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Abstract: Liver fibrosis is a complex process characterized by the excessive accumulation of extracel-
lular matrix (ECM) and an alteration in liver architecture, as a result of most types of chronic liver
diseases such as cirrhosis, hepatocellular carcinoma (HCC) and liver failure. Maresin-1 (MaR1) is
derivative ofω-3 docosahexaenoic acid (DHA), which has been shown to have pro-resolutive and
anti-inflammatory effects. We tested the hypothesis that the application of MaR1 could prevent the
development of fibrosis in an animal model of chronic hepatic damage. Sprague-Dawley rats were
induced with liver fibrosis by injections of diethylnitrosamine (DEN) and treated with or without
MaR1 for four weeks. In the MaR1-treated animals, levels of AST and ALT were normalized in
comparison with DEN alone, the hepatic architecture was improved, and inflammation and necrotic
areas were reduced. Cell proliferation, assessed by the mitotic activity index and the expression
of Ki-67, was increased in the MaR1-treated group. MaR1 attenuated liver fibrosis and oxidative
stress was induced by DEN. Plasma levels of the pro-inflammatory mediators TNF-α and IL-1β were
reduced in MaR1-treated animals, whereas the levels of IL-10, an anti-inflammatory cytokine, in-
creased. Interestingly, MaR1 inhibited the translocation of the p65 subunit of NF-κB, while increasing
the activation of Nrf2, a key regulator of the antioxidant response. Finally, MaR1 treatment reduced
the levels of the pro-fibrotic mediator TGF-β and its receptor, while normalizing the hepatic levels of
IGF-1, a proliferative agent. Taken together, these results suggest that MaR1 improves the parameters
of DEN-induced liver fibrosis, activating hepatocyte proliferation and decreasing oxidative stress
and inflammation. These results open the possibility of MaR1 as a potential therapeutic agent in
fibrosis and other liver pathologies.

Keywords: liver injury; anti-inflammation; growth factors; nuclear receptors; omega-3 derivatives

1. Introduction

Liver fibrosis and the consequent cirrhosis is a worldwide health problem. In 2017, the
global burden of chronic liver disease (CLD)-related deaths were more than 2 million [1].
The etiology of CLD can be related to alcoholism, chronic viral hepatitis, autoimmune
issues, and nonalcoholic fatty liver disease (NAFLD), among others. NAFLD has a high
prevalence in Western countries and it is an important cause of CLD [2]. In CLD, cirrhosis
is a terminal stage of damage, where the compensated state progresses to a decompensated
disease. Liver fibrogenesis is a dynamic, highly integrated molecular and cellular process,
responsible for driving the excessive accumulation of extracellular matrix (ECM) [3]. More-
over, inflammation is the key point in the early stages of fibrosis that can then progress
to extensive fibrosis and cirrhosis [4]. Persistent chronic inflammation and an imbalance
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in oxidative stress may promote liver fibrosis dysfunction, ultimately leading to cirrhosis
and its consequences: portal hypertension, hepatocellular carcinoma (HCC) and liver
failure [5,6].

