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Resumo

Atualmente, estima-se que a doenga hepatica gordurosa néo alcodlica (NAFLD, do inglés
Nonalcoholic Fatty Liver Disease) afeta cerca de 25% da populagdo mundial, enquanto o seu grau
mais severo, a estatohepatite ndo alcodlica (NASH), afeta 5%. O aumento da prevaléncia da
NAFLD/NASH, por sua vez, acontece em paralelo com o aumento do nimero de individuos com
diabetes do tipo Il e obesidade, associadas a adeséo populacional a dieta ocidental (WD), rica em
carboidratos simples e gorduras saturadas, e de habitos sedentarios. No entanto, ndo existem
métodos terapéuticos aprovados pelas agéncias de saude governamentais para os pacientes com
NAFLD/NASH, assim como é urgente o estabelecimento de modelos experimentais translacionais
que recapitule as caracteristicas da doenga correspondente em humanos. Entao, foi estabelecido
um modelo experimental hibrido de NASH em camundongos C57BL/6J e BALB/c, no qual
observamos o0 aumento do grau Nonalcoholic fatty liver activity score (NAS), além de acumulo de
lipidios do parénquima hepatico (p<0.0001, em ambos) e fibras colagenas na regido centro-lobular
(p<0.0001, em ambos), aumento da ativa¢do de células estreladas hepaticas, infiltracao de células
CD68* (p<0.0001, em ambos) e do numero de hepatdcitos caspase-3 clivada* (p<0.0001, em
ambos). Ademais, ambas as linhagens apresentaram a redugéo dos niveis proteicos de Nrf2
(p<0.0001, em ambos), enquanto somente os animais C57BL/6J apresentaram o aumento dos
niveis de NF-kB (p65) (p<0.0001), além de um perfil metabolémico linhagem-dependente. Nesse
contexto, os compostos bioativos dos vegetais da familia Brassicaceae indol-3-carbinol (I3C) e
acido clorogénico (CGA) foram capazes de reduzir o grau NAS, a ativagado de CEH e a infiltragdo
de células CD68* (p<0.0001), além de uma tendéncia de redugao no contetdo lipidico e acimulo

hepatico de fibras de coldgeno (p<0.0001).



Abstract

Recently, nonalcoholic fatty liver diseases (NAFLD) have been indicated as a potential most
common chronic liver disease worldwide, as well as affecting ~25% of the population. Likewise, its
most severe form, nonalcoholic steatohepatitis (NASH) affects 5% of the global population. The
NAFLD prevalence, however, has been linked to the adhesion of a western diet (WD), which is
enriched with simple carbohydrates and high levels of saturated fatty acid, as well as adherence to
a sedentary lifestyle. Moreover, there are no approved therapies for patients, by the governmental
agencies, as well as an urgent need of establishing a reliable experimental model that resembles
the morphologic and molecular traits of the corresponding human disease. Thus, we sought to
establish a hybrid model of NASH in C57BL/6J and BALB/c mice. Indeed, the hybrid model
increased the Nonalcoholic fatty liver activity score (NAS), whereas enhanced the lipid (p<0.0001,
on both strains) and collagen content (p<0.0001, on both strains), increased the number of active
hepatic stellate cells (HSC) (p<0.0001, on both strains), CD68* cells (p<0.0001, on both strains)
and cleaved caspase-3* hepatocytes (p<0.0001, on both strains). Additionally, both strains featured
reduced protein levels of Nrf2 (p<0.0001, on both strains), while only C57BL/6J featured increased
levels of NF-kB (p<0.0001). We also assessed the hepatic metabolomic profile, and a strain-
dependent response was observed. On the other hand, the bioactive compounds of Brassicaceae
family vegetables indole-3-carbinol (I13C) and chlorogenic acid (CGA) reduced the NASH severity,
besides reducing the HSC activation (p<0.0001) and the number of hepatic CD68* (p<0.0001),
besides presenting a decreasing trend of hepatic collagen and lipid content, although no statistical

difference were observed.



Summary

Chapter 1 - Are isothiocyanates and polyphenols emerging preventive/therapeutic strategies for
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Are isothiocyanates and polyphenols from Brassicaceae
vegetables emerging preventive/therapeutic strategies for
NAFLD? The landscape of recent preclinical findings

Gabriel P. Bacil?, Bruno Cogliati®, Daniel R. Cardoso®, Luis Fernando Barbisan® and Guilherme R.
Romualdo?®*

Nonalcoholic fatty liver disease (NAFLD) is a lipid impairment-related chronic metabolic disease that affects almost 25% of
the worldwide population and has become the leading cause of liver transplantation in the United States of America (USA).
NAFLD may progress from simple hepatic steatosis to nonalcoholic steatohepatitis (NASH), which occurs simultaneously to
an inflammatory and fibrotic microenvironment, and affects aorund 5% of the global population. Recently NASH has been
suggested as a relevant driver of progressive liver cirrhosis and a populational attributable fraction in hepatocellular
carcinoma patients. Moreover, predictions show that NAFLD-related annual health costs in the USA reach ~$100 bi., but
effective therapies still scarce. Thus, it is urgent to develop new preventive strategies for this hepatic disease. The
Brassicaceae vegetable family comprises almost 350 genus and 3500 species, being one of the main kinds of harvest and
produced vegetables worldwide. These vegetables are well-known sources of glucobrassicin-derivative molecules, as
isothiocyanates, and phenolic compounds, showing anti-oxidant and anti-lipogenic effects in preclinical findings of NAFLD.
In this review, we sought to gather prominent evidence of in vivo and in vitro effects of these vegetable-derived
nutraceutical compounds on the gut-liver-adipose axis, which is a well-known regulator of NAFLD and may represent a new

strategy for disease control.

Introduction

Nonalcoholic fatty liver disease (NAFLD) comprises a wide
spectrum of chronic liver disease which affects ~25% of the
global population, displaying the highest prevalence in South
America and the Middle East, ~31 and ~32%, respectively.
Moreover, nonalcoholic steatohepatitis (NASH), the most
severe stage observed in the NAFLD spectrum, occurs in ~5% of
the global populationl. Currently, NAFLD emerges as the most
common chronic liver disease and is expected to become the
main cause for liver transplantation in the United States of
America (USA)1-3. Indeed, the global trends suggest that NAFLD-
related incidence of liver cancer increased by ~26% from 2012-
2017, while in highly industrialized countries, NAFLD-associated
mortality is expected to double in the 2016-2030 period*>. It
has been observed that type 2 diabetes mellitus (T2D) and
obesity are closely linked to ~23% and ~52% of NAFLD patients,
respectively, suggesting the metabolic syndrome (MS) as a
major risk factor for this diseasel®. In parallel, the global
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populational lifestyle has suffered drastic changes regarding
nutritional habits and sedentarism, which might be responsible
for growing NAFLD incidence’8. The development of NAFLD is
related to a high intake of western diet (WD), which is mostly
composed of food enriched with high amounts of saturated
fatty acids (SFA) and simple carbohydrates (e.g.: high-fructose
corn syrup, fructose, glucose, and sucrose) - both extensively
used by the food industry since the last century -and the
sedentary lifestyle®. Conversely, only ~9% of USA adults meet
the daily recommendations for vegetable intake (~450g /day),
according to the Centers for Disease Control and the USDA10.11,
Besides, NAFLD also displays a high economic burden since, in
the USA and Europe (Germany, Italy, France, and the United
Kingdom), the annual medical costs are estimated to reach USS
103 billion and € 35 billion, respectively!2. These data elicit the
rising importance of this chronic liver disease as a contemporary
public health problem.

Otherwise, several studies show that adherence to the
Mediterranean diet (MD), constituted of high intake of
vegetables, fruits, grains, monounsaturated (MUFA) and
polyunsaturated fatty acids (PUFA), and low intake of sugar,
reduce the related risk for T2D (19%) and hepatocellular
carcinoma (44-49%) occurrence, while it also improves HS and
insulin resistance (IR) in patients with NAFLD13-16, These
beneficial effects are attributed to the bioactive compounds of
food, which compose a pharmacopeia of antioxidant, anti-
inflammatory, and lipid metabolism-modulating molecules, like
glucosinolates  (GLS), isothiocyanates (ITC), phenolic



compounds, and others!’. Indeed, the Brassicaceae, or
Cruciferae, family has been appointed as a reliable dietary
source of bioactive compounds — especially ITC and polyphenols
— and comprises around 350 genera and 3500 species of
vegetables, like cabbages, broccoli, cauliflower, and brussel
sprouts, all variations of Brassica oleracea speciel®19,

Since there is plenty of evidence indicating that the
Brassicaceae family vegetables are composed of a myriad of
bioactive compounds with potential beneficial influence on liver
chronic disease, we sought to gather prominent preclinical in
vivo and in vitro data of the effects of ITC and phenolic
compounds available in Brassicaceae vegetables over the gut-
liver-adipose axis and hallmarks of NAFLD.

NAFLD: a contemporary disease

NAFLD has a basal stage of hepatic steatosis (HS) with
macrovesicular or microvesicular profile features, while NASH
remarks the simultaneous occurrence of HS and inflammatory
foci, and hepatocellular lesions, all relevant for grading and
staging of patients?°. The lipid homeostasis impairment induces
the steatotic profile of hepatocytes, comprising the first hit for
NAFLD establishment. Further HS progression to NASH depends
on the occurrence of the inflammatory process, caused by
lipotoxicity-induced oxidative stress and mitochondrial
metabolic impairment, leading to the activation of death-
related signaling that promotes the endoplasmic reticulum
stress (ERS) in the hepatocytes. The ERS triggers the systemic
inflammatory response, contributing to the pro-inflammatory
hepatic milieu and featuring the second hit for NASH
development?!. Of note, lipid homeostasis and oxidative stress
are closely linked, suggesting that both mechanisms act in a
positive feedback manner during NAFLD progression. In
addition, the high intake of fat and sugars leads to adipose
tissue (AT) stress, further associated with the synthesis of
cytokines and lipolysis of fatty acids (FA), contributing to the
establishment of systemic sublethal grade inflammation in
which NASH is more susceptible to develop. Additionally, it is
well reported that the gut microbiome dysbiosis exerts a pivotal
activity during NASH progression, by modulating both liver and
AT inflammation and inducing metabolic disorders?223, Taken
together, the interplay of liver-gut-adipose dynamics suggests
multiple hit-driven mechanisms that modulate NASH
progression?3. In its more advanced stages, NAFLD can progress
to extensive fibrosis, cirrhosis, and, further, hepatocellular
carcinoma (HCC)24. Remarkably, NASH is attributed to 32% of
HCC cases in the USA, overcoming chronic viral hepatitis (~25%)
and alcohol consumption (~13%) as the main risk factor for this
malignancy?5.

Recently, the emergence of NAFLD has been related to dietary
and lifestyle factors, especially the high intake of SFA, fructose,
and glucose, and lack of physical activities, due to their impacts
on the gut-liver-adipose axis26. According to Dietary Guidelines
for Americans (2015-2020) from the Department of Agriculture
(USDA), the recommended intake of SFA is less than 22 g/day
(~10% of daily caloric intake), although there was a current
average of 11% of daily caloric intake in the USA population.

2| J. Name., 2012, 00, 1-3

Additionally, sugar consumption is associated with high caloric
beverages, like sugar-sweetened beverages (SSB), the most
common source of sugars in the USA and epidemiologically
related to MS, T2D, obesity, and NAFLD in a dose-dependent
manner?’-2, Furthermore, the mean daily intake of sugar by
individuals in the USA is 89.8 g/day (~16% of daily caloric intake
recommendations), while American Heart Association
recommends the utmost daily intake of 37.5 g/day (~6.7% of
daily caloric intake recommendations), suggesting that an
unbalanced dietary habits could be responsible for metabolic
disorders, and further NAFLD development3%31, On the other
hand, sedentary behavior increases the risk of developing MS
by 73%, while regular physical activity reduces lipid storage in
the liver, and hence, NAFLD grading3?33, Thus, it remains
unknown whether NAFLD development may be attributed to
simple carbohydrates/excessive fat consumption, sedentary
lifestyle or both.

The ectopic lipid storage in the liver that culminates in HS is
mainly caused by the following mechanisms: (1) increased FA
influx, derived from the diet; (2) enhanced de novo lipogenesis;
(3) inefficient lipid oxidation; and (4) inadequate lipid
exportation activity (Figure 1)2L. Overall, the uptake of FA by
hepatocytes depends on the FA transporters activity, especially
the CD36 and caveolins, located at the plasma membrane, and
FA transport proteins (FATP), responsible for the lipid trafficking
and organization into intracellular lipid droplets, which are
essential to the adequate metabolism of FA3435, In patients with
NAFLD, the lipid accumulation in hepatocytes occurs as TG
droplets, derived mostly from the non-esterified fatty acids
(NEFA) pool influx (~60%) and the hepatic de novo lipogenesis
(~26%)3¢. The hepatic de novo lipogenesis pathways are
triggered by the high intake of carbohydrates, like fructose and
glucose, and fat, which are catabolized into acetyl-CoA, further
related to the tricarboxylic acid cycle (TCA) and palmitate
synthesis. The FA synthesis dynamics, however, are modulated
by the activation of the sterol regulatory element-binding
protein-1c (SREBP-1c) and the carbohydrate regulatory
element-binding protein (ChREBP), under influence of insulin
and fed state, which interact with sterol and carbohydrate
response elements located at the promoter region of FA
synthesis-related genes (Accl, Fas, and Scd)37-40. In addition to
the above-cited mechanisms, the FA oxidation (FAO)
disturbance in mitochondria displays great importance in
steatosis emergence and its modulation has been defined as a
potential therapeutic approach?l. The mitochondrial energetics
activity encompasses several mechanisms that act coordinately
to maintain the adequate FAO rate (B-oxidation, TCA cycle,
ketogenesis, respiratory chain activity, and ATP synthesis), Also,
it has been appointed that the peroxisome proliferator-
activated receptor a (PPARa) activity, which is strikingly
reduced in NAFLD patients, might be related to the FAO
impairment, leading to the accumulation of FA byproducts (eg.:
ceramides, diacylglycerol, and long-chain acylcarnitine), which
cause the lipotoxicity of hepatocytes*244,
Additionally, subjects with IR feature impaired
homeostasis, which plays a pivotal metabolic role in glucose
uptake and endogenous synthesis in several tissues [e.g: liver,

insulin
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skeletal muscle, and adipose tissue (AT)], and NEFA synthesis.
Indeed, it has been suggested that large amounts of NEFA pool
are available due to increased levels of lipolysis in adipocytes,
as a result of obesity-induced inflammation driven by adipose
tissue macrophages (ATM, resident macrophages, and/or
infiltrating monocytes), demonstrating that the liver-adipose
axis is intrinsic for NAFLD development (Figure 1)*546. During
obesity, the excessive intake of FA induces adipocyte
hypertrophy and alters its functional activity, promoting
systemic low-grade inflammation, as previously discussed?’.
Also, adipocytes overexpress monocyte chemoattractant
protein-1 (MCP-1), leading to monocyte recruitment to AT and
local ATM activation. Thus, active ATM becomes responsible for
significant amounts of TNF-a and interleukin (IL)-6 expression
released, essential for IR and lipolysis-promoting activity (Figure
1)4849  Likewise, several studies reported that intestinal
microbiota dysbiosis NAFLD progression, as
previously reviewed>°. Le Roy et al.>! demonstrated that germ-
free animals that received gut microbiome transplants from
mice fed with WD develop metabolic features of NAFLD, like
glucose and lipid homeostasis impairment. Indeed, it was
observed in patients that the gut microbiome dysbiosis implies
higher NAFLD severity and liver fibrosis grade, by modulating
the Bacterioides and Ruminococcus genus dynamics (higher
abundance) compared to patients without NAFLD, providing
evidence about the pivotal role of the gut-liver axis, and its
potential activity as a metabolic regulator and noninvasive
biomarker (Figure 1)22. Moreover, it has been reported that gut
dysbiosis induces the disruption of gut epithelium tight
junctions [(zonula occludens-1 (ZO-1) e occludin], enabling
bacterial metabolite byproducts, that interfere with lipid
metabolism and systemic inflammation, like ethanol, choline,
bile acids, and lipopolysaccharides (LPS), to reach the liver and
impair the hepatocytes metabolism, as well as promote
metabolic disorders and systemic low-grade inflammation
(Figure 1)°254, In addition, the WAD-induced dysbiosis
dysregulates tryptophan metabolism, via the kynurenine
pathway, and modulates key metabolic processes and
inflammation in AT, establishing a direct cross-talk between AT
and gut microbiota®®. By these terms, the gut-liver-adipose axis
is pivotal to the establishment of NAFLD, as well as to the
emergence of metabolic disorders, especially obesity and IR,
that contribute to the disease progression (Figure 1).

modulates

Isothiocyanates and phenolic compounds are
preventive/therapeutic options for NAFLD?

Estimated intake of Brassicaceae vegetables

From 1994 to 2019, the Brassica genus vegetables worldwide
production increased ~65%, and China features as the greatest
producer (33.5 million tons)°¢. However, data on the daily
human intake are still imprecise. According to the International
Agency for Research on Cancer (IARC), there are geographical
differences among countries, since the Asian and Middle East
daily intake (~100 g/day) is higher than in Europe (32 g/day) and
North and South American (~30 g/day and ~13 g/day,

This journal is © The Royal Society of Chemistry 20xx

the worldwide
population daily intake is ~21 g/day57. However, most studies

focus on food frequency questionnaires (FFQ) or 24-hours

respectively) populations, and, overall,

recalls, lacking Brassica vegetable information and biasing the
results, since when a FFQ focused on Brassica vegetables were
applied, the estimated adult daily intake was ~84 g/day®8. The
health promotion properties of Brassica vegetables are related
to the high content of GLS, phenolic compounds, vitamins, and
minerals, which may act directly or indirectly in the reduction
of the systemic inflammation and pro-oxidant state*?. GLS are
stable and water-soluble groups of molecules that share B-D-
thioglucose moiety with a sulfonate oxime group and a variable
side chain. They are classified according to their molecular
structure (e.g.: aliphatic, aromatic, or indolic) and the side chain
which is derived (e.g.: alanine, methionine, phenylalanine,
tyrosine, or tryptophan), and are widely found in vegetable cells
of Brassica genus!®. When the vegetable is damaged by
harvesting or masticating, the GLS are hydrolyzed by
myrosinase activity, a constitutively expressed enzyme, and
turned into reactive molecules like ITC, thiocyanates, and
nitriles, that may exert several bioactive properties18. Besides,
there is evidence that gut microbiota may also induce GLS
conversion into bioactive compounds, due to the activity of
myrosinase-like enzymes!®, Under neutral pH
conditions, glucobrassicin is converted into the ITC indole-3-
carbinol (13C, PubChem CID 3712), and further converted into
3,3’-diindolylmethane (DIM, PubChem 3071), which is the
major 13C-derivative molecule that exerts bioactive effects,

bacterial

whereas the acidic conditions induce the GLS conversion into
nitriles®®. On the other hand, phenolic compounds are the
largest and a well-known group of phytochemical molecules
(~8,000 molecules) with antioxidant and anti-inflammatory
properties. Briefly, phenolic compounds can be classified into
phenolic acids (benzoic and cinnamic acids), flavonoids
(anthocyanins and flavonols), and non-flavonoids, according to
their structure,

properties®®. Moreover, they can be found in a plethora of

which also determines their bioactive
vegetables, fruits, and grains, including Brassica vegetables, in
which their biosynthesis occurs by the Shikimate pathway. The
Shikimate pathway is employed by microorganisms and plants
as an alternative route to convert carbohydrates to aromatic
compounds and aromatic amino acids61. Thus, it is suggested
that the phenolic content in food might be responsible for
beneficial effects on chronic liver diseases. In fact, there is
evidence that some well-known phenolic compounds, like
chlorogenic acid (CGA, PubChem CID 1794427), the most
bioavailable hydroxycinnamic acid among Brassica vegetables,
and trans-resveratrol, display antioxidant, anti-inflammatory,
and lipid metabolism-modulating properties, linking phenolic
molecules to a potential beneficial effect on NAFLD1862,

Vegetable content and pharmacokinetics of ITC and polyphenols
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The
especially the GLS and phenolic compounds,
characterized as unstable molecules, due to influences of pH,

bioactive compounds of Brassicaceae vegetables,

are well-

temperature, and myrosinase-activated conditions (in this case,
only GLS), triggering the degradation and metabolization
pathways of these compounds!®. Moreover, it has been
previously reported that both storage and cooking processes
modulate the abundance of GLS on vegetables, due to the
freeze-thaw cycles and high temperature and cutting processes
used in cooking practices®3.64. Regarding the storage conditions,
fresh vegetables (broccoli, brussel sprouts, cauliflower, and
green cabbage) stored under 4-82 and -852C featured
decreased levels of GLS (11-27% and 33%, respectively),
whereas no significant difference was observed when stored
(12-22¢9C).
techniques like boiling, microwaving, and pressuring have been
related to reducing the total phenolic content level on food

under ambient conditions Similarly, cooking

(38%, 46%, and 53%, respectively)®. Indeed, heating processes
(above 1009C) have been previously described as independent
modulators of GLS and indoles levels, by a heat-induced
instability mechanism®®, Likewise, phenolic compounds are also
sensitive to thermal processes. Chamorro et al.®” reported that
long-term autoclave heating led to hydrolysis of antioxidant
molecules, like catechin (70%), epicatechin (61%), procyanidin
dimer Bl (75%), and procyanidin dimer B2 (73%). Of note,
although the phenolic content profile was disturbed by the
heating process, the antioxidant activity of grape seed extract
and pomace was maintained. Additionally, post-shredding
assessments show striking decreases of the total GLS levels (up
to 75%) in Brassica vegetables, suggesting the activation of a
myrosinase-dependent metabolization of these molecules
results in unstable isothiocyanates®3. Taken together, these
findings suggest that cooking processes - especially heating,
and cutting - and storage are pivotal to the profile
determination of bioactive compounds in food, including

Brassicaceae vegetables.

