. However, only DEN 10/CCl, females significantly
enhanced HCA incidence compared to vehicle-treated mice (p = 0.026) (Table 2). No signifi-
cant changes were observed between DEN/CCI, female protocols in relation to HCA multi-
plicity (Fig 4).

Interestingly, the DEN 10/CCl, protocol in males and females displayed better results than
DEN 50/CCl, protocol on inducing the development of AHF and/or HCA. Especially in DEN
10/CCl, models, the data on incidence and multiplicity indicate that these hepatocellular
lesions can be applied as reliable end-point lesions.

Proliferation and apoptosis analysis

Sustained cell proliferation could favor the clonal expansion of DEN-initiated hepatocytes and
predispose mice to the development of hepatocellular preneoplastic and neoplastic [23]. Fur-
thermore, increased apoptosis after liver injury may also contribute to the initiation phase of
HSCs activation and ultimately, to liver fibrosis [24]. In the proposed models, when analyzed
the “normal-appearing” liver tissue (avoiding preneoplastic and neoplastic lesions), both
DEN/CCI, protocols significantly increased hepatocyte proliferation (Ki-67) and apoptosis
(cleaved caspase-3) labeling indexes in the liver from males (p<0.001, for both) and females
(p =0.002 and p = 0.0012, respectively) in comparison to corresponding vehicle-treated con-
trols (Fig 5). DEN 50/CCl, regimens in males and females resulted in an increased hepatocyte
proliferation in comparison DEN10/CCl, (Fig 5). No significant changes were observed
between DEN/CCIl, protocols in relation to hepatocyte apoptosis indexes (Fig 5).

Despite of presenting increased cell proliferation in “surrounding” liver tissue, DEN 50/
CCl, regimen in males showed diminished hepatocyte proliferation into AHF in comparison
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Fig 3. Preneoplastic altered hepatocyte foci. Representative photomicrographs of (A) normal liver of vehicle-treated groups (20x objective) (scale bar = 50 um)
and (B) basophilic, (C) eosinophilic and (D) clear cell preneoplastic foci found in the liver of DEN/CCl,-treated mice (10x objective) (scale bar = 100 pm).

https://doi.org/10.1371/journal.pone.0203879.g003

to DEN 10/CCl, (p = 0.025) (Fig 6). This data corroborates with increased AHF size and
area displayed by DEN 10/CCl, protocol (Fig 4). Hepatocyte proliferation into preneoplastic
AHEF favors the accumulation of molecular alterations that predispose these lesions to growth
and progression to neoplastic lesions [23]. In females, no significant changes were observed
between DEN/CCIl, protocols in relation to cell proliferation into AHF (Fig 6A and 6C), in
accordance to the AHF analysis in this sex (Fig 4).

DEN 10/CCly and 50/CCl, male protocols were similar in HCA proliferation rates
(520.36 + 121.80 vs. 497.75 + 55.68 Ki-67" cells/mm?, respectively. Values are mean + S.D.).
Lastly, we did not characterize the cell proliferation rates in female HCA considering the non-
significant incidence of these lesions in DEN 50/CCl, females (Table 2). Representative photo-
micrographs of Ki-67 immunostained sections of HCA and HCC are presented in S2 Fig.

B-catenin and TGF-a evaluation

The aberrant activation of Wnt/B-catenin signaling is frequently observed in human and
mouse hepatocarcinogenesis [25], conferring to the hepatocytes the capacity of sustained cell
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Fig 4. Effects of different DEN/CCl, protocols on AHF analysis (number/area, size and area) and HCA multiplicity of male and female C3H/He] mice. (A,
C) male and (B, D) female. Values are mean + S.D or box and whiskers. n = 8 mice/sex/group. DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9%
saline at week 2, respectively and CCly = carbon tetrachloride, i.p., 0.25 to 1.50 pL/g b.wt. in 10% corn oil solution for 8 weeks (see Material and methods section).
AHF = altered hepatocyte foci; HCA = hepatocellular adenoma. Data were analyzed by Student t or Mann-Whitney test (p<0.05).