Maresin 1 (MaR1) is part of the novel genus of bioactive molecules called specialized
pro-resolving molecules (SPM), which are derived from omega-3 fatty acids (eicosapen-
taenoic [EPA] and docosahexaenoic [DHA] acid) [7,8]. MaR1 is a lipid derivative from
DHA and is slightly more potent than other SPMs, such as resolvin D1 (RvD1), in the
stimulation of removing dying cells (efferocytosis) by macrophages [9,10]. Moreover, MaR1
accelerates tissue regeneration (in a planaria model), modulates the adaptive immune
response by reducing cytokine production acting on the balance between Th1/TH17 cells
and tolerogenic Treg cells, and stimulates M1 (inflammatory) to M2 (anti-inflammatory)
macrophage phenotype-switches [8,10–12]. Currently, there are no reports regarding the
role of MaR1 in liver fibrosis, and in general there is scarce information on liver disease,
although current data suggest that MaR1 has a hepatoprotective role. Li et al. were the
first to describe the potential use of MaR1 on acute liver disease. They found that MaR1
administration mitigated liver damage and had anti-inflammatory and antioxidant effects
against acute CCl4-induced liver damage [13], associated with MAPKs pathways. After
that, Zhang et al. demonstrated that MaR1 reduced the accumulation of inflammatory
cells and total liver inflammation in a model of concanavalin-A liver injury [14]. Recently,
our group established that MaR1 administration prior to liver ischemia-reperfusion (IR)
surgery protected the liver and stimulated hepatocytes proliferation. MaR1 increased
the population of restorative macrophages, the movement of Nrf2 from the cytoplasm
to the nucleus, and decreased NF-κB at nuclear levels [15]. The hepatoprotective effects
of MaR1 on IR liver damage could be related to an activation of the ALXR (lipoxin A4
receptor)/Akt signaling pathway [16]. In non-alcoholic fatty liver disease (NFLD), MaR1
allows hepatocytes to return to homeostasis, reducing apoptosis and increasing phagocytic
activity, which is a cardinal sign of active resolution of inflammation [17,18]. Moreover,
in a non-alcoholic steatohepatitis model (NASH), MaR1 was found to improve liver dam-
age through the M2 macrophage polarity switch (anti-inflammatory) associated with an
increment of retinoic acid-related orphan receptor α (RORα) activity. In that study, the
authors found that MaR1 was a ligand of ROR α, and that the MaR1/ROR α/12-LOX
autoregulatory circuit would explain the protective effects against obesity and a high-fat
diet (Han et al., 2019).

The prospect of liver fibrosis reversibility is striking; data from the histological assess-
ment of biopsies from patients with liver fibrosis, who have successfully been treated, and
from animal models of fibrosis, indicate that recovery with the remodeling of the excess of
collagen is possible [19,20]. Moreover, the switch from Kupffer cells to an M2 phenotype
could be an important piece of liver fibrosis recovery, to be accompanied by hepatocyte
regeneration, and ECM degradation [21]. Considering the protective effects of MaR1, and
their previously described anti-inflammatory activity, we propose that MaR1 administra-
tion has a hepatoprotective effect against fibrosis and could promote the reversibility of
liver damage.

2. Materials and Methods
2.1. Ethics Statement

Experimental animal protocols and procedures complied with the Guide for the Care
and Use of Laboratory Animals (National Academy of Sciences, NIH Publication 6-23,
revised 74 1985) and were approved by the Bioethics Committee for Care and Research in
Animals, Universidad de Talca (Folio 2016-06-B and C).

2.2. Model of Fibrosis

Liver fibrosis was induced by an intraperitoneal injection (i.p) of diethylnitrosamine
(DEN) (NO258; Sigma -Aldrich, Merck, Darmstadt, Germany) at 70 mg/g body weight
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per week, for four weeks, according to the model proposed by Kim and adapted by
Rodriguez [22,23].

2.3. Animals Preparation

Male Sprague-Dawley rats (90–110 grs) were obtained from Bioterio Central, Univer-
sidad de Talca. The animals were allowed free access to food (Champion S.A., Santiago,
Chile) and water ad libitum. The animals were housed in a temperature-controlled room,
on a 15 h light/dark cycle. All animals were randomly divided into four groups, as follows:
(1) the control group (0.9% NaCl [saline solution], as vehicle DEN + 0.005% ethanol in
saline solution as vehicle MaR1); (2) DEN group (DEN + vehicle MaR1); (3) MaR1 group
(vehicle DEN + MaR1), and 4) MaR1+ DEN. MaR1 (CAY 10878, Cayman Chemicals, Ann
Arbor, MI, USA) was injected i.p twice a week, at doses of 4 ng/g [15]. After four weeks, the
animals were fasted (6–8 h) and then anesthetized with 1 mg/Kg Acepromacine Maleate
1% (Pacifor®, Drag-Pharma, RM, Chile), 5 mg/Kg Xylazine 2% (Xilagesic®, Drag-Pharma)
and 50 mg/Kg Ketamine clorhidrate 100 mg/mL (Ketamil®, Ilium Laboratories, Troy
Animals Health Care, Braddon, NSW, Australia). Liver tissue samples were weighed,
frozen in liquid nitrogen, and stored at −80 ◦C, or fixed in phosphate-buffered formalin
and embedded in paraffin for further histology and immunohistochemistry analysis.