The liquid chromatography targeted identification of GLS
content in Brassica vegetables showed that the profile and
concentration of these molecules depend on both growth
stages and crops, and glucobrassicins feature as the most
commonly found molecules among these vegetables, although
in lower quantities than the other compounds (Figure 2)¢8.
Overall, broccoli and cabbage sprouts feature as the Brassica
vegetable with the higher concentrations and diversity of GLS,
compared to others (cauliflower, cabbage, kale, leaf mustard,
pakchoi, and radish). In addition, broccoli and cabbage sprouts
display a higher concentration of glucoerucin (123.7 and 34.9
umol/g of dry weight, respectively) and progoitrin (28.5 and
33.8 umol/g of dry weight, respectively). Regarding
glucobrassicins, they are widely found in cauliflower and
broccoli (1.98 and 1.05 umol/g of dry weight, respectively)
(Figure 2)%8. However, the GLS might be turned
isothiocyanates, responsible for

into
some of the bioactive

4| J. Name., 2012, 00, 1-3

properties of Brassica vegetables. Indeed, the isothiocyanates

identification in Brassica vegetables (kale, cabbage, and
broccoli) showed that allyl isothiocyanate (~0.33 mmol/g of dry
weight) in cabbage, and 3-butenyl isothiocyanate, in both kale
and broccoli, were the most abundant in these vegetables
(~0.68 and ~1.22 mmol/g of dry weight, respectively) (Figure
2)%9. Similarly, the identification of phenolic compounds
showed that Brassica vegetables contain high levels of these
molecules, as well as a wide diversity (almost 165 phenolic
compounds), featuring flavonoids, anthocyanins, and
hydroxycinnamic acids, mainly’®. Martinez-Sanchez et al.”!
findings suggested that Brassicaceae species (watercress,
mizuna, salad rocket, and wild rocket) are a source of phenolic
compounds (~263, ~99, ~132, and ~100 mg/fresh weight of
vegetable), especially flavonoid compounds, like glycosylated
quercetin, isorhamnetin, and kaempferol-derivative molecules.
Moreover, a wide spectrum of anthocyanins (23 compounds)

was identified in red cabbage, in which cyanidin-3-diglucoside-

derivative molecules were predominant [cyanidin 3-
diglucoside-5-glucoside, cyanidin 3-(sinapoyl)diglucoside-5-
glucoside, and cyanidin  3-(p-coumaroyl)diglucoside-5-

glucoside] (Figure 2)72. Furthermore, hydroxycinnamic acids
identified by
spectrometry in Brassica vegetables (kale and cabbage),
indicating 3-caffeoylquinic acid, 3-p-coumaroylquinic acid,

have been liquid chromatography-mass

sinapoyl glucoside, 4-caffeoylquinic, and 4-feruloylquinic as the
most abundant molecules (Figure 2)73. Thus, these findings
indicate that the high diversity and abundance of phenolic
compounds and GLS presented above might be responsible for
the antioxidant and anti-inflammatory properties of Brassica
vegetables.

The elevated intake of GLS leads to the I3C synthesis, as a
consequence of the myrosinase activity. Furthermore, under
gastric acidic conditions, 13C is oligomerized into derivatives like
DIM that exert bioactive effects’. In CD-1 mice, the
determination of the peak concentration of plasmatic and
hepatic levels of 13C, following an intragastric administration of
oil-diluted 13C (250 mg/Kg of b.wt.), was observed 15 minutes
after the administration (~4.1ug/mL and ~25 pg/g of tissue,
respectively), while DIM peak concentration featured after 2
hours (~0.8 ug/ml and ~4.0 ug/g of tissue, respectively)’s. In a
radiolabeled monitoring of dietary I3C supplementation, DIM
featured as the most abundant hepatic metabolite derivative
from 13C, reaching a relative proportion of 22% of the total
eluted radioactivity. Regarding the I3C absorption, it is
suggested that the stomach and the lower gastrointestinal tract
might be pivotal since there is also the detection of radioactivity
traits in those tissues. However, the specific mechanism related
to it remains imprecise®76, DIM has become a molecule of
great interest, due to its chemopreventive properties and high
The DIM
administrations (250 mg/Kg of b.wt.) by gavage showed that in
both formulations (crystalline or suspension solution), the liver

abundance after 13C metabolism74. oral
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is the main site of deposition and metabolism of DIM
formulations, similarly to dietary 13C-derivative DIM. Besides,
the peak concentration in both liver and plasma occurs after
0.5-1.0 hours of the oral administration of DIM, reaching a peak
concentration of 207 and 25.4 ug/mL, respectively, when
administered the suspension of DIM, whereas reached 129 and
19.0 pug/mL, respectively, when administered a crystalline DIM-
diluted solution”’.

Likewise, the CGA is a group of acyl-quinic acids extensively
studied that exerts bioactive effects. This group of molecules
comprises molecules like caffeoylquinic (CQA), feruloylquinic
(FQA), and other kinds of acyl-quinic acids, which can be
absorbed by the stomach and small intestine in a hydrolyzed or
untransformed form, or under the activity of the microbiota-
Besides, it is suggested that CGA
metabolites are hydrolyzed or microbiota-mediated converted

mediated metabolism78,

in the small intestine and colon, respectively’?€, Indeed, male
Wistar rats submitted to the dietary CGA supplementation
(0.25% weight/weight) show increased plasmatic and levels of
CGA after 1.5 and 3.0 hours, that received a gastric infusion
(~12.4 mg of CGA) showed an increased absorption level of CGA
(~16%) after 0.5 hours, concluding that the stomach is a CGA
absorption site. In addition, it was observed high levels of CGA
in the stomach and small intestine, while only traces of caffeic
acid (~1.0% of total CGA) were found. On the other hand, a
significant amount of caffeic acid was observed in the cecum
(~15-32% of total CGA)8L. Similarly, the flavonoids represent
one of the largest groups of phenolic compounds, as well as the
widely consumed in the worldwide population (eg.: quercetin,
catechins, anthocyanins). Overall, flavonoids absorption occurs
in the small and large intestines by different mechanisms. For
instance, quercetin absorption was described by Graefe et al.82.
They observed that the quercetin absorption occurs by a
glucoside conjugation-dependent mechanism, confirming that
free quercetin (or aglycone quercetin) is not effectively
absorbed in the stomach, small intestine, and colon (under the
microbiota activity), since only conjugated quercetin is
observed in the plasma after oral intake, in agreement with
previous findings8283, The quercetin-4’-0O-glucoside featured a
quick absorption level, compared with peak plasmatic levels of
2.1+1.6 pug/mL, after ~0.7 hours, whereas its excretion occurs
after 9-12 hours. Of note,
metabolite was detectable after the phase | conjugation
process preceding excretion, corresponding to 10% of

only 3’-O-methyl quercetin

quercetin-4’-0-glucoside concentration82,

Recent in vivo and in vitro findings

The indoles have been targeted as potential therapeutic
approaches, due to their antioxidant and anti-inflammatory
properties. Indeed, I3C was previously evaluated in male
C57BL/6J mice subjected to a HFD for 10 weeks?4. Briefly, 13C-
treated mice featured a reduction in HS profile, serum markers

This journal is © The Royal Society of Chemistry 20xx

of dyslipidemia and hepatic damage (total cholesterol, alanine
aminotransferase, and aspartate aminotransferase) (Table 1).
Overall, diet-induced murine models elicit a translational
burden resembling metabolic traits, like obesity and IR, by
feeding mice a high-fat diet (HFD) or a high-fat-cholesterol diet
(HFCD), along with great similarity to the transcriptomic profile
of patients and NAFLD/NASH hallmarks (enhanced lipogenic
and inflammatory activity)®>86. In fact, the diet-induced animal
model of nonalcoholic fatty liver disease (DIAMOND), in which
animals were fed with WD, a HFCD chow (42% of kcal derivative
from fat and 0.1% wt/wt addition of cholesterol) and sugar-
added water (23.1 and 18.9 g/L of fructose and glucose,
respectively) resulted in liver changes that, resembled the
transcriptomic profile of patients with the corresponding
disease?®®. In vitro findings suggests that 13C (50 umol/L, for 24
hours) modulates FA dynamics of lipid metabolism axis in
HepG2 cells, inhibiting the FA synthesis and trafficking by down-
regulation of SREBP-1c and FASN genes and apoB levels (Table
2)87. Likewise, in vivo findings suggests that 13C reduces both
liver-related ER stress and lipogenesis-associated proteins
levels, which are responsible for triggering the hepatic lipotoxic
milieu and the inflammatory response, as well as inducing the
FA de novo synthesis (Figure 3)8. In another study3®, the I13C
oral treatment prevented obesity development in male
C57BL/6N mice submitted to a HFD protocol, by alleviating the
visceral fat pad weight gain, suggesting an antiobesity activity
(Table 1). In agreement, I3C-treated mice submitted to a DIO
protocol featured normal levels of serum glucose and glucose
tolerance, as well as reduced the number of F4/80+ cells in the
epididymal AT, known as responsible for inducing the systemic
low-grade inflammation, contributing to NAFLD emergence?
(Table 1) (Figure 3). Of note, I13C has also been suggested as a
modulator of the redox balance dynamics, which are disrupted
during NAFLD progression, by attenuating the levels of hepatic
4-hydroxynonenal (4-HNE) and malondialdehyde, both
indicators of lipid peroxidation processes, and restoring the
glutathione (GSH) levels, as well as may act directly by
scavenging radicals and oxidant molecules84°1. Similarly, 13C-
treated HepG2 cells displayed increased nuclear levels of
phosphorylated Nrf2, a master regulator of enzymes associated
with the antioxidant defense in hepatocytes (Table 2) (Figure
3). As expected, I13C increased the protein levels of catalase
(CAT), superoxide dismutase (SOD), glutathione reductase (GR),
and glutathione peroxidase (GPx), confirming that the above-
cited bioactive compound exerts an antioxidant effect with the
potential to attenuate NAFLD progression (Table 2) (Figure 3)%2.

Recently, macrophages were described as pivotal drivers of the
pro-inflammatory milieu and oxidative stress conditions, in
which NAFLD progression to NASH occurs, suggesting that
modulating macrophages ROS/RNS and cytokines synthesis
might be an effective approach against NASH®3. The I3C
treatment reduced in a dose-dependent-manner the synthesis
of pro-inflammatory cytokines IL-1B and IL-6 by LPS-activated
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RAW264.7 IRF3-IFN-B-STAT1/3
mechanism®# (Table 2). Thus, 13C displays bioactive properties
that suppress the pro-inflammatory activity of macrophages

cells, in an underlying

modifying the microenvironment in which NASH is susceptible
to emerge. Besides, it has been described that I3C is a ligand of
aryl hydrocarbon receptor (AhR), modulating the inflammatory
milieu in the gastrointestinal tract in a Treg-dependent manner
and microbiota profile®>% (Table 1) (Figure 3). Indeed, in a
colitis-induced model, 13C was responsible for preventing
colitis-associated microbial dysbiosis and increasing the levels
of Roseburia gram-positive bacteria, known as producers of
butyrate, a SCFA linked to intestinal integrity reestablishment
(Table 1) (Figure 3)9798. Thus, it is suggested that 1I3C might be a
potential strategy by targeting multiples underlying
mechanisms associated with NAFLD/NASH emergence, as
oxidative stress and inflammatory hepatic milieu, lipid and
glucose metabolism, obesity-associated stress, intestinal
integrity, and microbiota composition (Figure 3).

DIM, the major I3C-derivative molecule as previously discussed,
has become a compound of high interest due to its bioactive
properties that might alleviate NAFLD progression19,75.
Indeed, female C57BL/6 mice treated with DIM (20.0 or 40.0
mg/kg of b.wt.), in especial the higher dose, attenuated the
methionine-choline-deficient (MCD) diet-induced steatosis,
hepatic damage (reduced the levels of serum transaminases),
and CD4+ cells infiltration by modulating the Treg/Th17 cells
ratio (increasing the number of Treg+ cells and reducing the
number of Th17+ cells) (Table 1) (Figure 3)%. Of note, Th17+
cells have been previously described as potential drivers of
NASH in several experimental models, by modulating the
hepatic pro-inflammatory microenvironment and further
activation of HSC, leading to fibrosis/cirrhosis1®, Likewise, DIM
is suggested as a modulator of macrophages activation, by
attenuating LPS-induced RAW264.7 cells and inhibiting tumor
necrosis factor-a (TNF-a), IL-6, and IL1B, by inhibiting the
activation of JNK/AP-1-NF-kB pathway!0l, Thus, DIM modulates
the Treg/Th17 ratio and further synthesis of both IL-17 and IL-
21, a pivotal axis for NASH progression (Table 1)%°. Moreover,
there is evidence that DIM modulates IR, by reducing the
plasma glucose and insulin levels, in male mice fed a HFD, along
with attenuating the hepatic levels of IR-related oxidative stress
markers, like thiobarbituric acid reactive substances (TBARS)
and lipid hydroperoxides, whereas enhancing the activity of
antioxidant-related enzymes, in especial SOD, GPx, and CAT
(Figure 3). Hence, it is suggested that DIM may modulate the
oxidative stress state by enhancing attenuating the oxidative
stress and enhancing the activity of the antioxidant cell line
defensel?, Indeed, it has been reported that DIM mitigates the
noxious effects of CCl4-induced acute liver injury, by enhancing
the hepatic protein levels of Nrf2, associated with the
(Table 1) (Figure 3)103,
Regarding intestinal barrier integrity, it has been shown that
DIM ameliorates intestinal selective permeability, by increasing

attenuation of the oxidative stress
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the protein levels of ZO-1 and occludin in Caco-2 cells, when
exposed to IL-1B, mimicking the pro-inflammatory milieu in
which HFD-induced microbiota shift occurs (Figure 3)104,

In addition, some studies reported beneficial effects of
glucobrassicins-derivative molecules, like phenethyl
isothiocyanate (PEITC, PubChem CID 16741) and benzyl
isothiocyanate (BITC, PubChem 2346), on well-known NAFLD
hallmarks105.106, Regarding PEITC, it has been described as a
potential activity on NAFLD-related hallmarks, especially
lipogenic-, glucose-, and AT-related axis. The PEITC-treated
mice, mainly the higher dose (75 mg/Kg of b.wt.) reduced the
epididymal fat pad weight and restored the normal
concentration of serum total cholesterol, TG, low-density
lipoprotein cholesterol (LDL), glucose, and insulin, whereas the
homeostasis assessment-estimated IR (HOMA-IR) index was
also decreased by the PEITC treatment (Figure 3). Along with it,
PEITC restored the lipid metabolism dynamics, by reducing the
protein levels of CD36 and increasing ATP binding cassette
subfamily A member 1 (ABCA1) and the synthesis and efflux of
the high-density lipoprotein cholesterol (HDL) instead of LDL,
LXR-a, and peroxisome proliferator-activated receptor vy
(PPARYy) Finally, PEITC modulated the hepatic
inflammatory milieu by reducing the mRNA and protein levels
of NF-kB (Table 1) (Figure 3)05, Similar to PEITC, BITC (chow
added 0.05 or 0.1% wt./wt.) features a dose-dependent

antiobesity effect, suppressing the body weight (b.wt.) and fat

levels.

weight pad gain in male mice fed with HFD (Table 1) (Figure 3).
Moreover, BITC was able to mitigate the HFD-induced IR, as
well as restore plasma markers associated with NAFLD (total
cholesterol, TG, and NEFA), suggesting a potential underlying
mechanism linking BITC to glucose and lipid metabolism.
Indeed, BITC reduced the protein levels of SREBP-1c, FAS, LXRa,
and ACC in both the liver and AT (Table 1) (Figure 3)106,
Therefore, both PEITC and BITC features as reliable strategies
to contain the hepatic and AT inflammatory milieu, as well as
lipid-glucose axis, usually impaired during NAFLD progression
to NASH. However, no information regarding their effects on
gut integrity and microbiota was found (Figure 3).

Beneficial effects against NAFLD/NASH are also attributable to
the other bioactive molecules, like phenolic compounds, widely
found in vegetables and fruits60. In an obese-induced model of
mice, CGA displayed a beneficial effect on lipid-related
metabolism markers, restoring the plasma levels of TG, total
cholesterol, and adiponectin levels, whereas suppressed the
lipid-synthesis pathways and enhanced the B-oxidation activity
(Figure 4)107, Additionally, male ICR CGA-treated mice CGA
displayed reduced epididymal and perirenal fat weights, as well
as reduced adipocyte size, which is usually hypertrophic in
obesity-induced models and patients, due to the redox
dynamics disturbance and oxidative stress (Table 1)107-110_|n
agreement, Ma et al.11! reported that CGA alleviates oil-red-O
staining area and markers of inflammatory processes of obese
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mice, suggesting that hepatic steatosis is attenuated by the
interplay between lipid metabolism and inflammation. Indeed,
CGA reduced the hepatic TG levels, as well as Cd36, Fabp4, and
Mgatl mRNA levels, which encode protein receptors that
promote the FA influx. Regarding inflammation, CGA reduced
the mRNA levels of Cd68, encoding CD68, a marker of activated
hepatic macrophages exerting phagocytic activity (Table 1)
(Figure 4)111, In vitro assays also confirmed that GCA exerts an
anti-fibrotic activity, modulating the HSC. Taken together, it is
suggested that CGA exerts an anti-obesity effect, by modulating
the oxidative stress-lipid metabolism axis and microbiota
(Figure 4). Likewise, the oral administration of CGA modulates
the HFD-induced microbiota shift. Although the HFD protocol
increases the Escherichia coli and Enterococcus and reduced
CGA displayed the
opposite effect, reestablishing the normal abundance of these
bacteria, besides restoring the expression of enterocyte ZO-1

Bifidobacterium bacteria abundance,

and occludin (Figure 4). The CGA also reduced the protein levels
of TNF-a, p-NF-kB, and toll-like receptor 4 (TLR4) (Table 1)
(Figure 4)112113 Thus, it is suggested that CGA might act in the
gut reestablishing the integrity and, further,
attenuating systemic endotoxemia and NF-kB-TLR4 pathway,

intestinal

usually impaired in patients with NASH (Figure 4).