https://doi.org/10.1371/journal.pone.0203879.9004

proliferation. Nonetheless, all animals of both female and male models presented typical mem-
branous expression of B-catenin in surrounding liver tissue, altered hepatocyte foci (all types)
and hepatocellular adenomas. As expected, western blot revealed similar hepatic B-catenin
protein expression in both male and female models compared to their respective controls
(S3 Fig). Consistently to our findings, a previous DEN/CCly-induced model in B6C3F1 mice
also led to typical membranous B-catenin staining and did not display codon 2 mutations in
Ctnnbl gene [26]. Indeed, at the analyzed time-point, cytoplasmic/nuclear and increased f-
catenin expression did not show to be marked feature of our models.
The transforming growth factor-o (TGF-a), which binds to the epidermal growth factor
receptor (EGFR), also act as a potent mitogenic signal to hepatocytes and it has been impli-
cated in rat, mice and human hepatocarcinogenesis [17, 27, 28]. In all groups of male and
female models, mice showed typical staining on endothelial and bile duct cells (S4 Fig) and
only few DEN 10/CCl, [female: 25% (2/8); male: 12.5% (1/8)] and DEN 50/CCl, [female:
12.5% (1/8); male: 25% (2/8)] mice developed weakly stained TGF-a-positive foci (S4 Fig).
Interestingly, in keeping with previous report [27], all TGF-a positive foci in these few animals
displayed eosinophilic phenotype (54 Fig). Basophilic, clear cell foci and adenomas (54 Fig)
did not present TGF-o. immunoreactivity. Despite of being a marker of progression in DEN-
initiated and DEN-initiated/PB-promoted mice models, [27], the TGF-o pathway was not
significantly activated in our DEN-initiated/CCl,-promoted bioassays after 17 weeks of
experiment.
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Fig 5. Effects of different DEN/CCI, protocols on Ki-67 (cell proliferation) and cleaved caspase-3 (apoptosis) immunostaining in
surrounding liver tissue of male and female C3H/HeJ mice. (A, B) male and (C, D) female. (A, C) Representative photomicrographs (40x
objective) (scale bar = 20 um) and (B, D) semiquantitative analysis. Values are mean + S.D. n = 8 mice/sex/group. DEN 10 or

50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt. in
10% corn oil solution for 8 weeks (see Material and methods section). Different letters correspond to statistical difference among groups by
ANOVA and post hoc Tukey’s test (p<0.05).

https://doi.org/10.1371/journal.pone.0203879.9005

Fibrosis analysis: Collagen, a-SMA and CD68

In keeping with the enhanced transaminases levels (Table 1) and irregular macroscopic
appearance (Fig 2), Sirius red-stained liver sections of males from DEN/CCl,-treated protocols
revealed fibrous expansions in portal areas and marked bridging between portal areas and cen-
tral veins, typical features of liver fibrosis (Fig 7). As expected, morphometric analysis demon-
strated increased collagen deposition in the liver from DEN/CCl -treated groups compared to
vehicle-treated group (p<0.001) (Fig 7). Moreover, these groups displayed marked activation
of HSC:s, considering the increased o-SMA immunostaining (p = 0.0036), in the same areas

of fibrous expansion and bridging (Fig 7). In addition to HSCs, CD68" liver macrophages
already showed to play important roles on inducing pro-inflammatory and pro-fibrogenic
responses in mice and humans [28]. Here, upon both DEN/CClI, regimens, we found a signifi-
cant increase in the number of CD68" cells in the liver (p = 0.0057). In fibrotic liver, these cells
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Fig 6. Effects of different DEN/CCI, protocols on Ki-67 (cell proliferation) immunostaining in preneoplastic AHF of male and female C3H/He] mice. (A, B)
male and (A, C) female. (A) Representative photomicrographs (Males: 10x objective, scale bar = 100 um) (Females: 20x objective, scale bar = 50 um) and (B, D)
semiquantitative analysis. Values are mean + S.D. n = 8 mice/sex/group. DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2,
respectively and CCly = carbon tetrachloride, i.p., 0.25 to 1.50 pL/g b.wt. in 10% corn oil solution for 8 weeks (see Material and methods section). AHF = altered

hepatocyte foci. Data were analyzed by Student t test (p<0.05).
https://doi.org/10.1371/journal.pone.0203879.g006

were concentrated in areas surrounding the fibrous expansions, while in untreated mice,
CD68" macrophages were detected in the sinusoids (detail in Fig 7).