2.4. Determination of Biochemical Parameters

Alanine aminotransferase (ALT), aspartate aminotransferase (AST), Albumin, alkaline
phosphatase (AP), lactate dehydrogenase (LDH), and gamma glutamil-tranferase (γ-GT)
were measured using a specific diagnostic kit (ALT, AST and Valtke® Diagnostic Kits,
Ñuñoa, Chile; Albumin, AP, LDH and γ-GT by LiquidColor Human™, Wiesbaden, Ger-
many). To control the measurements, adequate two-level controls, normal and pathological,
were used. ELISA kits were used for the assessment of the serum levels (pg/mL) of TNF-α
(Cat. EH2ILTN, Thermo Sc., Rockford, IL, USA); IL-1 β (Cat. EH2IL1B2, Thermo Sc.);
IL-10 (Cat. EH2IL102, Thermo Sc.). All the assays were evaluated in serum and made
triplicate. Glutathione (GSH) and glutathione disulfide (GSSG) contents (µMol/g liver)
were determined using a Glutathione Assay Kit® (Cat. 703002, Cayman Chemicals), using
400 mg of liver tissue homogenized in cold PBS (PBS pH 6.5 in 1 mM EDTA).

2.5. Liver Histology

For hematoxylin and eosin (HE) and Masson’s trichromic stain, the formalin-fixed
liver tissues were processed with the automatized tissue processor Leica TP1020 (Leica
Microsystems Inc., (Schweiz) AG, Heerbrugg, Switzerland) and Leica EG11504 H (Leica
Microsystems Inc.) HE. Masson’s trichromic, and Weigert hematoxylin (for Masson con-
trast) were acquired in Merck (Darmstadt, Germany). All the liver extracted were at least
developed by duplicated and considering 6 fields per slide; the analysis was made by a
blind expert Pathologist, following the punctuation of Korourian and Ishak, modified from
Goodman [23–26]. The histological analysis was made in a Leica DM500 microscope (Leica
Microsystems) with a high-definition digital camera Leica ICC50W (Leica Microsystems)
connected to a LAS EZ software (Leica Application Suite, Heerbrugg, Switzerland).

2.6. Immunohistochemistry Studies

After deparaffination and hydration of the liver histological sections, the antigen
recuperation was made at 95 ◦C in citrate buffer (Na3C6H5O7 10 mM, pH 6.0). Endogen
peroxidase activity was blocked with a 3 % H2O2 solution. Unspecific binding was blocked
by a bovine serum solution (BSA 3%, sodium azide 15 nM). The primary antibodies
used were anti-Ki67 (polyclonal 1:300, Cat. N◦ PAS-19462, Thermo Fischer Sci., Rockford,
IL, USA) and anti-alpha smooth muscle actin (monoclonal, 1:25, Cat N◦ NCL-L-SMA,
Leica Biosystems). The Vectastain® ABC kit (Vector Laboratories Inc., Burlingame, CA,
USA) was used for biotinylated secondary antibody assay, and the samples were revealed
using ImmPACT® DAB kit (Vector Laboratories Inc.). Harris’ hematoxylin was used as
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counterstain. The analysis of the slices was made as described in the previous section. The
analysis of the positive areas was determined by the Fiji-ImageJ software (NIH, Bethesda,
MD, USA).