Anthocyanins are a large spectrum of flavonoids, responsible
for the color of foods, that can be found in plenty of vegetables
and fruits of daily basis consumption by the population.
Regarding their structure, anthocyanins are heterosides
consisting of an aglycone or anthocyanidin derived from 2-
phenyl-benzopyrylium skeleton diversely hydroxylated or
methoxylated, that is linked to sugar moieties that can be
further acylated. Although there are several classes of
anthocyanins, the most commonly found are cyanidin,
delphinidin, pelargonidin, malvidin, and petunidin4, Recently,
they have been the focus of studies due to their bioactive
properties that can be a potential strategy to alleviate NAFLD,
as well as cyanidin-derived glucosides, which have been widely
found in Brassica vegetables®2115.116 Regarding in vitro assays,
it has been reported that both delphinidin and cyanidin-
derivative molecules modulate the oxidative stress axis by
upregulating the Nrf2 pathway (Figure 4)117.118  Delphinidin-
treated (10.0, 20.0, and 40.0 umol/L, for 24 hours) HepG2 cells
showed a reduction in the H202-induced oxidative stress by
modulating a Nrf2-dependent mechanism, similarly to CGA
findings, suggesting that isolated delphinidin might be a reliable
strategy against NAFLD (Table 2)117.119  |jkewise, cyanidin-3-
glucoside features as the major cyanidin-derivative compound,
and it is suggested to play a similar role to delphinidin,
modulating the oxidative stress axis on both in vitro and in vivo
models!18,  Cyanidin-3-glucoside-pre-treated HepG2 cells
displayed reduced H202-induced apoptosis, associated with a
lower protein level of both cleaved caspase-3 and Bax, as well
as increasing Bcl-2 protein levels, suggesting that the

anthocyanins modulate the oxidative-stress-induced death of
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hepatocytes (Table 2) (Figure 4). Similarly, male C57 mice
submitted to a CCl4-induced acute liver injury model featured
reduced apoptosis of hepatocytes when treated with cyanidin-
3-glucoside, by upregulating the Nrf2-related antioxidant
enzymes SOD and GPx, whereas reduced the MDA levels f, a
marker of oxidative stress!18. Likewise, cyanidin-3-glucoside
was able to modulate the AT metabolism, inhibiting the IR of
db/db knockout male mice fed with HFD. Additionally, cyanidin-
3-glucoside reduced the pro-inflammatory state of the AT,
reducing the adipocytes death ratio and AT macrophages
infiltration (F4/80+ cells), as well as inhibiting Tnfa, 116, and
Mcp-1 expression, in a JNK-dependent mechanism (Figure 4)120,
Thus, anthocyanins provide a potential reliable strategy on
NAFLD, by modulating both redox and AT inflammation
dynamics, targeting the Nrf2 and JNK pathway, increasing the
antioxidant defense, reducing the
inflammation, further alleviating the disease progression
(Figure 4).

and AT-associated

Conclusions

Several preclinical evidence suggests that ITC and/or phenolic
compounds are widely consumed among the worldwide
population and commonly found in Brassicaceae family
vegetables, prospecting as a reliable strategy that counters the
well-established hallmarks of NAFLD (hepatic steatosis and
inflammation, IR, dyslipidemia, systemic low-grade
impaired intestinal barrier integrity, and
microbiota dysbiosis), especially the lipid-inflammation-redox-
microbiota axis, and the accepted natural history of the disease
(“Two  hits” “Multiple hits” theories). Although still
necessary to unravel molecular mechanisms related to the
protective effects of these bioactive compounds on
NAFLD/NASH in vivo and in vitro models (Figures 3 and 4), we
suggest that the ITC and/or polyphenol might be a potential
preclinical/clinical strategy against this chronic liver disease, by
modulating the gut-liver-adipose axis. Our narrative review

inflammation,

and

elicited that ITC and phenolic compounds, when individually
preclinical studies,
molecular targets directly implicated in lipid-inflammation-
redox-microbiota axis (Tables 1 and 2). Therefore, it is still

administered in modulate common

unknown whether the beneficial effects of Brassica vegetable-
based diets in humans (as MD) may be attributed to a specific
class or to the combination of different classes of bioactive
compounds found in these plants. The present work may inspire
future preclinical and clinical investigations.
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Figure 1. Hallmarks of NAFLD. A comprehensive overview of the molecular mechanism associated with NAFLD development/progression.
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Table 1. Implications of isothiocyanates and phenolic compounds on in vivo NAFLD models

Study Animal Protocol Treatment (dose/period) Outcomes
HFD: 20% of fat (or 40% of o Restored the serum tnglycgnde
kcal derivative from fat) 13C (0.1% wt./wt.) was and total cholesterol levels;
o Male CS7BLIGN and 1% of cholesterol, for addéd to thé cHow * Restored the protein levels of
10 weeks ’ ' SIRT1, LXRa, SREBP-1c, FAS,
' and pAMPK;
e Reduced the visceral fat-pad
HFD: 20% of fat (or 40% of 0 weight content (epididymal,
88 Male C57BL/6N  kcal) and 1%  of 13C (0'1/°tWt/Wt) was added retroperitoneal, mesenteric, and
0 chow. .
cholesterol, for 10 weeks. peritoneal).
o Alleviated the HOMA-IR index.
o Alleviated the blood glucose
DIO: ~30.6% of fat (or  13C (5mg/Kg of b.wt.) i.p. concentration and restored the
89 Male C57BL/6  61.2% of Kcal), for 12 injections (3x/week for 12 glucose tolerance profile.
weeks. weeks). e Reduced the number of F4/80*
cells in the epididymal AT.
e - 0 .o Reduced the levels of 4-HNE
“ weecomuny LoD de B omKou ol” Si
T ye. gavag yS) e Restored the GSH levels.
2,4 6-trinitrobenzene . e Increased the levels of butyrate-
% BALB/c and sulfonic acid-induced 9G (40fT‘9/ Kg ofb.wt)ip. producer bacteria;
C57BL/6 " injections. O
colitis ¢ Restored the microbiota profile.
y CCleinduced acute fiver  13C (50.0or 100 mgikgof ~ * Reduced the ALT and AST
o1 ale C57BLIB (8 .41 <oiution of ol bwl) oral 24 levels;
weeks old) injury: 1:1 solution of o .wt.) oral gavages (3 days) o Reduced the number of
diluted CCla. (pre-treatment). )
activated Kupffer cells.
MCD: methionine and DIM (20.0 or40.0 mg/Kg of e Reduced the hepatic damage
92 Female C57BL/6 choline aminoacids b.wt.) (2x/week, for 8 and the steatotic profile;
deficiency, for 8 weeks. weeks). e Increases the Treg/Th17 ratio.
e Improved the glucose and
insulin plasma levels;
HFD: ~34.1% of fat, for 10 e Reduced the levels of hepatic
93 ’
Male C57BL/6J weeks. DIM (10mg/Kg of b.wt.). TBARS and lipid peroxides:
e Increased the enzymatic activity
of SOD, CAT, and GPx.
CClginduced acute liver * Reduced the hepatic MDA
Male FVB mice .-~ "~~~ . . DIM(2.5,5.0,10.0 mg/Kg of levels;
94 injury: 10% solution of oil- : ,
(6-8 weeks old) . b.wt., s.i.) (pre-treatment). e Enhanced the protein levels of
diluted CCla. N2
HFD: 60% of Kcal DIM(10.0 or50.0 mg/Kgof e Inhibited body weight gain;
9 Male C57BL/6N  derivative from fat, for 12 b.wt.) was added to the e Inhibited the epididymal fat
weeks chow added to chow. weight gain.
¢ Reduced the epididymal fat pad
weight;
_ 0 o Restored the serum levels of
HF(.:D'. 60.0% of chl total cholesterol, TG, and LDL,;
9% Male C57BL/6 (4 derivative from fatand 1%  PEITC (30.0 or 75.0 mg/Kg R d the IR orofi q
weeks old) of cholesterol (wt./wt.), for of b.wt.). * neversed the protie an

13 weeks.

restored the serum levels of
glucose and insulin;

Reduced the protein levels of
CD36 and p65 NF-kB;
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98

99

100

101

102

103

104

Male C57BL/6J
(4 weeks old)

Male ICR mice
(4 weeks old)

Male ICR (5-6
weeks old)

Male C57BL/6 (6
weeks old)

Male Sprague-
Dawley rats.

Male C57BL/6 (5
weeks old)

Male C57BL/6 (8
weeks old)

Male C57BL/6J
and
C57BL/6Jddb (5
weeks old)

HFD: 60% of Kcal
derivative from fat, for 18
weeks.

HFD: 21% of fat (or 37% of
Kcal derivative from fat),
for 8 weeks.

HFD: 18.4% of fat, for 6
weeks.

HFD: 10% of fat and 2% of
cholesterol (~x% of Kcal
derivative from fat).

CClginduced fibrosis:
40% ol-diluted solution i.p.
(3.0mL/Kg  of  bwt,;
2x/week), for 8 weeks.

WD: 30% of fat (~60% of
Kcal derivative from fat)
and fructose-added water
(4% wt./wt.), for 12 weeks.

CClg-induced acute liver
injury: i.p. of 20% oil-
diluted solution, for 1
week.

HFD: 58% of Kcal
derivative from fat, for 17
weeks.

BITC (0.05 or 0.1% of
wt./wt.) was added to the
chow.

CGA (0.2g/Kg wt./wt.) was
added to chow.

CGA (15.0% wt./wt.) was
added to the chow.

CGA (60 mg/Kg b.wt.), for 12

weeks (daily oral
administrations).

CGA (60 mg/Kg b.wt.), for 8
weeks (daily intragastric
injections).

Bilberry anthocyanins (2.0%
wt./wt.) were added to the
chow.

Cyanidin-3-glucoside (100.0,
200.0, 400.0 mg/Kg b.wt.),
daily intragastric
adminsitrations, for 1 week.

Cyanidin-3-glucoside (0.2%
wt./wt.) was added to chow,
for 5 weeks.

Enhanced the protein levels of
PPARy, LXRa, and ABCA1.
Suppressed body weight gain
and reduced the epididymal fat
pad weight;

Alleviated the total cholesterol,
TG, and NEFA levels;

Reduced the protein levels of
SREBP-1¢, FAS, LXRa, and
ACC.

Reduced  epididymal  and
perirenal fat weight;

Inhibited the activity of FAS,
ACAT, and HMG-CoA.
Restored B-oxidation activity.
Restored the
Firmicutes/Bacteroidetes ratio.
Restored occludin and Z0O-1
levels;

Reduced the protein levels of
TLR4, TNF-a, and NF-kB;
Restored the normal abundance
of Escherichia coli,
Enterococcus. and
Bifidobacterium bacteria.
Reduced the HSC activation
and hepatic fibrosis;

Reduced the MDA levels, while
enhancing the SOD, CAT, and
GSH levels.

Increased the Nrf2 and reduced
the CYP2E1 protein levels.
Reduced the hepatic TBARS
levels;

Induced the protein expression
of Nrf2;

Restored the adequate
Firmicutes/Bacteroidetes ratio.
Reduced the levels of apoptosis
of hepatocytes;

Reduced the levels of oxidative
stress markers;

Enhanced the protein levels of
Nrf2.

Inhibited the IR profile on both
HFD-induced and db/db mice;
Reduced the number of F4/80*
cells on both HFD-induced and
db/db mice;

Reduced the hepatic expression
of Mcp-1, 116, and Tnfa.

Abbreviations: 4-HNE: 4-hydroxynonenal; ABCA1: ATP-binding cassette transporter; ACC: acetyl-CoA carboxylase; ACAT: acetyl-CoA
acetyltransferase; ALT: alanine aminotransferase; AST: aspartate aminotransferase; BITC: benzyl isothiocyanate; CAT: catalase; CCls: carbon
tetrachloride; CGA: chlorogenic acid; CYP2E1: cytochrome P450 family 2 subfamily E member 1; DIM: diindolylmethane; DIO: diet-induced obesity;



FA: fatty acid; FAS: fatty acid synthase; GPx: glutathione peroxidase; GSH: gluthathione; HFD: high-fat diet; HFCD: high-fat-cholesterol diet; HOMA-
IR: homeostatic assessment index of insulin resistance; HSC: hepatic stellate cells; I3C: indole-3-carbinol; 16: interleukin-6; IR: insulin resistance;
LDL: low density lipoprotein; LXR-a: liver X receptor a; MDA: malondialdehyde; MCD: methionine and choline deficient diet; Mcp1: monocyte
chemoattractant protein-1; NEFA: non-esterifed fatty acid; NF-kB (p65): nuclear factor kappa B; Nrf2: nuclear factor-erythroid 2-related factor 2;
pAMPK:: phosphorylated AMP-activated protein kinase; PPARy: peroxisome proliferator-activated receptor gamma; SIRT-1: sirtuin-1; SOD:
superoxide dismutase; SREBP-1c: sterol regulator element-binding protein-1c; TBARS: thiobarbituric acid reactive substances; TG: triglycerides;

TLRA4: toll-like receptor 4; Tnfa: tumor necrosis factor a; ZO-1: zonula occludens-1.



Table 2. Implications of isothiocyanates and phenolic compounds on in vitro NAFLD models

Study

Cell line

Cell origin

Treatment (concentration)

Outcomes

105

109

91

118

1M

17

119

95

120

HepG2

HepG2

3T3-L1

RAW264.7,
primary
adipocytes, and
3T3-L1

RAW264.7

RAW264.7

Caco-2

3T3-L1

HepG2

Human

Human

Mouse

Mouse, human, mouse,
respectively

Mouse

Mouse

Human

Mouse

Human

13C (50 umol/L) for 24 hours.

13C (2.0 or 10.0 pmol/L) for
72 hours.

13C (6.25, 50.0, or 100.0
pmol/L) for 24 hours.

13C (1.0, 10.0, or 100.0
pmoliL) for 24 hours.

I3C (25.0, 50.0 or 100.0
pmol/L) for 24 hours.

DIM (5.0 or 10.0 ymol/L) for

DIM (5.0, 10.0, 20.0, and
40.0 pmol/L), for 24 hours.

DIM (20.0, 40.0, and 60.0
pmoliL), for 6 days (pre-
treatment)

PEITC (5.0 or 10.0 pmollL).

Decreased lipid synthesis
and trafficking;

¢ Inhibited lipogenic activity;

Reduced the mRNA levels of
SREBP-1c and FASN.
Induced Nrf2 translocations
and phosphorylation;
Increased the mRNA levels
of CAT, SOD, GR, and GPx.
Dose-dependent inhibition of
lipid content in adipocytes
and differentiation  of
preadipocytes.
Dose-dependent reduction of
iINOS mRNA levels (co-
culture of RAW264.7 and
primary adipocytes);
Reduced the concentration
of medium IL-6 (co-culture of
RAW264.7 and primary
adipocytes);
Dose-dependent increase of
PPARy mRNA levels (co-
culture of RAW264.7 and
primary adipocytes);
Reduced the lipid content in
3T3-L1 cells.

Reduced the synthesis of IL-
18 and IL-6;

Reduced the
phosphorylation of the IFR3-
IFN-B-STAT1/3 pathway.
Reduced the
phosphorylation of JNK/AP-1
pathway;

Reduced the activity of NF-
KB:

Reduced the protein levels of
TNF-a, IL-6, and IL-1B.
Increased the protein levels
of ZO-1 and occludin.
Inhibited the early stages of
the differentiation process of
pre-adipocytes;

Reduced the lipid content of
adipocytes;

Inhibited lipogenesis-related
proteins, like FAS and
SREBP-1c.

Increased Nrf2 mRNA levels;



e Reduced COX-2 mRNA
levels;
o Reduced p65 NF-kB biding to
DNA and p65 NF-kB nuclear
levels;
o Especially the higher dose
alleviated the PDGF-induced
CGA (12.5,25.0, and 50 collagen and ROS synthesis;
pg/mL), for 24 hours. o Reduced the ROS-mediated
p-38 and p-ERK protein
levels.
o Inhibited the prostaglandin E»
releasing;
CGA (12.5,25.0,and 37.5 e Suppressed the NF-kB and
Mg/mL), 2, 4, 6, and 8 hours. JNK activation;
o Reduced the mRNA levels of
COX-2.
o Upregulated the Nrf2/HO-1
pathway;
¢ Reduced the H20o-
associated oxidative stress.
e Reduced the HO-induced

. . apoptosis;
Cyanidin-3-glucoside (10.0,
103 HepG2 Human 20.0,and 40.0 pmollL), for © estored the levels of
hours (pre-treatment). apoptosis-related  proteins
(cleaved caspase-3 and

BAX).

101 HSC-T6 Rat

121 RAW264.7 Mouse

Delphinidin (10.0, 20.0, 40.0
122 HepG2 Human pmol/L) for 24 hours, or pre-
treatment, for 2 hours.

Abbreviations: AP-1: BAX: Bcl2- associated X protein; CAT: catalase; CGA: chlorogenic acid; COX-2: cyclooxygenase-2; DIM: diindolylmethane; FAS: fatty
acid synthase; GPx: glutathione peroxidase; GR: glutathione reductase; H202: hydrogen peroxide; HO-1: heme oxygenase-1; I3C: indole-3-carbinol; IFR-3:
interferon regulatory factor-3; IL-18: interleukin-18; IL-6: interleukin-6; INF-B: interferon-B; JNK: c-Jun N-terminal kinase; NF-kB (p65): nuclear factor kappa B;
Nrf2: nuclear factor-erythroid 2-related factor 2; pERK: phosphorylated extracellular signal-regulated kinase; PDGF: platelet-derived growth factor; PEITC:
phenethyl isothiocyanate; PPARYy: peroxisome proliferator-activated receptor gamma; PTEIC: phenethyl isothiocyanate; ROS: reactive oxygen species; SOD:
superoxide dismutase; SREBP-1c: sterol regulator element-binding protein-1c; STAT1: signal transducer and activator of transcription 1; STAT3: signal
transducer and activator of transcription 3; TNF-a: tumoral necrosis factor-a; ZO-1: zonula occludens-1.
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Abstract

During the 20t" century, the worldwide population faced dietary shifts and lifestyle-related changes,
contributing to the emerging of nonalcoholic fatty liver disease (NAFLD) and its most severe form,
nonalcoholic steatohepatitis (NASH). Although several efforts, there are no effective therapies for
NAFLD/NASH patients, becoming urgent the development of a reliable experimental model that
resembles the main aspects of the corresponding human disease. For that, we established a fast-inducing
hybrid model (diet- and chemically-induced) of fibrosis-associated NASH in two different mice strains
(C57BL/6J and BALB/c) by associating a western diet protocol (WD) to weekly-increased doses of carbon
tetrachloride [CCls, 0.25-1.50uL/g of body weight (b.wt.)], for 8 weeks. Additionally, we assessed whether
maintaining mice on the WD protocol (additional 6 weeks) would keep NASH traits, after the CCls protocol
ceasing. Only in the C57BL/6J strain, the hybrid protocol caused glucose intolerance, while both strains
featured increased relative liver weight (p<0.0001) Besides, the WD+CCl4 groups featured an increased
NAS grading and a microvesicular steatosis profile (p<0.0001). The hybrid protocol caused extensive
fibrosis (p<0.0001), enhanced the a-smooth muscle actin (a-SMA) levels (p<0.0001), and increased the
number of Ki67* (p<0.0001), CD68* (p<0.0001), and casp3* (p<0.0001) cells in the liver, while increased
the number of CD68+ cells in the adipose tissue of both strains (p=0.0432 and p=0.0004, respectively).
Of note, only BALB/c featured adipocytes hypertrophy (p<0.0001) with an increase in mast cells
(p=0.0083). We also observed reduced levels of Nrf2 in both strains (p<0.0001), while only C57BL/6J
mice featured increased levels of NF-kB (p=0.005), besides a divergent metabolomic profile between

mice strains, suggesting a strain-dependent susceptibility to the hybrid model of NASH.
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Introduction

1. Introduction

Recently, it has been reported that non-alcoholic fatty liver disease (NAFLD), which comprises a
wide spectrum of chronic liver disease, ranging from hepatic steatosis (NAFL) to non-alcoholic
steatohepatitis (NASH), affects almost 25% of the worldwide population and has become the leading
cause of chronic liver disease, whereas it is also projected to become the leading cause of liver
transplantations in the USA [1-3]. On the other hand, NASH features as the most severe form of NAFLD,
affecting around 5% of the global population, and has been appointed as a leading cause of cirrhosis,
while in the UK ~35% of hepatocellular carcinoma patients has been attested as NAFLD-related cases
[4,5]. In parallel, it is predicted that NAFLD-related annual medical care cost for the government
healthcare system is about $103 bi and €35 bi in the USA and Europe, respectively. In addition, NAFLD-
related deaths in industrialized countries should double in the period 2016-2030, suggesting an urgent
need of discovering new preclinical approaches and potentially effective therapies for patients [6-8]. Thus,
enabling the investigation of pivotal steps of NAFLD emergence and progression.