In females, fibrotic response to CCl, protocol was similar to males. The DEN 10/CCl, and
DEN 50/CCl, groups also showed clear features of liver fibrosis, increased collagen deposition
(p<0.0001) and enhanced a-SMA immunostaining (p = 0.0087) (Fig 8). Although CD68"
macrophages were also mainly found near the scar tissue, the number of these cells per mm®
remained unchanged in fibrotic liver (Fig 8). Data indicate that the CCl, administrations were
successful on establishing a similar fibrotic background in male and female C3H/He] mice. In
addition, the different protocols of DEN-induced hepatocarcinogenesis (10 and 50 mg/Kg b.
wt.) did not influence the collagen deposition and HSCs activation at the end of experimental

period.

NF-xB, COX-2 and IL-6 analysis

Both IkB kinase B (IKKp), part of NF-kB transcription factor, and cyclooxygenase-2 (COX-2),
an enzyme that synthesizes prostaglandins, are related to the up regulation of interleukin-6
(IL-6) [29, 30]. Besides its role in acute inflammation, this multifunctional cytokine considered
is a strong hepatomitogen involved in experimental liver carcinogenesis [7]. Indeed, in a
DEN-induced neonatal mice model, IL-6 knockout attenuated hepatocarcinogenesis, reassur-
ing the importance of IL-6 axis in this process even in the absence of liver fibrosis [7].
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Fig 7. Effects of different DEN/CCIl, protocols on collagen content (Sirius red), a-SMA and CD68 immunostaining in the liver of male C3H/HeJ mice. (A)
Representative photomicrographs (20x objective; scale bar = 50 um) and (B) semiquantitative analysis. Values are mean + S.D or box and whiskers. n = 8 mice/
group. DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 pL/g b.wt.
in 10% corn oil solution for 8 weeks (see Material and methods section). Different letters correspond to statistical difference by ANOVA or Kruskal Wallis and post

hoc Tukey test or Dunn’s method, respectively (p<0.05).
https://doi.org/10.1371/journal.pone.0203879.9007

Despite of not altering p65 protein expression, both male models significantly enhanced
COX-2 protein expression and IL-6 levels in the liver compared to their untreated counterpart
(p = 0.0092 and p<0.0001, respectively) (Figs 9 and 10). These groups displayed many COX-
2" mononuclear inflammatory cells in the liver while untreated group, few COX-2" in cells
were found in the sinuosoids (Fig 9). In chronic or acute thioacetamide- or CCl, induced liver
damage, COX-2 mRNA expression is increased and restricted to mononuclear phagocytes
[31]. In human cirrhosis, COX-2" cells showed to be CD68" as well [31]. Thus, the enhanced
number of CD68" macrophages in our male models corroborates with the increase in COX-2/
IL-6 axis. Macrophages are responsible for IL-6 secretion and potential paracrine signaling on
neighboring hepatocytes, contributing to preneoplastic and neoplastic lesion development [7].
In males, CD68/COX-2/IL-6 axis emerges as a molecular target for potential preventive or
therapeutic strategies.

In contrast, female models showed no differences on IL-6 levels, COX-2 and NF-«B protein
expression and displayed similar immunolocalization of COX-2" cells compared to Saline/
Corn oil group (Figs 9 and 10). These data also endorse CD68 findings in female models.
Although we characterized standard male and female models separately, we performed a sex
comparison in order to confirm sex bias. Our models successfully recapitulated this feature of
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Fig 8. Effects of different DEN/CCI, protocols on collagen content (Sirius red), a-SMA and CD68 immunostaining in the liver of female C3H/HeJ mice. (A)
Representative photomicrographs (20x objective; scale bar = 50 um) and (B) semiquantitative analysis. Values are mean + S.D or box and whiskers. n = 8 mice/
group. DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt.
in 10% corn oil solution for 8 weeks (see Material and methods section). Different letters correspond to statistical difference by ANOVA or Kruskal Wallis and post
hoc Tukey test or Dunn’s method, respectively (p<0.05).

https://doi.org/10.1371/journal.pone.0203879.g008

hepatocarcinogenesis, since male models displayed enhanced serum ALT levels [DEN 10/CCl,
(p = 0.020); DEN 50/CCl, (p = 0.001)], preneoplastic AHF with increased size (only in DEN
10/CCl; model, p<0.001), area (p = 0.008, for both models) and enhanced HCA multiplicity
[DEN 10/CCly (p = 0.007); DEN 50/CCly (p = 0.020)] compared to females (S5 Fig). Our data
suggests clear sex difference, supporting previous studies showing that estrogen mediates a
reduction in IL-6 signaling, leading to decreased hepatocarcinogenesis susceptibility in females

7.