2.7. Western Blot Analysis

Cytoplasmic and nuclear extracts were obtained, adapting the protocol of Deryckere
and Gannon [15,27]. Briefly, liver samples (100–500 mg) frozen in liquid nitrogen were
homogenized and suspended in a buffer solution pH 7.9, containing 10 mM HEPES, 1 mM
EDTA, 0.6% NP-40, 150 mM NaCl, and 0.5 mM PMSF, followed by centrifugation (3020 g
for 5 min). The supernatant corresponds to cytoplasmic proteins. For nuclear fractions, the
pellet was resuspended in a buffer solution 2, containing glycerol 25%, HEPES 20 mM pH
7.9, NaCl 420 mM, MgCl2 1.2 mM, EDTA 0.2 mM, DTT 0.5 mM, PMSF 0.5 mM, benzamidine
2 mM and inhibitor de proteases 80 µg/mL (Pierce Protease Inhibitor Mini Tablets, Thermo
Scientific, Rockford, IL, USA). This was followed by centrifugation at 13,000× g for 60 s and
the supernatant was incubated for 20 min in ice. Then, the supernatant was centrifuged
at 13,000× g for 30 s at 4 ◦C, to eliminate nuclear debris (precipitate). Protein fractions
(50 µg) were separated in 12% polyacrylamide gels using SDS–PAGE and transferred to
nitrocellulose membranes, which were blocked for 1 h at room temperature, with TBS
containing 4.5% bovine serum albumin. The blots were washed with TBS containing
0.1% Tween 20, hybridized with rabbit polyclonal primary antibodies, for either: iNOS
(1:500, Cat. AB5382, Merck); Cyclin D1 (1:500, Cat. CC12, Sigma-Aldrich, Merck, The
Netherlands), p-BCL-2 (1:500, PAS-36742, Invitrogen, Thermo Fisher Sci. Waltham, MA,
USA); cleaved caspase 3 (1:100, Cat sc-56052, Santa Cruz Biotech, Dallas, TX, USA); IκBα
(1:800, Cat. 07-1483, Merck); p-IκBα (1:800, Cat. sc-8404, Santa Cruz Biotech); Nrf2 (1:500,
Cat. sc-722, Santa Cruz Biotech); NF-κBp65 (1:1000, Cat. 06-418, Merck); Keap-1 (1:500, Cat.
8047, Cell Signaling Biotech, Danvers, MA, USA); TGBβ (1:1500, Cat. 3711, Cell Signaling);
TGFβ RII (1:250, Cat. sc-17791, Santa Cruz Biotech); IGF-I (1:500, Cat. sc-518040, Santa
Cruz Biotech); IGF-I R (1:500, Cat. 3027, Cell Signaling Biotech); GAPDH (1:3000, Cat. 5174,
Cell Signaling Biotech); Histone H1 (1:350, Cat. sc-8030, Santa Cruz Biotech), or β-actin
(1:3000, Cat. 3700, Cell Signaling biotech). The antibodies were incubated overnight at 4 ◦C.
After extensive washing, the antigen–antibody complexes were detected using horseradish
peroxidase-labeled goat, anti-rabbit, IgG/anti-mouse or rabbit (Cell Signaling) and the
protein was detected with the kit of protein detection Westar Antares® (Cat. XLS142.0250,
Cyanagen, Bolonia, Italy). The chemiluminescent signals were analyzed in the Omega
Lum® System (Aplegen, San Francisco, CA, USA), and the quantification of luminescent
images was made in ImageJ (NIH). All the original representative images for Western-blot
are included in supplementary information Figures S5 and S6.

2.8. Statistical Analysis

All data are presented as means ± SD. The number of samples is indicated in each
figure. Statistical analyses were performed with GraphPad Prism® software, version 9.2.0
(GraphPad Software, Inc. San Diego, CA, USA). T-student (unpaired data) and one-way
ANOVAs were realized. As a post-hoc test, Tukey’s multiple comparison test and Batlest
test were used to assess the statistical significance of the differences among the groups. A
value of p < 0.05 was considered significant.

3. Results
3.1. MaR1 Administration Decrease Parameters of Chronic Liver Injury

Animal and liver weight was evaluated (Figure 1A–C), and it was found that MaR1
administration promoted a slight weight gain but did not affect the normal development
of the liver, considering the four weeks of these assay. Conversely, the DEN administration
promoted body weight and increased liver weight by 18% compared with the control
(p = 0.016), and 21% and 13% compared with MaR1 and MaR1 + Den (p = 0.0003 and
p = 0.0141, respectively), which is an indicator of liver injury.
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Figure 1. Body and liver weight of the four groups of rats. (A) body growth curve of rats. Body mass (g) as a function
of time (weeks) of treatment; (B) variation of the final and initial mass after treatment with DEN and/or MaR1; (C) wet
liver mass in relation to body mass (g/100 g). Data are expressed as mean ± SD, N = 12 animals per experimental group.
One-factor ANOVA test, Tukey’s post-test, * p <0.05 compared among the groups. a = control; b = DEN; c = MaR1 and
d = MaR1 + DEN.