For that purpose, several in vivo and in vitro experimental model has been designed, in order to
mimic some of the NAFLD hallmarks, especially the gut-liver-adipose axis-related disorders, featuring
impaired lipid, carbohydrate, and microbiota metabolism [9]. Seeking a ‘real-life” inducing protocol,
Asgharpour et al. [10] established the diet-induced animal model of NAFLD (DIAMOND), in which animals
were fed a western diet protocol [WD, high-fat chow associated with a high-sugar solution (HSS, 23.1 and
18.9 g/L of fructose and glucose, respectively)] for drinking, for 8-52 weeks, in order to induce NAFLD. Of
note, NASH occurrence was observed after a long period of protocol (only after 52 weeks). On the other
hand, NASH emergence in C57BL/6J mice can be accelerated by associating the WD to intraperitoneal
injections (i.p.) of carbon tetrachloride [(CCls, 0.32ug/g of body weight (b.wt.), 1x week, for 12 weeks],
establishing a short-period model of NASH [11]. The CCls is a well-known hepatotoxin frequently used in

hepatic chronic diseases models as an inducer of hepatic fibrosis and promoter of hepatocarcinogenesis
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[12]. This molecule is metabolized by the hepatic microsomal system, especially by the CYP2E1, which
converts the CCls into CCls* radical, a reactive molecule that induces lipid peroxidation of hepatocytes
and further apoptosis and necrosis, establishing the pro-inflammatory milieu in which NAFLD is
susceptible to emerge and progress to NASH [11,13]. Indeed, a combined protocol of WD and CCls
induced lipid deposition, lobular inflammation, and extensive fibrosis, as well as high transcriptomic
resemblance in comparison to NASH patients, although metabolic disorders were not observed [11].
Then, still urgent to establish an adequate experimental model that resembles traits of the corresponding
disease in a short-period of protocol, in order to unravel the morphological and molecular aspects related
to NASH, as well as discover new potential preclinical strategies.

Thus, our paper aimed at establishing a fibrosis-associated NASH hybrid protocol (diet- and
chemically-induced), evaluating: (1) which mice strain is more susceptible to the hybrid protocol
(C57BL/6J or BALBI/c), (2) the unravel a molecular mechanism associated with NASH development, and

(3) determine the hepatic metabolomic profile of mice submitted to the hybrid protocol of NASH.

Materials and methods

2. Experimental design
Male C57BL/6J and BALB/c mice were fed a WD protocol [chow enriched with fat/sucrose (200g/Kg or
~37.5 and ~17% of total calories; Pragsolugdes Biociéncias, Brazil) and a HSS for drinking [55/45%
weight/weight (w/w) proportion of d-fructose/d-glucose or 23.1 and 18.9g/L diluted in filtered water,
respectively; Dindmica, Brazil], or a basal diet [normocaloric chow (Nuvilab CR-1, Nuvital, Brazil) and tap
water for drinking], for 8 or 14 weeks (Figure 1). The nutritional composition is available in Table 1.

Additionally, CCls and WD+CCls groups received weekly-increased intraperitoneal (i.p.)



Table 1. Nutritional composition of the basal and hyperlipidic chows.
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Dietary nutrients Basal chow Hyperlipidic chow
Protein (g) 220 235
Corn starch (g) 554 202
Sucrose (g) - 202
Soy oil (g) 40
Corn oil (g) - 50
Lard (g) - 200
Fibers (g) 70 50
Mineral mix (g) 90 90
Vitamin mix (g) 10 10
Total (g) 1000 1000
Total (kcall/g) 3456 4806

Nutritional composition of the hypercaloric chow used in the western diet protocol.
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Figure 1. Experimental design. Hybrid-induced model of non-alcoholic steatohepatitis (NASH) protocol in male C57BL/6J or BALB/c mice. Control [standard chow and 3x weekly intraperitoneal
(i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCla, 3x weekly i.p. injections of 10% corn oil solution of CCls, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50
pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and
3x weekly i.p injections of 10% corn oil solution of CCla, with doses of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCl4 and WD+CCls). CO: corn oil;
CCls: carbontetrachloride; E1: first euthanasia timepoint; E2: second euthanasia timepoint; WD: western diet. Representative images were acquired from Servier Medical Art (smart.servier.com).
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injections of a 10% diluted oil solution of CCls (0.25-1.50uL/g of body weight (b.w.), 3x/week) protocol,
for 8 weeks, while control and WD groups received corn oil vehicle, as previously established by our group
[12]. Animals were fasted for 12 hours and then euthanized by exsanguination under ketamine/xylazine
anesthesia (100/16mg/Kg/b.w. i.p.) after 8 (first euthanasia, E1, N = 8 animals/group) or 14 weeks (second
euthanasia, E2, N = 8 animals/group). At E1, the euthanasia occurred 48 hours after the last i.p. injection
of CCls. The blood was collected in heparinized syringes from cardiac puncture, centrifuge (1503xg, 15
min.), and serum samples were collected and stored in -80°C for further analysis. At the necropsy, the
liver was removed, weighted, and then liver samples from the left lobe and adipose tissue (AT) were
collected and fixed in 10% formalin or snap-frozen into liquid nitrogen for further storage at -80°C.
Additional liver samples from left and medial lobes and AT (epidydimal, EAT, retroperitoneal, and
intestinal) samples were collected and stored at -80°C for biochemical and molecular analysis. The
animals were obtained from the School of Veterinary Medicine and Animal Science of the University of
Séo Paulo (FMVZ, USP, S&o Paulo-SP, Brazil) and kept in Botucatu Medical School of the S&o Paulo
State University (FMB, UNESP, Sao Paulo — SP, Brazil) in a room with continuous ventilation, relative
humidity (45-65%), controlled temperature (20-24°C) and light/dark cycle 12:12 hours, with ad libitum
offering of chow and water. Body weight and food/water consumption were recorded once a week during
the experimental period. This experiment was performed under Botucatu Medical School/UNESP Ethics
Committee on Use of Animals (CEUA) approval (Protocol number 1343/2020), and animals received
human care according to the “Guide for the Care and Use of Laboratory Animals” [14].

2. Glucose tolerance test

Four days before the euthanasia, mice were fasted for 12 hours and submitted to a glucose
tolerance test (GTT). Mice were weighted and blood samples were collected from the caudal vein, in order
to measure the glucose level in an automatic glucometer (Accu-Chek, Roche, Germany). Further, animals
received an i.p. injection of a water-diluted d-glucose solution (2 g/Kg b.w.) (Dindmica, Brazil). Glucose

levels were measured following 30, 60, 90, and 120 min. after the injection [15].
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3. Histological analysis

The liver samples from the left lobe and the EAT fixed in 10% formalin were embedded in paraffin.
Then, 5-8um thick sections were obtained and disposed on regular or polarized glass slides, and further,
liver sections were stained with Hematoxylin & Eosin (H&E) or Sirius Red, while EAT sections were
stained with Toluidine Blue (0.05%, pH 4.0). Additionally, liver and EAT sections were submitted to
immunohistochemistry assay. Also, 10um thick liver sections were obtained from snap-frozen (-80°C)
samples embedded in Optimal Cutting Temperature medium (Tissue-Trek, USA) for Oil Red staining
(Sigma Aldrich, USA).

3.1Evaluation of Non-alcoholic Fatty Liver Diseases Activity Score and Fibrosis

The liver sections stained with H&E were used for evaluating the NAFLD Activity Score (NAS),
according to previously established criteria [16], while sections stained with Oil Red were used to evaluate
lipid deposits. Photomicrographs of 10 randomly-selected fields/animal (200x magnification, software
CellSense, Olympus Corporation, Japan). Photomicrographs of 5 randomly selected fields/animal
sections stained with Oil Red were acquired for morphometric analysis to evaluate the lipid deposit (%) in
the liver sections. Similarly, photomicrographs of 10 randomly selected fields/animals were acquired to
perform the morphometric analysis to evaluate the total area filled with collagen deposit (%) in the liver
from sections stained with Sirius Red.

3.2 Morphometric analysis of adipocytes and mast cells counting

Five-micron thickness EAT sections, stained with H&E and toluidine blue (Sigma Aldrich, USA),
were used for evaluating the number/mm? of adipocytes and its occupied area (%), and mastocytes
infiltration (number of mastocytes/mm?), respectively, as established previously [17]. For that,
photomicrographs of 10 randomly selected fields were acquired (200x magnification, software CellSense,
Olympus Corporation, Japan) and analyzed by the software ImageJ (NIH, USA). For adipocyte analysis,
the extension Adiposoft, from Image J (NIH, USA) was used.

3.3 Immunohistochemistry
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Semiquantitative analysis of immunoreactivities for Ki67 (i.e., a marker for cellular proliferation),
CD68 (i.e., a marker of macrophages), a-smooth muscle actin (a-SMA) (i.e., a marker of active hepatic
stellate cells, HSC), and cleaved caspase-3 (casp3) (i.e., a marker of apoptotic cells) were performed in
liver sections. In EAT sections, the immunohistochemistry reactions to CD68 were performed.
deparaffinated five-micron sections in silane-covered slides were submitted to antigen retrieval in 0.01M
citrate buffer (pH 6.0, 120°C, 5 min) in a Pascal Pressure Chamber (Dako Cytomation, Denmark). Then,
a blockade of endogenous peroxidase and nonspecific bindings with 10% H20- in phosphate-buffered
saline (PBS) (15 min.), followed by treatment with skim milk (60 min.) and overnight incubation in a
humidified chamber (4°C) with Ki67 (MA5-14520, 1:200 dilution, ThermoFisher, USA), CD68 (ab125212,
1:1000 dilution, Abcam, UK), a-SMA (ab124964, 1:500 dilution, Abcam, UK), and cleaved caspase-3
(5A1E, 1:50, dilution, Cell Signaling, USA) antibodies diluted in 1% bovine serum albumin solution were
performed. After three wash-steps with PBS (5 min. each), slides were incubated with a single 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.

Photomicrographs of 10 randomly-selected fields/animal (200x magnification, software CellSense,
Olympus Corporation, Japan) from liver sections immunostained for a-SMA were acquired and % positive
area marker was performed with software Leica Qwin (Leica Biosystems, Germany), by calculating the
total area filled by a-SMA (%). Similarly, CD68, Ki67 (in the liver and EAT), and casp3 analysis were
performed by acquiring photomicrographs of 10 randomly selected fields/animal (200x magnification,
software CellSense, Olympus Corporation, Japan). Then, the mean number of CD68 positive
macrophages and Ki67 and cleaved caspase-3 positive (Ki67+ and casp3*, respectively) hepatocytes
were expressed by area analyzed (mm?) using the software Imaged (NIH, USA).

4. Protein extraction and western blotting

Liver samples from the left lobe (~100mg) and stored in -80°C were homogenized in RIPA buffer

(Cell Signaling, USA) with the addition of 1.0% of a protease inhibitor cocktail (Sigma Aldrich, USA), in a
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proportion of 30mg of tissue/100uL of buffer for the following pulverizing step with a Polytron mixer
(Thermo Fisher Scientific, USA) (25,000 rpm, 10 seg.). After that, the samples were stored at 4°C for 2
hours, and then, centrifuged (10,000g, 4°C, 30 min.). The supernatant was collected for further protein
quantification, by the Bradford assay. For the western blotting essays, 10uL of the liver homogenate (total
protein concentration of 7jug/uL) were mixed to the same volume of Laemmili buffer (2.5mM Tris, 2.0%
SDS, 10.0% glycerol, 0.01% of bromophenol blue, and 5.0% of 2-mercaptoethanol, and heated (95°C, 5
min.). Then, samples were submitted to an electrophoresis run in 10.0% SDS-PAGE gel and transferred
to a nitrocellulose membrane (Bio-Rad Laboratories, USA) for immunodetection. Membranes were
submitted to a blockage of non-specific protein binding in a 5.0% skim milk solution diluted in tris-tween
solution (TBS-T, 1M tris, 5M NaCl, pH 7.2, 500uL tween-20) for 1 hour. After the blockage, 3 washing
steps (5 min.) were done, and membranes were overnight incubated with anti-Nrf2 (PA5-27282, ~95-110
kDa, 1:1000, Thermo Scientific, USA), anti-NF-kB (p65) (sc-372, 65 kDa, 1:1000, Santa Cruz,
Biotechnology, USA) antibodies and anti-B-actin (endogenous control, sc- 1615, ~43kDa, 1:1000, Santa
Cruz Biotechnology, USA) diluted in TBS-T. After that, 5 washing steps were done, and membranes were
incubated with anti-rabbit (ab7621, 1:3000, Abcam, UK) and anti-goat (ab 97110, 1:3000, Abcam, UK)
secondary antibodies for 2 hours. Membranes were exposed to ECL Clarity Max (Bio-Rad Laboratories,
USA) forimmunodetection in a G:BOX Chemi System (Syngen, UK), with the software GeneSys (Syngen,
UK). The quantification step was done in the software Imaged (NIH, USA), and the interest protein
expression was normalized by the endogenous control expression.

5. Metabolomic analysis

Hepatic samples (~200mg) stored at -80°C were used for the global metabolite identification, by
adding chloroform/methanol/distilled water (1:2:1 proportion) and a ceramic grinding sphere for tissue
preparation. Then, a FastPrep (MP Biomedicals, USA) was used for tissue grinding and homogenization
(1 min.), followed by a centrifuge process (1500g, 15 min., 4°C) for hydroalcoholic phase acquirement.

Samples were concentrated in a SpeedVac Vacuum Concentrator (Thermo Fisher Scientific, USA)
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overnight and then, stored at -80°C. Following, samples were analyzed by a nuclear magnetic resonance
(NMR) assay (NMR 500/54 Premium Shielded, Agilent Technologies, USA), in order to identify the
metabolomic profile of samples. Finally, a partial least square discriminant analysis (PLS-DA), followed
by the variable importance in projection (VIP) score determination (only VIP score > 1.5 were
considered).

6. Statistical analysis

The GTT data were used to draw a glycemic curve and the area under the curve (AUC) was
measured, and analyzed by two-way ANOVA, while the score data were evaluated by the non-
parametrical Kruskal-Wallis test and a post hoc Tukey'’s test. The metabolomic profile was analyzed by
the PLS-DA, followed by the VIP score determination. The other collected data were analyzed by one-
way ANOVA or Kruskal-Wallis, followed by a post hoc Tukey's test. Differences were considered
significant when p<0.05. Data were presented as meanz standard deviation (S.D.) or box plot and were

analyzed with the software GraphPad Prism 6.01 (GraphPad, USA)

Results

7. General findings

In both mice strains, the WD-receiving groups displayed decreased chow consumption and
enhanced HSS consumption (Figure 2), compared to the control and CCls groups. Otherwise, the CCls-
receiving groups featured reduced final body weight compared to the WD group at E1 (p<0.0001 and
p=0.029, respectively), (Table 2) [12]. Indeed, ceasing the CCls protocol enables the body weight
reestablishment, as observed at E2 groups (Table 2), a CCls-dependent effect of hepatotoxicity and
weight loss. At the necropsy, we observed that the liver of all mice fed WD showed a yellowish aspect, at
both E1 and E2 timepoint, whereas a rough surface aspect was observed in CCls-receiving groups at E1,

compared to the smooth characteristic observed in control groups (Figure 3).
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Figure 2. Effects of the hybrid protocol of NASH over chow and HSS consumption in C57BL/6J and BALB/c mice. (A, B, C, and D) Animals were weighted and their chow and HSS consumption was measured
1x/week, during 14 weeks. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCls, 3x weekly i.p. injections of 10% corn oil solution of CCls, with doses of
0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCl4 (chow enriched with
fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCls, with doses of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCI4 and WD+CCls). E1:
first euthanasia timepoint; E2: second euthanasia timepoint. The data are expressed in mean+standard deviation, and were analyzed by One-Way ANOVA, and Tukey pos-hoc test.



Table 2. Effects of hybrid NASH model on final body weight, and absolute and relative liver and fat weights of C57BL/6J or BALB/c mice.
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Parameters C57BL/6J
E1 E2
Control CCl4 WD WD+CCl4 Control CCl4 WD WD+CCl4
Final body weight (g) 26.6 + 2.50%c 22.5+ 1.500 29.4 £+ 3.002 26.2 + 1.60¢ 284 +2.20 259+ 2.80 26.0 +£3.10 282+ 1.20
Absolute liver weight (g) 1.07 £+ 0.0920 1.15 + 0.122 0.95 4+ 0.13v 1.10 £ 0.11a0 1.08 + 0.122 1.13 £ 0.152 0.80 £+ 0.05° 0.99 + 0.112
Relative liver weight (%) 3.85 + 0.28¢ 5.09 + 0.512 3.23 + 0.36¢ 4.20 + 0.28° 3.82 + 0.44b 4.38 + 0.282 3.08 + 0.26¢ 3.52 £ 0.37be
Total fat weight (g)* 0.35 + 0.100 0.36 + 0.05 1.05 + 0.462 0.58 + 0.180 0.52 + 0.09° 0.33 +0.08° 1.15 + 0.462 0.59 + 0.21°
Relative total fat weight (%) 1.34 + 0.41b 1.59 £+ 0.23° 3.54 +1.322 2.24 +0.77° 1.84 +0.35° 1.26 £+ 0.24° 4.31 + 1.24a 2.08 £ 0.710
Absolute epidydimal fat weight (g) 0.11 £ 0.050 0.12 + 0.030 0.47 + 0.262 0.26 + 0.110 0.23 £ 0.04bc 0.10 £ 0.04¢ 0.61 + 0.232 0.28 + 0.110
Absolute retroperitoneal fat weight (g) 0.03 +0.03v 0.06 + 0.01b 0.28 + 0.122 0.11 + 0.06b 0.08 + 0.03v 0.06 £+ 0.03v 0.30 + 0.172 0.14 + 0.06°
Absolute intestinal fat weight (g) 0.21 +0.03v 0.17 4+ 0.05b 0.31 + 0.122 0.20 + 0.05b 0.21+0.03 0.17 + 0.04 0.23 +£0.07 0.16 + 0.05
BALB/c
E1 E2
Control CCly wD WD+CCl4 Control CCl4 WD WD+CCl4
Final body weight (g) 28.2 +1.102 25.3 +1.20b 28.9 +1.102 25.0 + 2.00v 30.0 + 1.402 27.2 +2.300 31.2 +£2.902 30.4 £+ 1.602
Absolute liver weight (g) 125+ 0.10 1.59 + 0.152 1.19 +1.100 1.43 + 0.272 1.21 £+ 0.082 1.23 £ 0.172 112 £ 0.11° 1.40 + 0.182
Relative liver weight (%) 443 +0.40° 6.30 + 0.572 412 +0.27° 573+ 0.872 4.04 +0.26° 4.50 £+ 0.332 3.58 + 0.130 4.60 + 0.442
Total fat weight (g)* 0.53 +0.18v 0.32 + 0.08¢ 1.10 £+ 0.252 0.27 + 0.13¢ 0.51 £ 0.17° 0.28 £+ 0.08v 1.61 £ 0.472 0.57 + 0.25°
Relative total fat weight (%) 1.87 + 0.64° 1.24 + 0.300c 3.77 £ 0.742 1.05 + 0.45¢ 1.72 + 0.60° 1.04 + 0.24 510 £+ 1.112 1.86 + 0.79°
Absolute epidydimal fat weight (g) 0.24 + 0.12b 0.11 £ 0.07v 0.59 + 0.122 0.13 £+ 0.090 0.27 £+ 0.06° 0.08 £+ 0.040 0.09 + 0.292 0.27 + 0.150
Absolute retroperitoneal fat weight (g) 0.04 +0.00 0.03 +0.020 0.13 4+ 0.062 0.03 +0.01® 0.05 4+ 0.02bc 0.02 + 0.02¢ 0.28 + 0.072 0.08 + 0.06°
Absolute intestinal fat weight (g) 0.25 + 0.07v 0.18 £ 0.04be 0.37 + 0.092 0.12 4+ 0.05¢ 0.25 + 0.07° 0.18 4 0.04bc 0.37 + 0.092 0.17 £+ 0.05¢

Data are mean + S.D. n = 5-6 (control and WD) or 8-10 (CCls and WD+CCls) mice/group. *Sum of absolute epidydimal, retroperitoneal and intestinal fat weights. Different letters correspond to statistical differences
among groups by ANOVA and post hoc Tukey test (p<0.05), and the statistical tests were made between timepoints of the same strain. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil
vehicle]; carbon tetrachloride [CCls, 3x weekly i.p. injections of 10% corn oil solution of CCls, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat
(20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCls, with doses of 0.25uL/g

b.w. increased utmost of 1.50 yL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCl4 and WD+CCls).
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Figure 3. Effects of hybrid model of NASH on the hepatic macroscopic overview in C57BL/6J and BALB/c mice. Macroscopic overview. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of
corn oil vehicle]; carbon tetrachloride [CCls, 3x weekly i.p. injections of 10% corn oil solution of CCls, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 puL/g b.w.]; western diet [WD, chow
enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCls,
with doses of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCl4 and WD+CCls). E1: first euthanasia timepoint; E2: second euthanasia timepoint.