Lipid peroxidation and antioxidant defense

The hepatic metabolism of CCl, results in trichloromethyl radicals, which are involved in lipid
peroxidation and contribute to chronic liver damage and fibrosis [32,33]. Indeed, both proto-
cols applied in male mice increased lipid hydroperoxide levels compared to vehicle-treated
group (p = 0.013) (Fig 11) while those applied in females did not (Fig 12). Our male models
also showed diminished activities of catalase and GSH-Px enzymes (p<0.001 and p = 0.014,
respectively) and no effect on SOD, GSH and total glutathione (Fig 11), a week after the last
CCl, administration. Females submitted to both DEN/CCl, regimens demonstrated decreased
activity of catalase (p = 0.003), GSH-Px (p<0.001) and reduced levels of total glutathione
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Fig 9. Effects of different DEN/CCl, protocols on (A) NF-kB (p65) protein expression and (B) COX-2 protein immunostaining and expression in the liver of
male and female C3H/HeJ mice. Representative photomicrographs (40x objective; scale bar = 20 um), western blot bands and semiquantitative analysis are
presented. Values are mean + S.D. n = 6 mice/group. DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, =
carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt. in 10% corn oil solution for 8 weeks (see Material and methods section). Different letters correspond to statistical
difference among groups by ANOVA and post hoc Tukey’s test (p<0.05).

https://doi.org/10.1371/journal.pone.0203879.9009

(p<0.001) compared to the vehicle group (Fig 12). The DEN 50/CCl, protocol reduced GSH
levels as well (p = 0.002) (Fig 12), but no difference was observed on SOD levels in both groups
(Fig 12).

The catalase enzyme and the glutathione system (mainly GSH-Px and its non-enzymatic
GSH substrate) can directly avoid the oxidative degradation of lipids by neutralizing reactive
radicals [34]. Thus, the depletion or diminished activity of these antioxidant agents is a conse-
quence of CCly chronic administration. An impairment in antioxidant axis is a marked feature
of both human and rodent hepatocarcinogenesis [6,12,35,36], predisposing mice to the devel-
opment of preneoplastic and neoplastic lesions.

Discussion

In the current study, we proposed an early fibrosis-associated hepatocarcinogenesis model for
male and female mice, focusing on establishing standard mice models and minimizing the
required experimental time for the development of hepatocellular preneoplastic and neoplastic
lesions in a fibrotic background. For this purpose, we applied DEN/CCI, regimen in a hepato-
carcinogenesis-susceptible C3H/He] mice strain. After DEN administration in neonatal mice,
this carcinogen is metabolized in the liver by CYP2E1, generating reactive oxygen species
(ROS) and the nucleophilic ethyldiazonium ions, which lead to DNA damage and genomic
instability, “initiating” hepatocytes for carcinogenesis [37,38]. In neonatal age, increased cell
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letters correspond to statistical difference among groups by ANOVA and post hoc Tukey’s test (p<0.05).

https://doi.org/10.1371/journal.pone.0203879.9010

proliferation rates in the developing liver facilitates the clonal expansion of DEN-initiated
hepatocytes [10]. The main outcome of this feature is earlier occurrence of preneoplastic and
neoplastic lesions compared to classical models that DEN initiation occurs in fully-developed
liver of adult mice [39]. Besides, in order to promote DEN-induced liver lesions, we established
a fibrotic microenvironment by administrating successive CCl, injections to mimic the
chronic liver injury as in human liver disease. The CYP2EI] is also responsible for CCl, bio-
transformation, which leads to the formation of trichloromethyl radical, involved in free
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Fig 11. Effects of different DEN/CCI, protocols on (A) lipid hydroperoxide levels and (B-F) antioxidant defense in the liver of male C3H/He] mice. Values
are mean + S.D. n = 8 mice/group. SOD = superoxide dismutase; GSH-Px = glutathione peroxidase; GSH = reduced glutathione; DEN 10 or

50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt. in 10% corn oil
solution for 8 weeks (see Material and methods section). Different letters correspond to statistical difference among groups by ANOVA and post hoc Tukey’s test
(p<0.05).

https://doi.org/10.1371/journal.pone.0203879.9011

radical and lipid peroxidation reactions [32,33]. The chronic CCl, administration contributes
to the necrosis of centrilobular hepatocytes and the induction of a chronic inflammatory
response, which promote HSCs activation and hence collagen deposition [40].