The levels of AST and ALT were up-regulated in DEN livers (Table 1) and the admin-
istration of MaR1 attenuated the increase in these biomarkers (p < 0.0001). Moreover, MaR1
administration normalized the albumin levels observed in DEN groups (p = 0.007). The
levels of γGT, AP and LDH were slightly decreased in the MaR1 + DEN groups, compared
with DEN, without statistical significance.

Table 1. Biochemical parameters of liver damage. Serum clinical values of the Sprague-Dawley rats. Data are expressed as
mean ± SD. The * means p < 0.005.

Parameters Grupos

Control DEN MaR1 MaR1 + DEN

Albumin g/dL 2.39 ± 0.57 1.61 ± 0.18 * (a,c,d) 2.53 ± 0.59 2.07 ± 0.42
AST UI/L 90.87 ± 30.68 199.7 ± 54.94 * (a,c,d) 85.49 ± 29.54 107.0 ± 28.32 * (a,b,c)
ALT UI/L 46.7 ± 23.57 89.58 ± 40.63 * (a,c,d) 55.47 ± 33.63 50.35 ± 23.46
γGT UI/L 1.63 ± 0.52 2.2 ± 0.45 1.67 ± 0.52 1.43 ± 0.53
AP UI/L 591.3 ± 138.6 917.8 ± 285 * (a,c) 568.5 ± 130.5 747.0 ± 168.4

LDH UI/L 332.7 ± 202.8 620.6 ± 239.3 531.6 ± 441.3 599.4 ± 420.6
Hepatic index 4.610 ± 0.63 5.480 ± 0.21 * (a,b,c) 4.515 ± 0.27 4.84 ± 0.152

AST: aspartate transaminase; ALT: Alanine transaminase; γGT: gamma glutamil-transaminase; AP: alcaline phosphatase; LDH: lac-
tate deshidrogenase.

Hepatic fibrosis was evaluated by hepatic histological analysis HE staining (Figure 2A–D)
(other stain techniques are shown in Supplementary Figures S1–S4) and serum biochem-
ical parameters (albumin, AST, ALT, γGT, AP and LDH; Figure 2E). The control and
MaR1 + DEN groups showed normal histoarchitecture without necrosis or inflammatory
infiltrates, whereas DEN animals showed degenerative changes, with extensive areas of
necrosis associated with the loss of cytoarchitecture, inflammatory cell infiltration and
fragmented hepatic nuclei, compared with the control and MaR1 groups. The quantifica-
tion of cytoarchitecture, inflammation and necrosis (Figure 2B–D) showed that the MaR1
administration ameliorated DEN injury by decreasing the degree of architecture distortion,
inflammatory infiltration and necrosis areas (3.1, 2.7 and 4.1-fold, respectively, p < 0.0001).
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Figure 2. Effect of MaR1 on liver morphology and quantification of histopathological parameters observed by HE staining.
(A) Representative liver sections stained with hematoxylin–eosin. Scores of livers sections were graphed for (B) architecture,
(C) inflammation, (D) necrosis. At least 20 fields for every sample were analyzed at 400× magnification. n = 12 animals
per experimental group. Significance was assessed by one-way ANOVA and the Tukey’s post-test. Asterisk (*) indicates
p < 0.05. The letters identify the experiments that are compared and present this statistical difference. a = control; b = DEN;
c = Mar1 and d = MaR1 + DEN.