33

Accordingly, the CCls administration increased the total and relative weight of the liver (p<0.0001) (Table
2), and only WD groups featured increased total (sum of the AT weight) and relative fat weight (p<0.0001)
at both timepoints and strains (Table 2). In these terms, the hybrid protocol of NASH contributed to the
establishment of the macroscopic aspects observed in the liver of the WD+CCls group.

8. The hybrid protocol induces a strain-dependent glucose intolerance profile

At E1, in the C57BL/6J strain, the WD and WD+CCls4 groups featured a higher AUC and a rising
trend compared to control and CCls groups (~23.9 and 36,1%, respectively), with a higher glucose level
at 60 and 90 min. (p<0.0001) (Figure 4). Conversely, in the BALB/c strain, only WD mice displayed a
higher AUC among the groups, marked by an increased glucose level at 30 and 60 min. (p=0.0122)
(Figure 4). At the E2 timepoint, there was no difference in the AUC among groups of the C57BL/6J mice.
Differently, ceasing the CCls protocol lead BALB/c mice to develop a glucose intolerance profile,
compared to the control group. Data suggest that the induction of glucose intolerance by the hybrid
protocol acts in a strain-dependent manner, probably due to C57BL/6J high susceptibility to metabolic
disorders, during the hybrid protocol of NASH [18].

9. The hybrid protocol enhances NAS grading
Although hepatocellular hypertrophy was not observed, after 8 weeks of hybrid protocol, C57BL/6J

and BALB/c mice featured an extensive microvesicular steatosis profile and fibrosis, besides the frequent
occurrence of centrilobular inflammation, lobular inflammation, and hepatocellular ballooning (Figure 5).
Additionally, we observed a similar grading of inflammatory foci in both strains (p=0.0001 and p=0.0012,
respectively) (Table 3) (Figure 6), but only C57BL/6J mice featured a rising trend of the microvesicular
steatosis grade compared to the WD group (Table 3) (Figure 6), while BALB/c mice displayed a similar
grading to the strain-corresponding WD group (p=0.0013) (Table 3) (Figure 6). Accordingly, in both
strains, WD+CCls groups displayed enhanced NAS final grade compared to control and WD groups
counterparts (p<0.0001 and p=0.0004, respectively) (Table 3) (Figure 6). Moreover, the CCls protocol
induces the frequent occurrence of hepatocellular ballooning only in C57BL/6J mice (p=0.0001) (Table 3)

(Figure 6).
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Figure 4. Effects of hybrid model of NASH in the glucose tolerance test (GTT) of C57BL/6J and BALB/c mice. The blood glucose levels were measured in different timepoints (0, 30, 60, 90, and 120 min.) by a
glucometer and the area under the curve was measured and plotted. Different letters correspond to significative differences among the groups in each timepoint or total AUC. The data were analyzed by Two-way
ANOVA and pos hoc Kruskal-Wallis test. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections of 10% corn oil solution of

CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of com oil vehicle]; WD+CCl4
(chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCI,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control and WD) or 7-9
(CCls and WD+CCI,). E1: first euthanasia timepoint; E2: second euthanasia timepoint.
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Figure 5. Effects of hybrid model of NASH in C57BL/6J and BALB/c mice. Representative photomicrographs (40x objective, scale bar=20um) of morphologic features considered in NAS analysis in C57BL/6J
or BALB/c mice, stained with hematoxilin and eosin (H&E). Dotted outlines indicating inflammatory foci, filled arrows indicates microvesicular steatosis, dotted arrow indicates macrovesicular steatosis, and
unfilled arrows indicates hepatocellular ballooning. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCls, 3x weekly i.p. injections of 10% corn
oil solution of CCls, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn
oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCls, with doses of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.); n = 5-
6 (control and WD) or 7-9 (CCls and WD+CCls).
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Table 3. Effects of the hybrid model of NASH on nonalcoholic fatty liver disease activity score (NAS, sum of macrovesicular and microvesicular steatosis, hepatocellular
hypertrophy, and inflammatory foci scores) and hepatocellular ballooning in C57BL/6J and BALB/c mice.

C57BL/6J
Parameters E1 E2
Control CCl4 wD WD+CCl, Control CCly ] WD+CCl,
Macrovesicular steatosis (0-3) 0 (0;0) 0 (0;0) 0 (0;0) 0(0;0) 0(0;0) 0(0;0) 0(0;0) 0(0;0)
Microvesicular steatosis (0-3) 0 (0;0) 0 (0;0) 0(1.0;1.0)2 2.0 (2.0;2.0)2 0 (0;0) 0 (0;0) 1.3(1.0;1.9) 1.0 (0.0;1.0)a0
Hepatocellular hypertrophy (0-3) 0 (0;0) 0 (0;0) 0 (0;0) 0(0;0) 0(0;0) 0(0;0) 0 (0;0) 0(0;0)
Inflammatory foci (0-3) 0 (0;0)° 2.0 (1.8;2.0)2 0 (0;0)° 1.5(1.0;2.0)2 0(0;0) 1.0 (0.8;1.0) 3(0.0;0.5) 0.5 (0.4;1.0)
Hepatocellular ballooning* 0£0p 3.2+ 162 0t0p 29+ 1.8 0+£0 0+£0 0+0 0+£0
NAFLD activity score (0-12) 0 (0;0) 2.0(2.0;2.8) 0 (0;0.8) 2.8 (2.0,4.7) 0 (0;0) 1.0 (0.8;1.0)2b 8(1.5;2.3) 1.3(0.8;1,7)a0
BALB/c
E1 E2
Control CCly wD WD+CCl, Control CCly wD WD+CCl4
Macrovesicular steatosis (0-3) 0 (0;0) 0 (0;0) 0.3 (0;0.5)2 0(0;0.5) 0 (0;0) 0 (0;0) 1.0 (0.6;1.8)2 0(0;1.0)
Microvesicular steatosis (0-3) 1.0 (1.0;1.0) 0(1.0;1.0)0 3.0(3.0;3.0)2 3.0(3.0;3.0)2 0 (0;0) (0;0)0 1.0 (0.6; 1.0)2 0.3 (0;1.0)20
Hepatocellular hypertrophy (0-3) 0(0;0) 0(0;0) 0(0;0) 0 (0;0) 0 (0;0) 0 (0;0) 0(0;0) 0(0;0)
Inflammatory foci (0-3) 0 (0;0)° 1,3(0.8;1.5) 0 (0;0)° 0.5 (0.5;1.0)20 0(0;0) (0;0) 0(0;0) 0.0 (0.0;0.5)
Hepatocellular ballooning* 00+0.0 03400 0.00 + 0.00 06+08 0.0 £0.00 00+00 00+0.0 00+0.0
NAFLD activity score (0-12) 0 (0;0)° 1.5 (0;1.5)20 1.3 (1.0;1.5)a0 4 (4.0;4.0) 0 (0;0)° 0 (0;0)° 2.5(1.3;3.0)2 0.8 (0.4;1.6)2

Table 2. Parameters were analyzed by Kruskall-Wallis and post-hoc Dunn’s test, or One-Way ANOVA and post-hoc Tukey’s test, and data were expressed as median and first and third quartile, or mean + standard
deviation (S.D) (¥), respectively, according to mice strain and timepoint. The data were analyzed by Two-way ANOVA and pos hoc Kruskal-Wallis test. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections
of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections of 10% corn ol solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched

with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl , with doses of

0.25pL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl,).
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Figure 6. Effects of hybrid model of NASH in C57BL/6J and BALB/c mice. Representative photomicrographs (20x objective, scale bar=50um)
hematoxilin and eosin (H&E). Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCl,, 3x weekly i.p. injections of 10% corn oil solution of CCI,,
with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle];
WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control

and WD) or 7-9 (CCls and WD+CCl,).
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Although mild microvesicular steatosis was still observed in the WD+CCl, at E2 of both strains
(p=0.002 and p=0.0024, respectively) (Table 3) (Figure 6), the inflammatory foci grading and the
occurrence of hepatocellular ballooning strikingly decreased after ceasing the Cls protocol, and a
difference among groups was not observed. Hence, the NAS grading in the WD+CCI4E2 groups of both
strains also decreased and was similar to WD and CCls groups (p=0.003 and p=0.0018, respectively)
(Table 3) (Figure 6), suggesting that the CCls exerts remarkable activity as an accelerator of NASH
establishment and progression when combined with the WD protocol.

10.The hybrid protocol enhances lipid and collagen deposition and HSC activation

Since the WD protocol failed to maintain the morphological aspects of NASH at the E2 timepoint,
only the E1 timepoint (both strains) was chosen for assessing the lipid deposit. The WD+CCl4 group of
C57BL/6J strain featured a moderate/severe steatosis profile, while a severe steatosis profile was
observed in both WD+CCls and WD BALB/c mice. Accordingly, the analysis of oil red-stained sections
confirmed the effects observed in H&E-stained sections, by assessing that the NASH-inducing protocol
enhanced the lipid deposit in C57BL/6J mice (p<0.0001), but not in BALB/c mice since both WD+CCl4
and WD groups featured similar levels of lipid droplets in the hepatic parenchyma (p<0.0001) (Figure 7).
In parallel, we observed that the hybrid protocol enhances the deposit of collagen independently of mice
strain (p<0.0001) at E1 (Figures 8 and 9). Surprisingly, after ceasing the CCls, only the WD+CCls group
of BALB/c mice displayed an enhanced deposit of collagen compared to other groups (p<0.0001) (Figure
9), in contrast to C57BL/6J mice, whose WD+CCls and CCls groups of C57BL/6J mice featured similar

levels of collagen deposition (p<0.0001) (Figure 8).
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Figure 7. Effects of hybrid model of NASH over the lipid deposition in C57BL/6J and BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections stained with oil red-O
solution. (B) Semiquantitative analysis of lipid deposition (% of oil red staining area) in hepatic sections of C57BL/6J and BALB/c mice. Different letters correspond to statistical differences among groups. Data
were analyzed by One-way ANOVA and pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle];
carbon tetrachloride [CCI,, 3x weekly i.p. injections of 10% corn oil solution of CCI,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat

(20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weeKly i.p injections of 10% corn oil solution of CCl,, with doses
of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.); n = 6 (control and WD) or 6 (CCls and WD+CCl,).
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Figure 8. Effects of hybrid model of NASH over the collagen deposition in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections stained with sirius red. (B) Semiquantitative
analysis of collagen deposition (% of sirius red area) in hepatic sections of C57BL/6J mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc
Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections of

10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn

oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn il solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.); n = 5-6 (control
and WD) or 7-9 (CCls and WD+CCl,).
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Figure 9. Effects of hybrid model of NASH over the collagen deposition in BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections stained with sirius red. (B) Semiquantitative
analysis of collagen deposition (% of sirius red area) in hepatic sections of BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc
Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections of

10% corn oil solution of CCI,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn

oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control
and WD) or 7-9 (CCls and WD+CCl,).



42

In order to understand the underlying mechanism related to collagen synthesis and further
deposition, we assessed the immunoreactivity for a-SMA, indicative of HSC activation. In agreement with
the sirius red data, we observed that the hybrid protocol of NASH enhanced the levels of a-smooth muscle
actin (a-SMA) independently of the mice strain (p<0.0001) (Figures 10 and 11). Additionally, after ceasing
the CCls protocol, the C57BL/6J WD+CCls mice maintained the increased levels of a-SMA (p<0.0001)
(Figure 10), while the BALB/c WD+CCls group featured a rising trend compared to other groups
(p=0.0009) (Figure 11). Taken together, we provide evidence that the hybrid protocol enhances the
activation of HSC, due to both the lipotoxicity and hepatocellular injuries caused by lipid accumulation and
CCls-induced lipid peroxidation, leading to enhanced collagen deposition.

11.The hybrid protocol enhances the number of Ki67+, casp3*, and CD68* cells
We observed that the CCls-induced groups increased the number of Ki67+ cells in C57BL/6J

(p<0.0001) (Figure 12), whereas the hybrid protocol enhanced the number of Ki67+ cells in the hepatic
parenchyma of BALB/c mice (p<0.0001) (Figure 13). Conversely, after ceasing the CCls protocol, only
C57BL/6J mice featured an increased number of Ki67+ cells (p<0.0001) (Figure 12). Additionally, after 8
weeks of protocol, the CCls-receiving groups of C57BL/6J mice showed an increased number of casp3+
cells (p<0.0001) (Figure 14), whereas the hybrid protocol enhanced the number of casp3+ cells in BALB/c
mice (p<0.0001) (Figure 15). Surprisingly, after the stopping CCls protocol, an increased number of
casp3+ cells were still observed in CCls and WD+CCls groups in both strains (p=0.0007 and p=0.0003,
respectively) (Figures 14 and 15). Moreover, the hepatic resident macrophages, or Kupffer cells (KC),
and monocyte-derived macrophages (MDM) have been suggested as pivotal cells involved in the

steatosis transition to NASH, due to its capacity to exert pro-oxidant/inflammatory activities.
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Figure 10. Effects of hybrid model of NASH over the a-smooth muscle actin (a-SMA) expression in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections immunoreacted
for a-smooth muscle actin (a-SMA). (B) Semiquantitative analysis of a-SMA expression (% of a-SMA area) in hepatic sections of C57BL/6J mice. Different letters correspond to statistical differences among groups.
Data were analyzed by One-way ANOVA and pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle];
carbon tetrachloride [CCI,, 3x weekly i.p. injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%)

and sucrose (20%) and 3x weekly i.p. injections of com oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCI,, with doses of 0.25uL/g

b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl,).
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Figure 11. Effects of hybrid model of NASH over the a-smooth muscle actin (a-SMA) expression in BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections immunoreacted
for a-smooth muscle actin (a-SMA). (B) Semiquantitative analysis of a-SMA expression (% of a-SMA area) in hepatic sections of BALB/c mice. Different letters correspond to statistical differences among groups.
Data were analyzed by One-way ANOVA and pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle];
carbon tetrachloride [CCI,, 3x weekly i.p. injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%)

and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCI4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g

b.w. increased utmost of 1.50 uL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl ).
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Figure 12. Effects of hybrid model of NASH over the number of hepatic Ki67+ cells in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections immunoreacted for Ki67+. (B)
Semiquantitative analysis of the number of Ki67+ cells in hepatic sections of C57BL/6J mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc
Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn il vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections of

10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of comn
oil vehicle]; WD+CCla (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% comn oil solution of CCI,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control
and WD) or 7-9 (CCls and WD+CCl,).
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Figure 13. Effects of hybrid model of NASH over the number of hepatic Ki67+ cells in BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections immunoreacted for Ki67+. (B)
Semiquantitative analysis of the number of Ki67+ cells in hepatic sections of BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc
Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCl,, 3x weekly i.p. injections of

10% corn oil solution of CCI,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn
oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control

and WD) or 7-9 (CCls and WD+CCI,).
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Figure 14. Effects of hybrid model of NASH over the number of hepatic casp3+ cells in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections immunoreacted for casp3+
.(B) Semiquantitative analysis of the number of casp3+ cells in hepatic sections of C57BL/6J mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and
pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCl,, 3x weekly i.p.

injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p.
injections of corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.);
n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl,).
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Figure 185. Effects of hybrid model of NASH over the number of hepatic casp3* cells in BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections immunoreacted for casp3+. (B)
Semiquantitative analysis of the number of casp3+ cells in hepatic sections of BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc
Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCl,, 3x weekly i.p. injections of

10% corn oil solution of CCI,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn
oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control
and WD) or 7-9 (CCls and WD+CCl,).
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The hybrid protocol of NASH increased the number of CD68+ cells. Kinoshita et al. [19] described
that the membrane receptor CD68 enables the identification of KC the fraction which exerts phagocytic
and enhanced ROS-producing activity. Indeed, a strain-dependent response was observed, since, after
8 weeks of hybrid protocol, only C57BL/6J mice featured an enhanced number of hepatic CD68* cells
(p<0.0001) (Figure 16), compared to other groups, while CCls-induced mice displayed an increased
number of CD68+ cells in BALB/c mice (p<0.0001) (Figure 17). Surprisingly, after CCls-ceasing, WD+CCls
groups of both C57BL/6J and BALB/c mice still featured an increased number of CD68* cells compared
to the respective control groups (p=0.003 and p<0.0001, respectively) (Figure 16 and 17). Thus, we
suggest that the pro-oxidant and lipotoxic hepatic milieu modulates hepatocytes phenotypical profile,
leading to the CD68+ cells recruitment, and triggering death-related pathways that might contribute to
NASH establishment and progression.