At the chosen time-point (week 17), we observed a clear liver fibrosis in both DEN doses in
male mice (DEN10/CCl, and DEN50/CCl,), characterized by increased collagen accumulation
(Sirius red), HSCs activation (a-SMA), increased population of CD68" macrophages and acti-
vation of COX-2/IL-6 axis. In addition, liver of males displayed increased oxidative stress
(lipid hydroperoxide) and decreased activity of antioxidant enzymes (catalase and GSH-Px).
Moreover, the two protocols resulted in increased cell proliferation (Ki-67) and apoptosis
(cleaved caspase-3) in liver tissue surrounding the hepatocellular preneoplasic/neoplasic
lesions. Regarding these lesions, all DEN10/CCl, and DEN50/CCl,-treated male mice devel-
oped preneoplastic AHFs and HCAs whereas the vehicle group did not. Previous findings
indicate that 10% to 15% of the DEN-induced AHFs in C3H/HeJ and B6C3F1 mice strains
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Fig 12. Effects of different DEN/CCI, protocols on (A) lipid hydroperoxide levels and (B-F) antioxidant defense in the liver of female C3H/He]J mice. Values
are mean + S.D. n = 8 mice/group. SOD = superoxide dismutase; GSH-Px = glutathione peroxidase; GSH = reduced glutathione; DEN 10 or

50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt. in 10% corn oil
solution for 8 weeks (see Material and methods section). Different letters correspond to statistical difference among groups by ANOVA and post hoc Tukey’s test
(p<0.05).

https://doi.org/10.1371/journal.pone.0203879.9012

presented mutations in proliferation-related H-ras gene [41,42]. Indeed, the enhanced expres-
sion of mutant H-ras alone is sufficient to induce hepatocyte proliferation and AHF growth
[43]. Under growth stimuli, AHF can eventually accumulate other genetic and epigenetic
alterations and progress from focal lesions to neoplastic lesions, as HCAs and HCCs [23]. For
these reasons, AHF are considered putative hepatocellular preneoplastic lesions in mice [23].
Although HCAs are benign lesions and their progression to HCCs is not well documented in
mice, HCAs display progressive atypia and ~50% also exhibit H-ras mutations in C3H/He]
mice [42,44]. Besides, a recent study showed that both HCA and HCC cells in DEN/CCl,-
induced mice neoplasms are derived from the same genetic cell lineage [45], suggesting that
HCAs can be precursor lesions for HCC. Therefore, in medium-term chemically-induced
hepatocarcinogenesis bioassays proposed, both AHFs and HCAs can be considered suitable
end-point lesions, permitting the screening of potential modifying factors (preventive or caus-
ative) of early hepatocarcinogenesis [23].
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Table 3. Advantages of the proposed fibrosis-associated hepatocarcinogenesis models in males and females.