3.2. MaR1 Reduces Inflammatory Parameters in DEN-Induced Liver Injury

A cytokines analysis for pro-inflammation/anti-inflammation response was deter-
mined (Figure 3A–C). The pro-inflammatory cytokines TNF-α and IL-1βwere increased
in 6 and 5.5-fold, in relation to the control groups (p < 0.0001), and 4.8 and 2.4-fold in
relation to the MaR1 + DEN group (p < 0.0001), with non-statistically significant differ-
ences between the control and MaR1 + DEN (0.36 ± 0.42 [control]; 0.53 ± 0.4 [MaR1]
and 0.45 ± 0.42 [MaR1 + DEN] for TNF-α and 0.37 ± 0.32 [control]; 0.42 ± 0.29 [MaR1];
0.84 ± 0.09 [MaR1 + DEN] for IL-1β). On the other hand, the anti-inflammatory IL-10 was
measured as showing a slight decrease in the DEN group, compared with the controls
(p = 0.91); however, MaR1 + DEN presented a statistical increment compared to the control
and MaR1 (3.5 and 3.4-fold; p < 0.005) and DEN group (5.5-fold p < 0.0001).

3.3. MaR1 Shows an Anti-Fibrogenic and Proliferative Response against DEN Injury

To evaluate fibrosis, α-SMA and Masson’s Trichrome staining were assayed (Figure 4,
panels A and B). An analysis of the extracellular matrix (ECM) deposit revealed, as ex-
pected, an exaggeration of EMC deposit revealed by an increase in α-SMA. Masson’s
Trichrome Masson positive areas in the DEN animals showed a tendency to form bridges,
a situation not observed in the other groups. MaR1 administration reduced the fibrotic
areas; specifically, in α-SMA and Masson’s Trichrome fibrosis quantification, there was a
2 and 68.7-fold (respectively, p < 0.0001) increase in the DEN group compared with the
control. MaR1 administration reduced this value in a 1.4-fold (p = 0.0033) and 3.2-fold
(p = 0.0006), respectively.
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Figure 3. Effect of MaR1 on inflammatory mediators. Serum levels of inflammatory cytokines (A) tumor necrosis factor
(TNF)-α; (B) interleukin (IL)-6 and (C) anti-inflammatory cytokine IL-10 levels were quantified. N = 8–12 rats per experiment.
Significance was assessed by one-way ANOVA and the Tukey’s post-test. Asterisk (*) indicates p < 0.05. The letters
identify the experiments that were compared and present this statistical difference. a = control; b = DEN; c = Mar1 and
d = MaR1 + DEN.

Figure 4. Effect of MaR1 treatment on extracellular matrix deposition. Panel A: representative photomicrographs of
liver sections with α-SMA staining and quantification of the percentage of α-SMA positive areas; Panel B: representative
photomicrographs of liver sections with Masson’s Trichrome staining and quantification of the percentage of positive areas.
At least 20 fields were analyzed with 100× and 400× magnification per sample, from each experimental group. n = 8–12 rats
per experiment. Significance was assessed by one-way ANOVA and Tukey’s post-test. Asterisk indicates p < 0.05. The
letters identify the experiments that were compared and present this statistical difference. a = control; b = DEN; c = Mar1
and d = MaR1 + DEN.



Cells 2021, 10, 3406 8 of 17

To evaluate the proliferative and antiapoptotic responses, the levels of cyclin D1,
p-BCL-2 and cleaved caspase-3 were measured (Figure 5A–D). Cyclin D1 was increased in
the MaR1 + DEN group, in a media of 45-fold (p < 0.0001), compared with all other groups.
No significant differences were found between the other groups. DEN caused a reduction
of p-BCL-2 levels in a 1.3-fold (p = 0.002), a situation reversed by MaR1 administration,
with a 1.4-fold increase (p = 0.005), compared with the MaR1 + DEN and DEN groups.

Figure 5. Effect of MaR1 treatment on cell cycle, proliferation and apoptosis. (A) Representative images of Western blots
for cyclin D1, Bcl-2 and cleaved caspase-3 from liver extracts. (B–D), quantification of the proteins observed showed in
A. The values were normalized to β-actin; and (E) representative histopathological microphotography of Ki67 at 400×
magnification and their quantification (Ki67 positive cell). At least 20 fields were analyzed for each sample with 100× and
400× magnification. Data are expressed as mean ± SD, n = 6–8 animals per experimental group. Significance was assessed
by one-way ANOVA and the Tukey’s post-test. Asterisk indicates p < 0.05. The letters identify the experiments that were
compared and present this statistical difference. a = control; b = DEN; c = Mar1 and d = MaR1 + DEN.