12.The hybrid protocol enhances the hypertrophy of adipocytes and the number of CD68*
and mast cells

Only in the WD+CCls group of BALB/c mice (p<0.0001), we observed the occurrence of the hypertrophy
of adipocytes, compared to the control group (Figures 18 and 19), suggesting different AT stress-induced
responses between the strains. Additionally, the hybrid protocol enhanced the number of CD68* cells in
both C57BL/6J and BALB/c mice (p=0.0432 and p=0.0004, respectively) (Figures 20 and 21), although
only C57BL/6J mice still featured an increased number of CD68+ cells after CCl4 ceasing (p<0.0001)
(Figure 21). Although both strains featured higher levels of CD68* cells and hence, inflammation, only in
BALB/c mice, the hybrid protocol enhanced the number of mast cells (MC) (p=0.0083) compared to other
groups (Figures 22 and 23). After the CCls-ceasing, a higher number of MC was not observed in both

strains.
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Figure 16. Effects of hybrid model of NASH over the number of hepatic CD68* cells in C57BL/6J mice. (A) Representative photomicrographs (40x objective, scale bar=50um) of sections immunoreacted for CD68*.
(B) Semiquantitative analysis of the number of CD68* cells in hepatic sections of C57BL/6J mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and
pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p.

injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p.

injections of com oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.);
n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl,).
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Figure 17. Effects of hybrid model of NASH over the number of hepatic CD68* cells in BALB/c mice. (A) Representative photomicrographs (40x objective, scale bar=50um) of sections immunoreacted for CD68* (B)
Semiquantitative analysis of the number of CD68* cells in hepatic sections of BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc
Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections of
10% corn oil solution of CCI,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.J; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of comn

oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control
and WD) or 7-9 (CCls and WD+CCl,).
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Figure 18. Effects of hybrid model of NASH over the hypertrophy of adipocytes in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections stained with H&E. (B)
Semiquantitative morphometric analysis of the hypertrophy of adipocytes in C57BL/6JJ mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos
hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections

of 10% comn oil solution of CCI,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of
corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 56
(control and WD) or 7-9 (CCls and WD+CClI)).
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Figure 19. Effects of hybrid model of NASH over the hypertrophy of adipocytes in BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections stained with H&E. (B)
Semiquantitative morphometric analysis of the hypertrophy of adipocytes in BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc
Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCly, 3x weekly i.p. injections of

10% corn oil solution of CCly, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of
corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCly, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6

(control and WD) or 7-9 (CCls and WD+CCly).
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Figure 20. Effects of hybrid model of NASH over the number of hepatic CD68+ cells in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of immunoreacted sections for CD68.
(B) Semiquantitative morphometric analysis of the hypertrophy of adipocytes in C57BL/6J mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos
hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections

of 10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of
corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6
(control and WD) or 7-9 (CCls and WD+CCI,).
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Figure 21. Effects of hybrid model of NASH over the number of hepatic CD68+ cells in BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of immunoreacted sections for CD68+
cells. (B) Semiquantitative morphometric analysis of the hypertrophy of adipocytes in BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and
pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCl,, 3x weekly i.p.

injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p.
injections of corn oil vehicle]; WD+CCI4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 uL/g b.w.);
n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl,).
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Figure 22. Effects of hybrid model of NASH over the number of mast cells in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections stained with toluidine blue. Dotted
ciricles indicate the mast cells. (B) Semiquantitative morphometric analysis of the hypertrophy of adipocytes in C57BL/6J mice. Different letters correspond to statistical differences among groups. Data were analyzed
by One-way ANOVA and pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride
[CCl,, 3x weekly i.p. injections of 10% corn oil solution of CCI,, with doses of 0.25uL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%)

and 3x weekly i.p. injections of cor oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost
of 1.50 pL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl,).
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Figure 23. Effects of hybrid model of NASH over the number of mast cells in BALB/c mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of sections stained with toluidine blue. Dotted ciricles
indicate the mast cells. (B) Semiquantitative morphometric analysis of the hypertrophy of adipocytes in BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-
way ANOVA and pos hoc Tukey test, and it were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of com oil vehicle]; carbon tetrachloride [CCI,, 3x
weekly i.p. injections of 10% corn oil solution of CCI,, with doses of 0.25pL/g of body weight (b.w.) increased utmost of 1.50 pL/g b.w.]; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x

weekly i.p. injections of corn oil vehicle]; WD+CCl4 (chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCI,, with doses of 0.25uL/g b.w. increased utmost of 1.50
ML/g b.w.); n = 5-6 (control and WD) or 7-9 (CCls and WD+CCl,).
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13.The hybrid protocol reduces the protein levels of Nrf2 but enhances NF-kB

Since our data suggest that the hybrid protocol, but not WD protocol maintenance after CCls-
ceasing, demonstrates the morphological features observed in patients and other experimental models,
we only assessed by western blotting the E1 timepoint. In both C57BL/6J and BALB/c mice, the hybrid
protocol decreased the nuclear factor-erythroid 2-related factor 2 (Nrf2) levels (p<0.0001) (Figure 24).
Additionally, we assessed the protein levels of the nuclear factor kappa B (NF-kB) (p65). Surprisingly,
only C57BL/6J mice featured enhanced levels of NF-kB (p=0.0050) (~33% compared to the control
group), while BALB/c mice do not, suggesting that exists a different response to the hybrid protocol
according to mice strain.

14.The hybrid protocol of NASH modulates the hepatic metabolic profile

Considering the VIP score, the WD+CCls group of C57BL/6J mice featured increased levels of
valine and decreased levels of tyrosine (Figure 25). Conversely, the WD+CCls BALB/c mice displayed
increased levels of tyrosine, while decreased levels of lactate and inosine 5'-monophosphate (IMP),
compared to control the corresponding group, was observed (Figure 26). Additionally, we established a
comparative analysis among mice strain (between WD+CCls groups, only) (Figure 27). By these terms,
we observed that C57BL/6J mice showed increased levels of IMP whereas BALB/c mice featured

enhanced levels of tyrosine, suggesting a strain-dependent response to the hybrid model of NASH.
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Figure 24. Effects of hybrid model of NASH on (A) the hepatic protein levels of Nrf2 (~110KDa) and NF-kB (p65) in C57BL/6J and (C) BALB/c mice. (B) Semiquantitative densitometric analysis of the protein levels
of Nrf2 (~110KDa) and NF-kB (p65) in C57BL/6J and (D) in BALB/c mice. Different letters correspond to statistical differences among groups. Data were analyzed by One-way ANOVA and pos hoc Tukey test, and it
were considered statistically different when p<0.05. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; carbon tetrachloride [CCI,, 3x weekly i.p. injections of 10% corn oil solution

of CCl,, with doses of 0.25L/g of body weight (b.w.) increased utmost of 1.50 uL/g b.w.J; western diet [WD, chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p. injections of corn oil vehicle]; WD+CCl4
(chow enriched with fat (20%) and sucrose (20%) and 3x weekly i.p injections of 10% corn oil solution of CCl,, with doses of 0.25uL/g b.w. increased utmost of 1.50 pL/g b.w.); n = 5-6 (control and WD) or 7-9 (CCl

and WD+CCl,).
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Discussion

As previously described, mice were submitted to a hybrid protocol of NASH, in order to resemble
morphologic, metabolic, and molecular traits of the corresponding disease of patients. For that, C57BL/6J
and BALB/c mice were fed a WD diet, which induced a yellowish aspect of the liver. In addition, the liver
of CCls-induced mice featured a rough surface aspect, suggesting that the CCls protocol led to the
development of hepatic scars, indicating the hepatic accumulation of collagen content. Additionally, at the
E1 timepoint, WD+CCls C57BL/6J mice featured an increasing trend of the GTT area under the curve,
compared to the control group, suggesting a glucose intolerance trend, differently from the corresponding
BALBI/c strain group. The glucose intolerance and insulin resistance (IR) are widely observed in patients
with NAFLD and NASH (~22.5 and 43.6%, respectively), contributing to the emergence of type Il diabetes
(T2D) and metabolic disorders (MS) by impairing the hepatic-adipose tissue axis lipid and carbohydrate
metabolism [4,20]. The underlying molecular mechanisms associated with IR emergence remain not fully
understood in murine models of high-fat-induced NASH, although there is evidence that the hepatic sterol
regulatory element-binding protein (SREBP) 1c (SREBP-1c) plays a pivotal role in lipid metabolism
impairment in hyperinsulinemic LDRL-- mice, since AMPK phosphorylation blocks the SREBP-1c
cleavage and nuclear translocation, and further its IR-promoting activity [21].

The CCls is an hepatotoxin that is turned into trichloromethyl (CCls*) radical, due to the
metabolization of CCls in the microsomal system, in specific, by the CYP2E1. The CCls* radical, however,
is an oxidant molecule that causes the lipid peroxidation of hepatocytes, further leading them to cellular
death and triggering the intrinsic mechanisms for fibrosis progression and extracellular matrix deposition,
and lipid metabolism impairment, hence, increasing the relative liver weight and causing the observed
rough surface aspect [13,22]. Indeed, the hybrid protocol induced the morphological traits of NASH, at E1
timepoint but not E2, like mild/severe microvesicular steatosis and inflammatory foci occurrence, although
hepatocellular ballooning was restrained to C57BL/6J mice, whereas after the CCls protocol ceasing only

an NAFL profile was observed. Thus, we suggest only the hybrid protocol (WD+CCls) at E1 timepoint, in
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both strains, were able to establish a fast-induced model of fibrosing NASH that mimics the corresponding
disease on patients, and, hence, were considered in further molecular analysis.

A strain-dependent response to the hybrid protocol of NASH was observed, since only C57BL/6J
strain featured enhanced lipid content and hepatocellular ballooning occurrence, compared to other
groups, whereas WD-fed mice of BALB/c strain featured similar levels of hepatic lipid content. These
parameters are consistent with the increased NAS grading observed in WD+CCl4 groups. In general,
hepatic lipid accumulation occurs by the following mechanisms: (1) excessive influx of fatty acids, in
special the saturated fatty acids (SFA); (2) decrease of the oxidation levels of fatty acids; (3) enhanced
de novo synthesis of SFA; (4) impairment of the exportation mechanisms of fatty acids [20]. In addition, it
has been reported that palmitate and lysophosphatidylcholine (LPC, main intracellular metabolite of
palmitate)-treated Huh7 cells release extracellular vesicles (EV), which act as a communication mediator
among hepatocytes and hepatic milieu cells, by a pro-apoptotic-dependent mechanism, suggesting that
the exposure of hepatocytes to SFA alters its phenotypical aspect. In line with these, LPC and WD-
induced C57BL/6J-isolated hepatocytes feature up-regulation of interleukin (IL)-1B (IL-18) and IL-6 genes,
and macrophage activation capacity, promoting an interplay among lipotoxicity of hepatocytes, EV
releasing, and establishment of a hepatic pro-inflammatory microenvironment in which NASH is
susceptible to progress [23].

The lipid-induced sublethal injuries of hepatocytes cause mitochondrial-related disorders that
impair the oxidative dynamics of fatty acid and further accumulation of its byproducts, leading to the
synthesis of reactive species of oxygen (ROS). However, it is also observed that mice featuring NASH
presented a ~2-fold activity of the citric acid cycle, probably contributing to the electron leakage and
oxidative stress [24]. It is also reported that C57BL/6J mice fed an atherogenic diet (high-fat chow with
the addition of cholesterol), for 24 weeks, displayed increased levels of SREBP-1¢ and fatty acid synthase
(FAS) mRNA, master regulators of fatty acid synthesis, as well as decreased levels of peroxisome

proliferator-activated receptor a (PPARa) indicates the compromising of the hepatic antioxidant capacity
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[25]. Taken together, the lipid accumulation and further disturbance of the metabolic/signaling profile of
hepatocytes establish a feedback cycle between lipid accumulation and oxidative stress-mediated by the
inflammatory response, in agreement with the NAS grading morphological aspects.

The WD+CCls mice of both strains displayed extensive fibrosis and enhanced levels of collagen
content compared to other groups, as well as the hybrid protocol induced the extensive activation of HSC,
by increasing the hepatic a-SMA levels, whereas a strain-dependent response was observed regarding
the number of Ki67+ and casp3* hepatocytes and hepatic CD68+ cells. Several studies reported that CCls
is an hepatotoxin commonly used in experimental models to mimic the natural burden of extensive fibrosis
and inflammation, in which the development of chronic liver diseases, like NASH and hepatocellular
carcinoma, occurs [11,12,26]. On the other hand, Wobser et al. [27] described that the activation of HSC
also occurs when exposed to a conditioned medium in which primary human hepatocytes were previously
exposed to palmitate (0.1-0.4mM), increasing the levels of a-SMA, matrix metalloproteinase-2 (MMP-2),
and transforming growth B (TGF-B) mRNA, indicative of HSC activation and liver fibrosis. In those terms,
HSC are activated in the context of NAFL and induce collagen deposition in the liver. Thus, we suggest
that the association of WD to the CCls accelerates the progression of fibrosis due to the combination of
the lipotoxic hepatic milieu associated with the injuries caused by the CCls, which is mostly related to the
lipotoxicity and lipid peroxidation-inducing activity, promoting oxidative stress and inflammation.

The sublethal injuries caused by palmitate promotes the synthesis of ROS, due to the impairment
of mitochondrial energy metabolism and electron leakage, increasing the levels of cell cycle markers
(CDK4, CDK®, cyclin D1, cyclin D2, and cyclin D3) associated with the progression of the cell cycle
progression in a MAPK/Akt-dependent mechanism [28]. In parallel, CCls metabolism is mostly related to
CYP2E1 activity, which exerts a remarkable relevance to the clearance of hepatic xenobiotics [13]. The
CYP2E1 overexpression and uncoupling, however, is related to the synthesis of ROS, by producing H202,
as a consequence of Oz reduction, and lipid peroxidation, contributing to the death of hepatocytes and

NASH progression [29]. Indeed, CYP2E1-null mice fed a high-fat diet (~60% of energy-derived calories)
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featured decreased levels of lipid peroxidation, protein carbonylation, and oxidative stress compared to
wild-type mice [30]. Additionally, the SFA-induced persistent stress causes profound changes in the genic
profile of hepatocytes, leading ultimately to the activation of necrosis/apoptosis signaling pathways and
the inflammatory response [20]. Several studies indicate that the exposure of hepatocytes to SFA induces
the activation of death pathways, by inducing mitochondrial metabolism impairment and endoplasmic
reticulum stress (ERS) [31-33]. During steatosis to NASH transition, it is observed that the overload of
fatty acids in the mitochondria increases the bioavailability of acetyl-CoA and enhances the oxidative flux
and further activation of the tricarboxylic acid cycle (TAC) [34]. As a consequence of the mitochondrial
metabolism remodeling, the incomplete oxidation of fatty acids leads to the accumulation of cytotoxic
metabolites (e.g.: ceramides and diacylglycerols), which triggers the inflammation and death signaling
pathways [24]. Therefore, CCls-induced hepatocellular apoptosis/necrosis acts synergically to the lipid-
mediated lipotoxicity, by inducing the ROS synthesis, lipid peroxidation, and following hepatocellular
death, suggesting that the hybrid protocol of NASH increases the number of Ki67+, in a compensatory
manner, and casp3* cells, by establishing a sublethal pro-oxidant/inflammatory hepatic
microenvironment.

The pro-oxidant and inflammatory hepatic milieu also contributes for the monocyte and resident
macropahges recruitment and activation [35]. Lipotoxically-induced hepatocytes display a differential
profile of EV content (high mRNA levels of IL-1f and IL-6) and releasing levels in a death receptor 5
(DR5)-tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) (DR5-TRAIL)-dependent
mechanism, as well as C57BL/6J mice fed a high-fat diet protocol show activation of the inflammasome
pathway and contribute to macrophages recruitment [23,36]. It is extensively well reported that the CCls
administration induces hepatocellular necrosis and apoptosis in the centrilobular zone, by interacting with
the plasmatic membrane of hepatocytes, leading to the activation of hepatic macrophages, by enhancing
both macrophage migration inhibitory factor (MIF) and monocyte chemoattractant protein-1 (MCP-1)

levels [37,38]. So, we suggest that the hybrid protocol induces different complementary underlying
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mechanisms that lead to the activation of KC, enhancing the number of hepatic CD68+ cells and
contributing to the pro-inflammatory milieu.

In the context of NASH, the AT adipocytes underwent morphological and genic alterations that lead
to the enhanced synthesis of pro-inflammatory molecules that promote metabolic disorders, as well as
inflammatory cells recruitment molecules, such as MCP-1, contributing to the recruitment of adipose and
NASH establishment [35,39,40]. Although obesity was not induced by the hybrid model, WD+CCl; BALB/c
mice presented both adipocyte hypertrophy and enhanced number of CD68+ cells in the AT, differently
from the corresponding group of C57BL/6J mice, which featured increased number of CD68* cells
infiltrate, only. Moreover, we assessed that only WD+CCls BALB/c mice featured increased number of
infiltrating MC, compared to other groups, suggesting that these cells might act coordinately with CD68+
cells establishing the AT inflammation. Recent studies suggest that MC residents in the AT are a major
cell subset population that contributes to type 2 diabetes (T2D) emerging/progression and AT
inflammation, in a high-fat-induced obesity murine model [45]. Indeed, it was observed in patients that the
enhanced number of MC correlates with markers of inflammation and AT fibrosis, suggesting that these
cells act as drivers of metabolic disorders related to NAFLD/NASH [46]. Taken together, the evidence
suggests that establishing a pro-inflammatory milieu in the AT occurs under adipocytes stress conditions,
leading to the further infiltration and activation of ATM and MC, probably triggering the systemic low-grade
inflammation that causes NASH.

The hepatocytes are responsible for the clearance of xenobiotic compounds, by metabolizing both
organic and electrophilic molecules that exert an oxidative activity and, thus, implicating in NASH
pathogenesis. These defense line activities, however, are associated with the activation of cytoprotective
enzymes that are mostly encoded by the genes that contain antioxidant response elements (ARE) in their
promoting regions, which promotes the transcriptional activation of under redox unbalanced conditions.
The Nrf2 is a transcription factor that modulates the expression of ARE-containing genes. So, the Nrf2

expression has been targeted as a potential link between hepatic oxidative stress and NASH progression
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[47]. Indeed, we observed that in both strains the hybrid protocol induced a striking decrease of the Nrf2
protein levels. It has been reported that Nrf2-null mice, submitted to a MCD diet model for 14 days, display
pronounced steatosis and lobular inflammation and enhanced levels of hepatic CYP2E1, whereas total
hepatic glutathione levels harshly fell (~70%). Thus, it is suggested that Nrf2 intensifies the susceptibility
to NASH by inducing an oxidative stress state, caused by the simultaneous enhancement of CYP2E1
activity and GSH depletion [48]. Likewise, we assessed the effects of the hybrid protocol of NASH on the
protein levels of NF-kB (p65) in both strains. However, only C57BL/6J mice featured increased levels of
this transcription factor (~33% compared to the control group). As previously described, the SFA-induced
NAFL leads to the endogenous DAMP signaling, triggering the activation of KC and TNF-a synthesis,
which is a well-known activator of NF-kB in both hepatocytes and macrophages [51]. Moreover, the high
intake of carbohydrates induces the activation and nuclear translocation of NF-kB, in a ChREPB-1-
dependent mechanism, while its pharmacological inhibition alleviates the de novo lipogenesis [52]. It has
been previously described that CCls-injured hepatocytes also activate NF-kB, leading to their apoptosis
and hepatic inflammation [53]. The increased levels of NF-kB, compared to other groups, suggest that
the hybrid protocol combines complementary mechanisms related to the activation of NF-kB activation by
the hepatic cells subset, especially hepatocytes and KC, besides a strain-dependent response. Thus, we
suggest that the Nrf2-NF-kB axis might be a pivotal molecular mechanism by which the hybrid protocol
induces NASH, linking the compromised antioxidant defense of hepatocytes to the pro-inflammatory
hepatic milieu where NASH emerges.

Seeking to assess the hepatic metabotype, a metabolomic profile determination was performed.
Indeed, we observed a clustering trend regarding WD+CCls and the corresponding control groups,
according to mice strain, as well as a strain-dependent metabolomic profile, we compared C57BL/6J and
BALB/c NASH-induced groups. In C57BL/6J, mice featured enhanced levels of valine and decreased
levels of tyrosine, compared to the corresponding control group. Valine is a branched-chain essential

amino acid (BCAA) that has been linked to energetic cell metabolism, by triggering the mitochondrial
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catabolic pathways, during the tricarboxylic acid cycle (TCAC) activity and FAO activation [54]. Indeed,
succinyl-CoA synthesis has been linked to the cellular bioavailability of valine and plays a pivotal activity
in TCAC [55]. By these terms, the accumulation of valine suggests the compromising of the catabolic
mechanisms that lead to adequate mitochondrial dynamics, leading to a lipotoxicity milieu that contributes
to NASH emergence. Likewise, the tyrosine amino acid levels have been associated with NAFLD
development, since a tyrosine-deficient diet induces a hepatic steatotic profile, by impairing the Nrf2
nuclear translocation and further activation, besides compromising lipid trafficking mechanisms [56].
Recently, the IMP has been linked to the energetic metabolism of hepatocytes, especially the adenosine
monophosphate synthesis, and adequate energy metabolism of mitochondria. Indeed, the dietary
supplementation with this molecule, an essential nucleotide, enhances the hepatic antioxidant activity, by
attenuating the mitochondrial uncoupling, and reduces the plasmatic levels of alanine and aspartate
aminotransferases (ALT and AST, respectively), an indication of damage to hepatocytes. Conversely, the
hybrid protocol reduced the levels of IMP in BALB/c mice, compared to the corresponding control group,
suggesting an unbalanced hepatic redox dynamics in the hepatic milieu that might contribute to NASH
occurrence [57]. In addition, lactate is commonly known as a glycolytic metabolite involve in the
bioenergetic metabolism and triggered under anaerobic and energy-demanding circumstances, as
previously established by the Warburg effect [58]. However, recent findings suggest that the lactate might
act as a signaling molecule that induces cell survival, by inducing the unfolded protein response and
triggering the PI3K/AKT-Nrf2 pathway, which enhances the antioxidant cell line defense and alleviates
the oxidative stress [59]. In NASH-induced BALB/c mice, we observed reduced hepatic levels of lactate
compared to the control group, which is consistent with the previous findings of the reduced protein levels
of Nrf2 and severe NAS grading.