Models Methods Fibrosis | Incidence of end-point lesion
DEN Promoter Strain AHF HCA
Males
Proposed models Single 10 mg/Kg (week CCly (3x/week; 0.25 to 1.50 uL/g, for 8 C3H/He] | Yes 100% (week 100% (week
2) weeks) 17) 17)
Single 50 mg/Kg (week CCly (3x/week; 0.25 to 1.50 uL/g, for 8 C3H/He] | Yes 100% (week 100% (week
2) weeks) 17) 17)
Chappell et al. (2014) [26] Single 1 mg/Kg (week | CCly (2x/week; 0.20 uL/g, for 14 weeks) | B6C3F1 Yes | 31% (week 22) | 100% (week
2) 22)
Uehara et al. (2010) [47] Single 1 mg/Kg (week | CCl, (2x/week; 0.20 pL/g, for 9 weeks) | B6C3F1 Yes 100% (week | 40% (week 17)
2) 17)
Goldsworthy & Fransson-Steen (2002) | Single 1 mg/Kg (week Phenobarbital (500 ppm, for ~15-16 C3H/ No 56% (week 22) -
[46] 2) weeks) HeJ
B6C3F1 No 44% (week 22) -
C57BL No 25% (week 22) -
None C3H/ No 78% (week 22) -
He]J
B6C3F1 No 44% (week 22) -
C57BL No 33% (week 22) -
Weghorst et al. (1989)[9] Single 5 mg/Kg (week Phenobarbital (500 ppm, for 24 weeks) C3H/ No - 100% (week
2) HeJ 28)
B6C3F1 No - 100% (week
28)
C57BL No - 50% (week 28)
None C3H/ No - 100% (week
HeJ 28)
B6C3F1 No - 100% (week
28)
C57BL No - 90% (week 28)
Females
Proposed models Single 10 mg/Kg (week CCly (3x/week; 0.25 to 1.50 uL/g, for 8 C3H/He] | Yes 100% (week 62.5% (week
2) weeks) 17) 17)
Single 50 mg/Kg (week CCl, (3x/week; 0.25 to 1.50 uL/g, for 8 C3H/He] | Yes 100% (week | 25% (week 17)
2) weeks) 17)
Romualdo et al. (2017) [12] Single 50 mg/Kg (week Hexachlorobenzene (200 ppm, for 20 Balb/C No 100% (week -
2) weeks) 26)
Fukumasu et al. (2006) [53] Single 10 mg/Kg (week None Balb/C No 100% (week -
2) 29)

« »

DEN = diethylnitrosamine.

= data not available.

https://doi.org/10.1371/journal.pone.0203879.t003

In the present study, DEN-initiated and CCl,-promoted protocols in males showed marked
advantage to the classical DEN-initiated and non-promoted protocol, considering that only
33% to 78% mice submitted to the non-promoted method developed AHFs within 22 weeks,
in a strain-dependent manner [46] (Table 3). Moreover, in the same model, a long time of
experiment (28 weeks) was required for HCA development in 90% to 100% of male mice [9]
in comparison to the present medium-term bioassay (Table 3). The current findings explicit
the importance of fibrotic microenvironment induced by chronic CCl, regimen on the emerg-
ing of hepatocellular preneoplastic and neoplastic lesions.

The broadly-applied DEN-initiated and phenobarbital (PB)-promoted protocol also proved
to be less effective for AHF and HCA development in comparison to our male mice models.
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Under DEN/PB protocol, 25% to 56% of mice developed AHFs within 22 weeks and 50% to
100% displayed HCAs in 28 weeks, in a strain-dependent manner [9,46] (Table 3). In the light
of the fact that PB is a non-fibrogenic promoter (Table 3) (i.e., not resembling the fibrotic
background of 70% to 90% human HCC cases), DEN-initiated and CCl,-promoted protocols
present clear advantage and thus, relevance to the study of the corresponding human disease.

Ultimately, our protocols for males increased in 60% the incidence of HCAs compared to
other recent and similar fibrosis-associated hepatocarcinogenesis models in the intermediate-
susceptible B6C3F1 strain [26,47] at the same time-point (100% vs. 40%) (Table 3). Its worthy
of note that at week 17, these models showed non-significant incidence of HCC (20% of mice)
as well as our DEN 10/CCly, assay (12.5% of mice). In these studies, 22 weeks of experiment
were necessary for all mice to develop HCAs (Table 3). In addition, these assays only presented
incidence data on preneoplastic and neoplastic lesions, lacking on other important and com-
monly applied histopathological parameters as number of foci/cm?, size of foci, multiplicity
of adenomas and others. All these parameters are presented and detailed in our models. Our
results can be mostly attributed to the high-susceptible C3H/HeJ mice used herein. This
specific strain displays genetic predisposition to hepatocarcinogenesis, developing HCC in
senescence, independently of chemically-induced protocols [48]. Indeed, many studies have
mapped multiple loci that can potentially confer hepatocarcinogenesis predisposition to this
mouse strain [49,50].