We also observed a strain-dependent profile, when comparing C57BL/6J and BALB/c mice
submitted to the hybrid protocol of NASH. Surprisingly, C57BL/6J mice featured decreased hepatic levels

of tyrosine, compare to BALB/c mice, suggesting an underlying mechanism of the inhibition of the Nrf2
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pathway and impaired lipid trafficking. On the other hand, BALB/c featured decreased levels of IMP, when
compared to C57BL/6J mice, which might be a potential oxidative stress-related mechanism of NASH
susceptibility. Thus, the valine accumulation and tyrosine decreasing levels in NASH-induced mice might
be a potential signature of the mitochondrial FAO metabolism and Nrf2 impairment in C57BL/6J mice,
whereas BALB/c mice feature decreased hepatic levels of IMP and lactate, leading to an alternative

underlying mechanism of Nrf2-related oxidative stress that enables NASH progression.

Conclusions

Therefore, we attested that only mice strains at the E1 timepoint developed NASH since CCls
ceasing led to reduced NAS grade (reduced steatosis profile and inflammatory foci occurrence). Then,
only mice at the E1 timepoint were further evaluated at molecular levels, in order to assess NASH-related
features. Moreover, C57BL/6J mice are more sensitive to the hybrid protocol of NASH, compared to
BALB/c mice, due to their susceptibility to developing an IR-associated NASH profile, with severe
steatosis, lobular and diffuse inflammation, ballooning hepatocytes, and collagen deposition, remarking
enhanced number of CD68*, Ki67+, and casp3* cells and NF-kB levels, whereas presented reduced levels
of Nrf2 and an oxidative stress-related metabolomic signature, suggesting the compromising of the
antioxidant cellular mechanisms and pro-inflammatory state. Taken together, we suggest that the CCls
protocol accelerates the SFA/sugar-induced lipotoxicity and sublethal grade inflammation, which leads to
an adequate burden (pro-oxidant/inflammatory) for NASH development, enabling establishing a fast-
inducing murine model of NASH that resembles both morphological and molecular aspects observed in

patients.
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Abstract

Nonalcoholic fatty liver disease (NAFLD) is a wide spectrum chronic liver disease, that affects around 25%
of the worldwide population, whereas nonalcoholic steatohepatitis (NASH), affects almost 5%. Recent reports
suggest that the high intake of fat/sugars might be a potential driver of NAFLD. Moreover, NAFLD-related annual
economic cost was projected to reach $103 and €35 billion, for the USA and Europe, respectively. Although there
are several efforts, still there is no approved therapy for NAFLD patients. Otherwise, Brassicaceae family
vegetables comprise a pharmacopeia of bioactive compounds, due to the antioxidant, anti-inflammatory, and anti-
lipogenic properties of isothiocyanates and polyphenols, especially indole-3-carbinol (I3C) and chlorogenic acid
(CGA). Thus, we sought to assess if I3C and/or CGA exert a beneficial effect on a murine NASH model. Mice
(C57BL/6J) were fed a western diet protocol [high-fat chow and a high-sugar solution (HSS) for drinking], besides
intraperitoneal injections of weekly-increases doses of a 10% oil-diluted solution of carbon tetrachloride (CCls, 0.25-
1.50 pL/g of body weight), for 8 weeks. I13C+CGA-treated mice showed a reduction in relative liver weight
(p<0.0001), microvesicular steatosis (p<0.0001), a-smooth muscle actin (a-SMA) levels (p<0.0001), and hepatic
CD68+ cells (p<0.0001). The combination 13C+CGA also slightly decreased the hepatic lipid (p=0.0011) and
collagen fibers content (p<0.0001), and alleviated the NAFLD activity score (NAS) grading (p=0.0005). Thus, we
suggest that I3C and CGA association alleviate NASH severity, by attenuating the impacts of saturated fatty acid
and simple carbohydrate overload, which has been related to the redox-lipid dynamics, as well as reducing the lipid
peroxidation activity of the CCls radicals, derivative from CCls metabolization, and hence, alleviating the hepatic

pro-inflammatory microenvironment state.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is expected to become the most common cause of chronic
liver disease, affecting almost 25% of the global population. In addition, nonalcoholic steatohepatitis
(NASH), the most advanced stage of NAFLD, affects 5% [1]. In parallel, it is also observed that changes
in lifestyle and dietary habits have led to a striking increase in the incidence and prevalence of the
‘civilization diseases”, like obesity and type 2 diabetes mellitus (T2D), since the end of the XXt century
[2,3]. Indeed, both obesity and T2D have been appointed as risk factors of NAFLD/NASH, and NAFLD-
related deaths should double in the period 2016-2030 [1,4-6]. Thus, there is an urgent need to develop
potential new strategies for early diagnosis, prevention, therapy, and effective therapy [6,7]. Otherwise,
still imprecise the molecular mechanisms related to the corresponding disease emergence and
progression, along with no effective therapy approved by the health and governmental agencies for
NAFLD patients [7]. Recently, in vivo experimental models have been designed, seeking to establish a
reliable model that revisits morphological, metabolical, and molecular traits of the corresponding disease
[8]. Asgharpour et al. [9] reported that mice fed a western diet [high-fat chow with a high-sugar solution
(HSS) for drinking] feature hepatic steatosis (HS), insulin resistance (IR), and lobular inflammation,
although a long period protocol (8-52 weeks) is necessary for developing NASH traits. Similarly, it has
been established a fast-induced protocol of NASH, by associating the WD protocol with weekly doses of
carbon tetrachloride (CCls), acting as an accelerator in the progression of NAFLD and mimicking
morphological and transcriptomic aspects of the corresponding disease in humans [10].

On the other hand, the bioactive compounds of food feature as a potential strategy against
metabolic diseases, due to the pharmacopeia of antioxidant and anti-inflammatory molecules [11]. In
agreement, it has been reported that adherence to the Mediterranean diet, which is mainly composed of
vegetables, fruits, polyunsaturated fatty acids (PUFA), and phenolic compounds, alleviates NAFLD
severity, by modulating the HS and IR profile of patients, whereas low adherence has been related to 5-

fold higher risk of developing NAFLD [11-13]. However, only ~9% of USA adults meet the daily intake of
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vegetable recommendations (150-450g of vegetable/day), according to the Center for Disease Control
[14]. The Brassicaceae family comprises a wide group of vegetables (~350 genera and 3500 species),
besides featuring among the most harvested and produced globally (broccoli, cabbages, cauliflower, and
others) [19]. Estimates show that the daily intake of Brassica vegetables meets ~20g/day [15]. However,
food frequency questionaries indicate that the daily intake of Brassicaceae vegetables by an adult was
about 84g/day [16].

The bioactive effects of Brassica vegetables have been attributed to both glucobrassicin-derivative
molecules, the isothiocyanates (ITC), as indole-3-carbinol (I3C, PubChem CID 3712), and the
polyphenols molecules, like chlorogenic acid (CGA, PubChem CID 1794427) [17-19]. I3C is a high
abundance molecule and its synthesis occurs by the activity of the myrosinase (vegetable cell) or
myrosinase-like (bacteria) enzymes, by converting ITC into I3C under neutral pH conditions, whereas
CGA is the most abundant hydroxycinnamic acid in Brassica vegetables [17,19]. The recent findings
regarding the bioactive propertieos of I3C and CGA suggest that these molecules might be a potential
preclinical strategy against NAFLD and related metabolic disorders, by modulating the pivotal gut-liver-
adipose axis, due to their anti-lipogenic, antioxidant, and anti-inflammatory effects, as reviewed by our
research group [20-24]. Nonetheless, combined administration of these bioactive compounds is not fully
explored in literature.Thus, we sought to assess the effects of I3C and/or CGA treatment on a hybrid

model (diet- and chemically-induced) model of NASH.

Materials and methods

2. Experimental design and treatments

Eight-week-old male C57BL/6J mice were randomly distributed into 5 experimental groups (N = 12;
control; NASH; 13C; CGA; I3C+CGA) and submitted to the hybrid NASH protocol established by our group

[25], in which mice were fed a western diet style [WD, chow enriched with fat/sucrose (200g/Kg or ~37.5
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and ~17% of total calories; Pragsolugdes Biociéncias, Brazil) and a HSS, for drinking (55/45%
weight/weight (w/w) proportion of D-fructose/D-glucose or 23.1 and 18.9g/L diluted in drinking water,
respectively; Dinamica, Brazil), for 8 weeks (Figure 1). In addition, mice received weekly-increased
intraperitoneal injections of a 10% oil-diluted solution of CCls [0.25-1.50uL/g of body weight (b.wt.),
3x/week] protocol, for 8 weeks[26]. Concomitantly, mice received the intragastric administrations of an
oil-diluted solution of I3C (5mg/Kg b.w.)or water-diluted solution of CGA (125mg/Kg b.w.) or both bioactive
compounds of Brassicaceae family or the respective vehicles 5x/week, during 8 weeks. The control group
received a basal diet, composed by a basal chow and filtered water for drinking. Mice were euthanized
by exsanguination under ketamine/xylazine anesthesia, and the blood was collected in heparinized
syringes from cardiac puncture, centrifuge (1500xg, 15 min.), and serum samples were collected and
stored in -80°C for further analysis. At the necropsy, the liver, adipose tissue (Al) were removed, weighted,
and then liver samples from the left lobe, epidydimal adipose tissue, and small intestine samples were
collected and fixed in 10% formalin or snap-frozen into liquid nitrogen for further analysis. Additional liver
samples from left and medial lobes and adipose tissue (AT) were collected and stored at -80°C for
biochemical and molecular analysis. Additionally, colonic feces were collected and stored at -80°C for
further 16S bacterial DNA sequencing.

The animals were obtained from the School of Veterinary Medicine and Animal Science of the
University of So Paulo (FMVZ, USP, Sao Paulo-SP, Brazil) and kept in Botucatu Medical School of the
Séo Paulo State University (FMB, UNESP, Sao Paulo — SP, Brazil) in a room with continuous ventilation,
relative humidity (45-65%), controlled temperature (20-24°C) and light/dark cycle 12:12 hours, with ad
libitum offering of chow and water. Body weight and food/water consumption were recorded once a week
during the experimental period. This experiment was carried out under protocols approved by Botucatu
Medical School/lUNESP Ethics Committee on Use of Animals (CEUA, Protocol number 1343/2020), and
animals received human care according to the “Guide for the Care and Use of Laboratory Animals” [27].

3. I3C and CGA: dose determination
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The doses were determined according to the Human Equivalent Dose (HED), as previously
established, and based on estimates of global consumption of I3C and CGA (22.5 and 600.0 mg/day,
respectively), following the equations (I-IV) [15,28,29]. The final doses of I3C and CGA were determined

as ~4.5 and 125.0 mg/day, respectively.

HED

Animal dose ( b wt.) = Human dose( b wt.) x Km human/Km animal
Animal dose( b wt.) = Human dose( b wt.) x 37/3

AmmaldoseofISC( bwt) 0.375 (22 gbwt)x37/3—~45(mgbwt)

Animal dose of CGA (K—g b.wt.) =10 (’I’;—j b.wt.) x 37/3=~1255 (’;—j b.wt.)

3. Glucose tolerance test

Four days before the euthanasia, mice were fasted for 12 hours and submitted to a glucose
tolerance test (GTT). For that, mice have been weighted and blood samples collected from the caudal
vein, in order to measure the glucose level in an Accu-Chek glucometer (Roche, Germany). Further,
animals received an i.p. injection of a water-diluted D-glucose solution (2g/Kg b.w.) (Dinamica, Brazil).
Glucose levels were measured following 30, 60, 90, and 120 min. after the injection [30].

4. Histological analysis

The left liver lobe, small intestine, and the epididymal adipose tissue (EAT) samples fixed in 10%
formalin were embedded in paraffin. Then, 5 um thick sections were obtained and disposed on regular or
silanized glass slides, and further, liver sections were stained with Hematoxylin & Eosin (H&E) or Sirius
Red, and immunohistochemistry reactions, while EAT sections were stained with Toluidine Blue (pH=
4,0). Also, 10 um thick liver sections were obtained from snap-frozen (-80°C) samples embedded in
Optimal Cutting Temperature (Tissue-Trek, USA) for Oil Red staining (Sigma Aldrich, USA).

4.1Evaluation of Non-alcoholic Fatty Liver Diseases Activity Score and Fibrosis
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The liver sections stained with H&E were used for evaluating the NAFLD Activity Score (NAS),
according to the criteria previously established [31], while sections stained with Oil Red were used to
evaluate lipid deposits. The NAS analysis was performed according to Liang et al. [31] Photomicrographs
of 5 randomly selected fields/animal liver sections stained with Oil Red were acquired for morphometric
analysis to evaluate the lipid deposit (%). Similarly, photomicrographs of 10 randomly selected
fields/animals were acquired to perform the morphometric analysis to evaluate the total area filled with
collagen fibers (%) in liver sections stained with Sirius Red.

4.2 Morphometric analysis of adipocytes and mast cells counting

Five-micron thickness EAT sections, stained with H&E and toluidine blue (Sigma Aldrich, USA),
were used for evaluating the number/mm? of adipocytes and its occupied area (%), and mastocytes
infiltration (number of mastocytes/mm?), respectively, as established previously [32]. For that,
photomicrographs of 10 randomly selected fields were acquired (200x magnification, software CellSense,
Olympus Corporation, Japan) and analyzed by the software Image J (NIH, USA). For adipocytes analysis,
the extension Adiposoft, from Image J (NIH, USA) was used.

4.3 Immunohistochemistry

Semiquantitative analysis of immunoreactivities for Ki67 (i.e., a marker for cellular proliferation),
CD68 (i.e., a marker of macrophages), and a-smooth muscle actin (a-SMA) (i.e., a marker of active
hepatic stellate cells, HSC) were performed in liver sections. For that, deparaffinated 5-micron sections
in silane-covered slides were submitted to antigen retrieval in 0.01M citrate buffer (pH 6.0, 120°C, 5 min)
in a Pascal Pressure Chamber (Dako Cytomation, Denmark). Then, a blockade of endogenous
peroxidase and nonspecific bindings with 10% H20: in phosphate-buffered saline (PBS) (15 min.),
followed by treatment with skim milk (60 min.) and overnight incubation in a humidified chamber (4°C)
with Ki67 (MA5-14520, 1:50 dilution, ThermoFisher, USA), CD68 (ab125212, 1:400 dilution, Abcam, UK),
and a-SMA (ab124964, 1:500 dilution, Abcam, UK) antibodies diluted in 1% bovine serum albumin
solution were performed. After three wash-steps with PBS (5 min. each), slides were incubated with a

single step horseradish peroxidase (HRP)-polymer (EasyPath - Erviegas, Brazil) (20 min). Reactions were
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visualized with 3°3-diaminobenzidine (DAB) chromogen (Sigma-Aldrich, USA) and counterstained with
Harris hematoxylin.

Photomicrographs of 10 randomly-selected fields/animal (200x or 400x magnification, software
CellSense, Olympus Corporation, Japan) from liver sections immunostained for a-SMA were acquired
and % positive area marker was performed with software Leica Qwin (Leica Biosystems, Germany), by
calculating the total area filled by a-SMA (%). Similarly, CD68 and Ki67 analyses were performed by
acquiring photomicrographs of 10 randomly selected fields/animal (200x or 400x magnification, software
CellSense, Olympus Corporation, Japan). Then, the mean number of CD68 positive macrophages and
Ki67 positive hepatocytes were expressed by liver area analyzed (mm?) using the software ImagedJ (NIH,
USA).

5. Statistical analysis

The GTT data were used to draw a glycemic curve and the area under the curve (AUC), which
was measured and analyzed by two-way ANOVA, while the score data were evaluated by the non-
parametrical Kruskal-Wallis test and a post hoc Tukey'’s test. The other collected data were analyzed by
one-way ANOVA or Kruskal-Wallis, followed by a post hoc Tukey'’s test. Differences were considered
significant when p<0.05. Data were presented as mean + standard deviation (S.D.) or median and 25%
and 75% interquartile (box plot). All data were analyzed with the software GraphPad Prism 6.01

(GraphPad, USA).
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Figure 1. Experimental design. Effects of indole-3-carbinol (13C) and/or chlorogenic acid (CGA) on the hybrid-induced model of fibrosis-associated non-alcoholic steatohepatitis (NASH). Control [standard chow and
3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% com oil solution of CCI,, with

weekly-increased doses of 0.25-1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of NASH with addition of intragastric injections of indol-3-carbinol (I3C, 5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH
with addition of intragastric injections of chlorogenic acid (CGA, 5x weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition of intragastric injections of both I3C and CGA. N = 6 (control) or 8-9 (I13C,
CGA, and I3C+CGA). CO: corn oil; CCla: carbon tetrachloride; WD: western diet. Representative images were acquired from Servier Medical Art (smart.servier.com).
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Results

6. General findings

Mice were submitted to a GTT, but no effect of I3C and/or CGA was observed (Figure 2). As
expected, we observed that the liver of all mice submitted to the hybrid NASH protocol presented a
yellowish color and a rough surface aspect, due to the high levels of fat/sugar consumption and the
hepatotoxin CCls administrations, while a smooth surface aspect was observed in the macroscopic
analysis of the control group, suggesting an hepatic lipid and collagen deposition occurs in the liver of
mice submitted to the hybrid protocol of NASH (Figure 3). After 8 weeks of the hybrid protocol, there were
no differences related to the body weight evolution and final body weight of mice among groups (Table 1)
(Figure 2). Moreover, all groups featured similar levels of chow consumption, whereas WD-receiving
groups consumed higher levels of HSS (g/mouse/day) than the control group (p<0.0001). Additionally,
13C, CGA, and 13C+CGA-treated groups featured decreased absolute liver weight (p=0.0078) (Table 1),
compared to the NASH group. Further, we observed that all treated groups featured reduced relative liver
weight (p<0.0001) (Table 1), compared to the NASH group. Finally, there were no differences regarding
the total AT weight (epididymal, retroperitoneal, and intestinal) and relative AT weight among groups
(Figure 2).

7. The combination I3C+CGA reduces NAS parameters

Regarding the lipid content profile, it was observed that the hybrid protocol of NASH induced
microvesicular steatosis, rather than a macrovesicular profile (Table 2) (Figure 4). In addition, both CGA
and I3C+CGA mice groups showed a reduced score of microvesicular steatosis (p<0.0001). Mice also
featured frequent occurrence of inflammatory foci and, hence, locular inflammation, but the were no

differences among NASH and 3C- and/or CGA-treated groups(p=0.0005) (Table 2) (Figure 4).
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Figure 2. Effects of indole-3-carbinol and/or chlorogenic acid over the glucose tolerance test (GTT), body weight evolution, chow/HSS consumption, and absolute/total or relative liver and adipose tissue (AT) weight
in a hybrid model of NASH in C57BL/6J mice. (A and B) The blood glucose levels were measured in different timepoints (0, 30, 60, 90, and 120 min.) by a glucometer and the area under the curve was measured and
plotted. (C, D, and E) Animals were weighted and their chow and HSS consumption was measured 1x/week, during 8 weeks. (F, G, H, and 1) After the euthanasia, the liver and the AT were weighted and compared
to the body weight, for the relative weights. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride
protocol (3x weekly i.p. injections of 10% corn oil solution of CCI,, with weekly-increased doses of 0.25-1.50uL/g of body weight (b.w.)]; 13C [hybrid protocol of NASH with addition of intragastric injections of indol-3-

carbinol (13C, 5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH with addition of intragastric injections of chlorogenic acid (CGA, 5x weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition
of intragastric injections of both 13C and CGA. N = 6 (control) or 8-9 (13C, CGA, and I3C+CGA). The data are expressed in mean+standard deviation, and were analyzed by One-Way ANOVA, and Tukey pos-hoc
test.
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Figure 3. Effects of indole-3-carbinol (I3C) and/or chlorogenic acid (CGA) on the hybrid model of NASH. Macroscopic overview. Control [standard chow and 3x weekly
intraperitoneal (i.p.) injections of corn 0|I vehicle]; NASH [chow ennched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10%
corn oil solution of CCl,, with weekly-increased doses of 0.25-1.50uL/g of body weight (b.w.)]; 13C [hybrid protocol of NASH with addition of intragastric injections of indol-3-

carbinol (I3C, 5x weekly, 5Smg/Kg b.w.)]; CGA [hybrid protocol of NASH with addition of intragastric injections of chlorogenic acid (CGA, 5x weekly, 125mg/Kg b.w.)]; I3C+CGA
[hybrid protocol of NASH with addition of intragastric injections of both 13C and CGA. N = 6 (control) or 8-9 (13C, CGA, and I13C+CGA).
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Table 1. Effects of I3C and/or CGA on body, liver, and fat weight during the NASH establishment.

Groups
Parameters

Control NASH 13C ACG I3C+ACG

Final body weight (g) 25.6 +2.2 252+ 23 253 +16 257 +23 264 +1.7
Absolute liver weight (g) 0.94 £ 0.1° 112 + 2.3 0.98 £ 0.1 1.03 + 0.1 1.07 £ 0.1
Relative liver weight (%) 3.65 £ 0.2 4.52 £ 0.5 3.99 £ 0.3° 4.06 £0.3° 416 £ 0.2°
Total fat weight (g)* 0.57 £0.2 0.49 +0.2 0.58 + 0.2 0.59 + 0.2 0.59 + 0.1
Relative total fat weight (%) 219405 1.92 £ 0.7 229+05 2.30+ 0.6 222+04
Absolute epidydimal fat weight (g) 0.27 + 0.1 0.26 + 0.1 0.30 + 0.1 0.29 + 0.1 0.33+0.1
Absolute retroperitoneal fat weight (g) 012+0.0 013+ 0.1 0.15+ 0.1 014+ 0.1 014+ 0.1
Absolute intestinal fat weight (g) 0.18 + 0.1 010+ 0.1 0.13 + 0.1 017+ 0.1 0.13 £ 0.1

Data are mean + S.D. N = 12-13 mice/group. *Sum of absolute epidydimal, retroperitoneal, and intestinal fat weights. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn
oil vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% corn oil solution of CCI,, with weekly-increased doses of

0.25-1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of NASH with addition of intragastric injections of indol-3-carbinol (I3C, 5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH with
addition of intragastric injections of chlorogenic acid (CGA, 5x weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition of intragastric injections of both 13C and CGA. N = 6
(control) or 8-9 (I3C, CGA, and I3C+CGA). Different letters correspond to statistical differences among groups by ANOVA and post hoc Tukey test (p<0.05).
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NAS Parameters Control NASH 13C CGA I3C+CGA
Macrovesicular steatosis (0-3) 0 (0;0) 0(0;0) 0 (0;0) 0(0;0) 0 (0;0)
Microvesicular steatosis (0-3) 0 (0;0) 3.0 (2.3;3.0)2 1.5(1.0;2.0)0 0.0 (0.0;1.8) 1.0 (0.0;2.0)

Hepatocellular hypertrophy (0-3) 0 (0;0)0 2.0 (0.0;3.0) 0.0 (0.0;0.0)° 0.0 (0.0;0.0)° 0.0 (0.0;0.8)2

Inflammatory foci (0-3) 0 (0;0)0 2.8 (1.6;3.0)2 2.3 (2.0;3.0)2 1.8 (1.52.8)2 1.8 (1.1;2.0)a0
Hepatocellular ballooning* 0+0 0.2+0.2 0.2+0.2 04405 0.34+0.2

NAFLD activity score (0-12) 0 (0;0)° 7.5(5.3;8.3) 4.0(3.1;4.4) 2.8 (1.6;3.4) 3.0 (2.1;4.5)0

Table 2. Effects of indole-3-carbinol (I3C) and/or chlorogenic acid (CGA) on the nonalcoholic fatty liver disease activity score (NAS, sum of macrovesciular and microvesicular steatosis,
hepatocellular hypertrophy, and inflammatory foci scores) and hepatocellular ballooning. Parameters were analyzed by Kruskall-Wallis and post-hoc Dunn’s test, or One-Way ANOVA and post-
hoc Tukey's test, and data were expressed as median and first and third quartile, or mean + standard deviation (S.D) (*). The hepatocellular ballooning analysis was performed evaluating the
number of hepatocellular ballooning/field. Different letters correspond to statistical differences among the groups (p<0.05). Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of
corn oil vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% corn oil solution of CCl,, with weekly-increased doses

of 0.25-1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of NASH with addition of intragastric injections of I3C (5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH with addition of
intragastric injections of CGA (5x weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition of intragastric injections of both I3C and CGA. N = 6 (control) or 8-9 (13C, CGA, and

[3C+CGA).
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Figure 4. Effects of indole-3-carbinol (I13C) and/or chlorogenic acid (CGA) on nonalcoholic fatty liver disease activity score (NAS). Representative photomicrographs (20x objective, scale bar=50um)
of sections stained with hematoxilin and eosin (H&E). Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; NASH [chow enriched with fat (20%) and sucrose
(20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% corn oil solution of CCI,, with weekly-increased doses of 0.25-1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of

NASH with addition of intragastric injections of I3C (5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH with addition of intragastric injections of CGA (5x weekly, 125mg/Kg b.w.)]; I3C+CGA
[hybrid protocol of NASH with addition of intragastric injections of both I3C and CGA. N = 6 (control) or 8-9 (I3C, CGA, and I3C+CGA).
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Of note, only I3C+CGA-treated mice featured a slightly reduction of the number of inflammatory foci grade,
in comparison to the other groups (p=0.0005) (Table 2) (Figure 4). Moreover, the NASH group featured
enhanced levels of hepatocytes hypertrophy, differently from all I3C- and/or CGA-treated groups, which
displayed a reduced score of the hypertrophy of hepatocytes (p=0.0005) (Table 2), suggesting that I3C
and/or CGA treatment alleviates the hepatocytes-related stress that causes hepatocellular hypertrophy
(Figure 3). Finally, when assessing the final NAS grade, both CGA and 13C+CGA-treated groups
presented a decreased score compared to the NASH group (p<0.0001) (Table 2), suggesting that CGA,
more than I3C, alleviates the NASH-related parameters.

8. The combination I3C+CGA reduces the hepatic lipid and collagen content

In agreement with the microvesicular steatosis score in the NAS analysis, the NASH group featured
enhanced levels of lipid content in oil-red staining and collagen in sirius red-staining in comparison to the
control group (p=0.0011 and p<0.0001) (Figure 5 and 6). All treated groups featured decreased levels of
hepatic lipid content (Figure 5), although only the CGA-treated group featured a significant difference
(p=0.0011). Moreover, we assessed the levels of HSC activation by immunoreactivity for a-SMA. Indeed,
the combination of only 1I3C+CGA decreased the HSC activation (p<0.0001), and the collagen content
(~25%), although no statistical difference was observed in sirius red analysis (Figure 6), compared to the
NASH group. Thus, we suggest that the combination I3C+CGA attenuates NASH severity, by reducing
the hepatic lipid and collagen content (~25%), further confirmed by the reduced levels of HSC activation,
probably by modulating the pro-inflammatory/lipogenic hepatic microenvironment, in which NASH is
susceptible to emerge.

9. The combination I13C+CGA reduces the number of CD68+ cells, but not Ki67+
hepatocytes

We also assessed the number of Ki67-positive hepatocytes and CD68-positive in the liver sections.
Regarding the number of Ki67+ hepatocytes, we observed that mice submitted to the hybrid protocol of
NASH displayed an enhanced number of Ki67+ (p=0.0005), while no effect of the I3C and/or CGA was

observed (Figure 7). On the other hand, we observed that only the 1I3C+CGA-treated group showed a
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Figure 5. Effects of indole-3-carbinol and/or chlorogenic acid on the hepatic oil-red content. (A) Representative photomicrographs (20x objective, scale bar=50um) of oil-red stained sections. (B)
Semiquantitative analysis of ocil-red content (% of oil-red area). The data are expressed in median+quartiles, and were analyzed by One-Way ANOVA, and Tukey pos-hoc test. Control [standard chow
and 3x weekly intraperitoneal (i.p.) injections of corn oil vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% corn oil solution
of CCl,, with weekly-increased doses of 0.25-1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of NASH with addition of intragastric injections of I3C (5x weekly, 5Smg/Kg b.w.)]; CGA [hybrid protocol

of NASH with addition of intragastric injections of CGA (5x weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition of intragastric injections of both I3C and CGA. N = 6 (control) or 8-9
(13C, CGA, and I3C+CGA).
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Figure 6. Effects of indole-3-carbinol and/or chlorogenic acid over hybrid model of NASH in C57BL/6J mice. (A) Representative photomicrographs (20x objective, scale bar=50um) of C57BL/6J of sections
immunoreacted for a-smooth muscle actin (a-SMA) or stained with sirius red. (B) Semiquantitative analysis of a-SMA expression (% of a-SMA area) and (C) collagen deposition (% of sirius red area) in hepatic
sections of C57BL/6J mice. The data are expressed in mean+standard deviation, and were analyzed by One-Way ANOVA, and Tukey pos-hoc test. Control [standard chow and 3x weekly intraperitoneal (i.p.)
injections of corn oil vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% corn oil solution of CCI,, with weekly-increased doses of 0.25-

1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of NASH with addition of intragastric injections of I3C (5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH with addition of intragastric injections of CGA (5x
weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition of intragastric injections of both 1I3C and CGA. N = 6 (control) or 8-9 (I3C, CGA, and I3C+CGA).
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Figure 7. Effects of indole-3-carbinol and/or chlorogenic acid on the Ki67+ hepatocytes. (A) Representative photomicrographs (20x objective, scale bar=50um) of immunoreacted sections. (B) Quantitative
analysis of the number of Ki67+ cells. The data are expressed in median+quartiles, and were analyzed by Krskall-Wallis test. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of corn
oil vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% corn oil solution of CCI,, with weekly-increased doses of 0.25-

1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of NASH with addition of intragastric administrations of I3C (5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH with addition of intragastric
injections of CGA (5x weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition of intragastric injections of both I3C and CGA. N = 6 (control) or 8-9 (I3C, CGA, and I3C+CGA).
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reduced number of hepatic CD68* cells (p<0.0001) (Figure 8), compared to the NASH group, suggesting
that the beneficial effects of the combination of the bioactive compounds of Brassicaceae family

vegetables might be linked to the modulation of the dynamics of the CD68-positive macrophages.

Discussion

The I13C is a glucosinolate (GLS)-derived molecule widely present in the Brassicaceae family, which
contains cruciferous vegetables, like cabbage, broccoli, kale, and cauliflowers, as examples. The GLS,
however, are synthesized during vegetable chewing, by inducing the activity of the myrosinase, an effector
enzyme that hydrolyzes the GLS, removing the B-D-thioglucose group from its chemical structure. Hence,
the synthesized molecules, like indoles, are unstable, exerting bioactive functions [17]. On the other hand,
the CGA is a well-known bioactive molecule, found in many vegetables and beans, like cruciferous
vegetables and coffee. The CGA is the most common form of the caffeoylquinic acid (CQA) isomers and
both the small and large intestines feature as the main site for its absorption in the organism [34]. Recently,
several studies show that both I3C and CGA are bioactive molecules that might have beneficial effects
on NAFLD/NASH, due to their activities as an antioxidant molecule or by modulating the lipid metabolism
and the inflammatory response [35-39]. However, it was never described whether the I3C and CGA
combination, more than isolated, modulates the NASH development/progression. Thus, we evaluated the

beneficial effects of the combination I3C+CGA in a murine NASH model.
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Figure 8. Effects of indole-3-carbinol and/or chlorogenic acid on the CD68* cells. (A) Representative photomicrographs (20x objective, scale bar=50um) of immunoreacted sections. (B) Quantitative
analysis of the number of CD68* cells. The data are expressed in median+quartiles, and were analyzed by Kruskall-Wallis test. Control [standard chow and 3x weekly intraperitoneal (i.p.) injections of
corn ol vehicle]; NASH [chow enriched with fat (20%) and sucrose (20%) and carbon tetrachloride protocol (3x weekly i.p. injections of 10% corn oil solution of CCI,, with weekly-increased doses of 0.25-

1.50uL/g of body weight (b.w.)]; I3C [hybrid protocol of NASH with addition of intragastric administrations of 13C (5x weekly, 5mg/Kg b.w.)]; CGA [hybrid protocol of NASH with addition of intragastric
injections of CGA (5x weekly, 125mg/Kg b.w.)]; I3C+CGA [hybrid protocol of NASH with addition of intragastric injections of both 13C and CGA. N = 6 (control) or 8-9 (13C, CGA, and I3C+CGA).
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Although there were no differences regarding the final body weight, the glucose tolerance
profile, and AT relative fat pad weight, we observed that the combination I3C+CGA alleviates
NASH-related morphologic (microvesicular steatosis, hepatocellular hypertrophy, and inflammatory
foci occurrence) and, hence, the final NAS grading. It has been previously reported that under
conditions of fatty acid (FA)-related oxidative stress, the hepatocytes are submitted to sublethal
grade stress that contributes to morphologic alterations, especially the enlargement of the
cytoplasm/nucleus ratio, characterizing the hypertrophy of hepatocytes [40]. Additionally, the CCls
is a well-known hepatotoxin that converted into CCls* and acts causing the lipid peroxidation of
hepatocytes and, hence, leading to an hepatic pro-inflammatory microenvironment [26,42].
Otherwise, both compounds 13C and CGA have been previously described as potential antioxidant
molecules, due to their protective effect under conditions of oxidative stress [35,43]. Indeed, in a
CCls-induced acute liver injury, the pre-treatment with 13C (50.0 or 100.0 mg/Kg) reduced markers
of hepatocytes injury alanine aminotransferase (ALT) and aspartate aminotransferase (AST),
suggesting that 13C inhibits the CCls-associated injury of hepatocytes [44]. Moreover, 13C
modulates the HepG2 (hepatocytes-like cells) antioxidant cell line defense, by enhancing the levels
of the nuclear factor erythroid-2-related factor 2 (Nrf2) and Nrf2-related antioxidant enzymes, like
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), suggesting an
underlying mechanism that inhibits the CCls* activity as a lipid peroxidation-inducer, hepatocellular
death, and further infiltration of inflammatory cells [45]. Likewise, the CGA is a polyphenol molecule
that features a dual-role as a modulator of NASH parameters, by interfering in the lipid-redox
dynamics [34]. The CGA administrations (60 mg/Kg of b.wt.) reduce the CCls-induced oxidative
stress, by attenuating the CYP2E1 activity and increasing the protein levels of Nrf2 and its encoding
antioxidant enzymes (SOD and CAT), similarly to I3C, as well as decreasing the malondialdehyde
(MDA) levels, a marker of oxidative stress [43]. Taken together, we suggest that the combination

I3C+CGA might modulate the oxidant/pro-inflammatory axis and, hence, the NASH-related
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parameters, alleviating the hepatocellular hypertrophy, inflammatory foci occurrence, and steatosis
profile.

In agreement with the NAS analysis, we observed that the combination 1I3C+CGA attenuates
the hepatic lipid and collagen content (~25%), compared to the NASH group. Besides, the
[3C+CGA-treated mice featured reduced levels of HSC activation, assessed by the
immunoreactivity for a-SMA, suggesting that the bioactive compounds of the Brassicaceae
attenuate the fibrotic hepatic milieu by reducing the HSC activation. Both I3C and CGA have been
previously linked to lipid metabolism modulation, by enhancing the FA oxidation (FAO) activity and
attenuating the lipogenesis-related mechanisms [37,38]. Indeed, mice fed an I3C-supplemented
HFD displayed alleviated steatosis and inflammatory profile, by decreasing the mRNA levels of
sterol regulator element-binding protein-1c (SREBP-1c), a transcription factor that modulates the
expression of lipogenesis-related enzymes [37]. Similarly, CGA has been described as a modulator
of FAQ, by triggering the f-oxidation mechanism, and peroxisome proliferator-activated receptor y
(PPARY), a master driver of the activation of lipogenesis-related genes, like FA synthases (FAS)
and acetyl-CoA carboxylase (ACC). Additionally, there is also evidence that CGA also modulates
de novo lipogenesis, by strikingly reducing FAS and SREBP-1¢ mRNA levels [38,46]. Thus, since
both 13C and CGA modulate the cross-play between redox dynamics and lipid metabolism, by
reducing oxidative stress and the de novo lipogenesis pathways, whereas enhancing the FAO, we
suggest that the combination I3C+CGA might act on complementary underlying mechanisms that
alleviates the NASH-related parameters, NAS grading, and the hepatic lipid and collagen content.

Several studies reported that both I3C and CGA are bioactive molecules that exert antioxidant
activities scavenging free radicals and ROS [35,47]. In an acetaldehyde-induced murine model, the
I3C treatment reduced the hepatic collagen deposition, by attenuating K63-ubiquitinated receptor-
interacting protein 1 (RIP1), which signals for nuclear factor kappa B (NF-kB/p65) [48,49].

Additionally, in a fibrosis-induced murine model by CCls administration, the CGA treatment reduced
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the mRNA levels of a-SMA, collagen | and Ill, and tissue inhibitor metalloproteinase-1 (TIPM-1).
Moreover, the CGA inhibited the oxidative stress levels, indicated by malondialdehyde levels
(indicative of lipid peroxidation levels), by inducing the Nrf2 and reducing the CYP2E1 protein levels
[43]. Thus, we suggest that the combination I3C+CGA might act by two different mechanisms:
directly, scavenging ROS and free radicals, or indirectly, by modulating the pro-
oxidant/inflammatory microenvironment, hence, attenuating NASH development and hepatic
fibrosis progression.

The infiltrating and resident macrophages, the Kupffer cells (KC), has been appointed as
pivotal cells that act coordinately inducing the pro-inflammatory/oxidant hepatic milieu, and it has
been related to late-stage NASH, expressing high levels of CD68, a marker of monocyte-derivative
cells that exert phagocytic activity [50,51]. It has been previously reported that both 13C,
diindolylmethane (DIM), the major I3C-derivative molecule, and CGA inhibited RAW264.7 cells
activation and pro-inflammatory cytokines synthesis [52,53]. Accordingly, we observed that only
the combination I3C+CGA was able to reduce the number of hepatic CD68* cells, compared to the
NASH group. Indeed, both 13C and CGA display a potential attenuating effect on the pro-
inflammatory of LPS-induced RAW264.7 cells, by inhibiting INOS and NF-kB-COX-2 pathways and
suppressing the levels of inflammatory-drivers cytokines IL-1f and IL-6. Additionally, CGA is known
to reduce the hepatic mRNA levels of Cd68 and Ccr2, suggesting that CGA also modulates the
recruitment of macrophages, further alleviating NASH [38]. Thus, we suggest that the combination
I3C and CGA, rather than I3C or CGA individually, might act on complementary and pivotal
molecular mechanisms drivers of NASH, by reducing the infiltration/activation of macrophages, as
well as oxidative stress and pro-inflammatory pathways related to CD68* cells activation and,

hence, alleviating NASH severity [52,54].
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Conclusions

We observed that the combination I3C+CGA was able to reduce the severity of NASH, by alleviating
both the hepatic lipid and collagen content, as well as reducing the activation of HSC, and infiltration of
CD68* cells, drivers pro-inflammatory microenvironment in which NASH is susceptible to emerge. Finally,
we suggest that I3C and CGA association act on the lipid-redox-inflammation axis, attenuating some of

the hallmarks of NAFLD, and prospecting as a reliable chemopreventive approach.
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Final conclusions

Taken together, we managed to establish a hybrid (by associating WD and CCl4 protocols)
model of fibrosis-associated NASH, featuring severe microvesicular steatosis and increased NAS
grading, extensive fibrosis, a-SMA levels (indicative of HSC activation), increased number of Ki67+
and casp3* hepatocytes, and hepatic CD68* cells. Additionally, we observed that the Nrf2-Nf-kB
exerts a pivotal activity, by unbalancing the redox-inflammatory axis in the hepatic milieu, along
with a strain-dependent metabolomic profile. Our findings suggest that the C57BL/6J mice were
more susceptible to the model of NASH, rather than BALB/c mice. Further, we assessed the effects
of the 13C and/or CGA on C57BL/6J mice submitted to the model of NASH. We observed that the
I3C+CGA alleviated NASH, by decreasing the number of hepatic CD68+ cells and HSC activation,
besides slightly reducing the hepatic lipid content and collagen fibers deposit (~25% compared to
NASH group). Thus, we suggest that the combination 13C and CGA acts on the lipid-inflammatory

axis, attenuating the hallmarks of NAFLD and prospecting as a potential preclinical strategy.