In literature, chemically-induced models for hepatocarcinogenesis harbor a clear male pre-
dominance due to sex bias, reflecting the corresponding human disease [7]. In fact, experi-
mental studies present solid evidence concerning the estrogen axis as a protective pathway for
female hepatocarcinogenesis [7,51]. In accordance to previous sex bias data, our female models
showed no IL-6 axis activation, decreased size and number of AHF and multiplicity of HCA
compared to males, one week after the last CCl, insult. However, as a novelty of our work,
we proposed standard medium-term fibrosis associated-hepatocarcinogenesis female models
(Table 3). In the current bioassays (DEN10/CCl, and DEN50/CCly), it was observed marked
liver fibrosis, featuring collagen accumulation (Sirius red) and HSCs activation (a-SMA). In
addition, females clearly showed diminished activity of antioxidant agents (catalase and gluta-
thione system). As well as males, females presented enhanced apoptosis and cell proliferation
in surrounding liver tissue. At the same time-point as males (week 17), both female protocols
increased the incidence of preneoplastic AHFs and only DEN10/CCl, significantly enhanced
HCA incidence compared to vehicle group. Due to increased experimental time for neoplastic
lesion development in females, most of bioassays present preneoplastic AHFs as end-point
lesions [12,52]. In comparison to a classical DEN-initiated model in Balb/C mice, in the
absence of a promoter stimulus, the models presented here diminished in twelve weeks the
required experimental time for AHF development in all mice [52] (Table 3). Similar reduction
can be observed when models are compared to DEN-initiated and hexachlorobenzene (HCB)-
promoted model in Balb/C female mice [12] (Table 3) In addition to the long experimental
time, the referred models lack liver fibrosis and do not apply HCAs as end-point lesions.

Although we presented optimized male and female fibrosis-associated hepatocarcinogen-
esis models, results indicate a threshold in the proposed DEN doses, not presenting a dose-
response relationship for preneoplastic and neoplastic lesion development as in other mice
models [53,54]. DEN 50/CCl, protocol in males resulted in a lower HCA multiplicity,
decreased AHF size, occupied area and proliferation whereas females presented non-signifi-
cant incidence of HCAs in comparison to respective DEN10/CCl, regimens. Besides, DEN
50-treated males exhibited marked features of toxicity including diminished food consump-
tion and body weight from DEN initiation (week 2) until the end of the experiment (week 17).
In adult rat, DEN-initiation exhibited a plateau as increased doses of DEN (>160 mg/Kg) did
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not necessarily lead to an increased number of liver GST-P* AHF [55]. DEN initiation at high
doses could have led to hepatocyte death instead of initiating these cells to hepatocarcinogen-
esis and, ultimately, resulting in decreased number of preneoplastic lesions [55]. In fact, we
observed high liver damage in both male and female submitted to DEN 50 when compared to
DEN 10, twenty-four hours after a single DEN administration (S6 and S7 Figs).

In order to evaluate the effect of DEN-initiation in the models, the authors performed a
short-term study: male and female C3H/He] mice (n = 5 mice/sex/group) received single
injections of diethylnitrosamine or saline vehicle (as described in item 2.1) at PND 14 and
were euthanized a day after DEN-administration. HE-stained liver sections revealed that DEN
at 50 mg/Kg increased the incidence of early bridging centrilobular necrosis compared to
vehicle and DEN 10 mg-treated mice in both male (DEN 50: 100% vs. DEN 10 and Saline: 0%,
p = 0.018, for both) and female (DEN 50: 100% vs. DEN 10: 20% and Saline: 0%, p = 0.048 and
p = 0.018, respectively) (S6 and S7 Figs). Indeed, the occurrence of bridging necrosis in DEN
50 mg/Kg-treated mice, as observed in our short-term study, could have impaired preneoplas-
tic and/or neoplastic lesion development in our male and female DEN 50/CCl, models. How-
ever, the effect of intermediate doses (20, 30, 40 mg/Kg, for example) on preneoplastic and
neoplastic lesion development should be evaluated in neonatal C3H/He] mice model in further
studies.

In summary, we proposed standard fibrosis-associated early hepatocarcinogenesis models
for male and female C3H/He] mice, applying a chemically-induced protocol in a high-suscep-
tible mouse strain. As expected, these models showed clear sex bias and for DEN 10/CCl, pro-
tocols in males and females, we reduced the required experimental time for the development
of multiple preneoplastic (AHF) and neoplastic (HCAs) lesions in comparison to other classi-
cal mice models.

Supporting information

S1 File. NC3Rs ARRIVE guidelines checklist.
(PDF)

S1 Fig. Effects of different DEN/CCl, protocols on body weight evolution of male and
female C3H/He] mice. Dots are mean + S.D. n = 8 mice/sex/group. DEN 10 or 50 = diethylni-
trosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, = carbon tetra-
chloride, i.p., 0.25 to 1.50 uL/g b.wt. in 10% corn oil solution for 8 weeks (see Material and
methods section). *Statistical difference among groups by ANOVA and post hoc Tukey’s test
(p<0.05).

(TIFF)

S2 Fig. Representative photomicrographs of H&E-stained and immunostained (Ki-67)
sections of hepatocellular adenoma (HCA) and hepatocellular carcinoma (HCC) found in
the liver of DEN/CCl,-treated mice. (A, B, C) HCAs displayed typical loss of normal lobular
architecture, enlarged cells, and vacuoles. (D, E, F) HCCs were composed of well-differentiated
hepatocytes arranged in trabeculae of multiple cell layers and acinar structures, (A, D: 4x
objective; scale bar = 200 um) (B, C, E, F: 40x objective; scale bar = 20 um).

(TIF)

S3 Fig. Effects of different DEN/CCI, protocols on B-catenin protein expression in male
and female C3H/He] mice. (A) Representative photomicrographs B-catenin immunostained
sections of surrounding liver tissue (40X objective; scale bar = 20 um) and (B) preneoplastic
and neoplastic lesions (10x objective, scale bar = 100 um). Representative western blot bands
and semiquantitative analysis of (C) male and (F) female mice. Values are mean + S.D.n=6
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mice/group. DEN 10 or 50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2,
respectively and CCl, = carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt. in 10% corn oil solu-
tion for 8 weeks (see Material and methods section).

(TIFF)

$4 Fig. TGF-a expression in DEN/CCIl, models. (A) Representative photomicrographs of
TGF-o immunostained sections of surrounding liver tissue (40x objective; scale bar = 20 pm)
and (B) H&E-stained and respective TGF-o. immunostained sections of basophilic foci and
hepatocellular adenoma (20x objective; scale bar = 50 pm). DEN 10 or 50 = diethylnitrosamine
10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, = carbon tetrachloride, i.p.,
0.25 to 1.50 uL/g b.wt. in 10% corn oil solution for 8 weeks (see Material and methods section).
(TIFF)

S5 Fig. Sex comparison of (A) transaminases data and (B) preneoplastic and neoplastic
lesions in DEN 10 and DEN 50/CCl,-induced fibrosis-associated hepatocarcinogenesis
models. Values are mean + S.D or box and whiskers. n = 8 mice/sex/group. DEN 10 or

50 = diethylnitrosamine 10 or 50 mg/kg b.wt. in 0.9% saline at week 2, respectively and CCl, =
carbon tetrachloride, i.p., 0.25 to 1.50 uL/g b.wt. in 10% corn oil solution for 8 weeks (see
Material and methods section). ALT = alanine aminotransferase; AST = aspartate aminotrans-
ferase; AHF = altered hepatocyte foci; HCA = hepatocellular adenoma. Data were analyzed by
Student t test (p<0.05).

(TIFF)

S6 Fig. Representative photomicrographs of the liver of vehicle, DEN 10 and DEN
50-treated neonatal C3H/He] male mice. Above: scale bar = 100 pm, bellow: scale

bar = 50 um. In special, DEN 50-treated mice displayed early bridging cetrilobular necrosis,
with swelling and diffuse inflammatory cell infiltrate. DEN 10 or 50 = diethylnitrosamine 10
or 50 mg/kg b.wt. in 0.9% saline at week 2. Mice were euthanized 24h after DEN injection.
(TIF)

S7 Fig. Representative photomicrographs of the liver of vehicle, DEN 10 and DEN
50-treated nenonatal C3H/He]J female mice. Above: scale bar = 100 pm, bellow: scale

bar = 50 um. In special, DEN 50-treated mice displayed early bridging cetrilobular necrosis,
with swelling and diffuse inflammatory cell infiltrate. DEN 10 or 50 = diethylnitrosamine 10
or 50 mg/kg b.wt. in 0.9% saline at week 2. Mice were euthanized 24h after DEN injection.
(TIF)
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