In the case of cleaved caspase-3, DEN-treated animals showed a 3.1, 3.2 and 2.4
increase (p < 0.005) compared with the control, MaR1 and MaR1 + DEN groups, with no
differences among the other groups.
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To evaluate the pro-proliferative activity induced by MaR1 treatment, we measured
Ki67 positive areas (Figure 5E), observing an increment in 2.8-fold (p < 0.0001) in DEN-
treated animals, compared with the control group; however, MaR1 increased even more, in
3.5 and 1.3-fold (p < 0.0001), compared with the control and DEN groups, respectively.

3.4. MaR1 Protects from Fibrosis Liver Injury through Nuclear Receptors and Growth Factors
through Activation Mechanisms

Next, we evaluated the activation of NF-κB and Nrf2 transcription factors as signaling
responses of the anti-inflammatory effect of MaR1 treatment. For this, we evaluated the nu-
clear translocation of nuclear factors NF-κBp65, Nrf2, and the protein expression of related
regulator’s transcription activity molecules (Figure 6). As related protein regulates by these
transcription factors, it was evaluated by (i) IκB and phospho-IκBα (p-IκBα), (ii) iNOS
for NF-κBp65 (Figure 6A,D,G,H), and (iii) Keap-1 and (iv) GSH/GSSG tissue levels for
Nrf2 (Figure 6A,D,I,J). DEN administration promoted a NF-κBp65 nuclear translocation
(3.9-fold, p < 0.0001) with a decrease in the cytoplasmic fraction (1.3-fold, p = 0.0007),
compared with the control group. The MaR1 administration did not modify the NF-
κBp65 cytoplasmic (p = 0.5942) and nuclear (p < 0.0001) content, compared with the control.
Moreover, MaR1 + DEN did not modify the p-IκBα/IκBα ratio (Figure 6A,G and supple-
mentary Figure S5), in contrast with the DEN groups, that showed an enhancement of the
p-IκBα/IκBα ratio of 3.1, 3.3 and 3-fold, with respect to the control, MaR1 and MaR1 + DEN
(p < 0.0001). To reinforce the improvement of MaR1 on anti-inflammatory signaling, expres-
sion levels of inducible nitric oxide synthase (iNOS) were assessed (Figure 6A,H), finding
that the DEN group presented an overexpression of iNOS, compared with the control,
MaR1 and MaR1 + DEN groups (2.64; 3,1 and 4.08, respectively p < 0.001).

Regarding the nuclear translocation of Nrf2 (Figure 6A,C,D,F), the DEN group showed
a decrease in cytoplasmic content of 0.5-fold (p < 0.0001), but MaR1 + DEN showed a more
important decrease in the levels of Nrf2, by 5.6 and 2.7-fold (p < 0.05) to the control and
DEN groups, respectively. Conversely, nuclear Nrf2 increased slightly, compared with
the control (0.09 ± 0.16 [control] 0.791 ± 0.96 [DEN] p = 0.0127) and MaR1 had the most
notorious increase in relation to the other groups, with 31-fold (control), 3.8-fold (DEN)
and 21-fold (MaR1) (p < 0.0001) Nrf2 enhances. Keap-1 protein was enhanced in the DEN
group by 5.8-fold (p < 0.0001), compared with the control, and MaR1 + DEN by 2.8-fold
(p < 0.0001), which was not statistically significant when compared with the control. In
terms of oxidative stress regulated by Nrf2, the DEN group presented a reduction in GSH
of 1.3-fold, compared with normal liver tissue (p < 0.0001), associated with an increment of
GSSG (1.5-fold p < 0.0024) and a fall of the GSH/GSSG ratio (2.3-fold, p < 0.0001) (Figure 6H
and supplementary Figure S6). Moreover, MaR1 reverted the GSH-GSSG dysfunction,
normalizing the levels of GSH, GSSG, and the GSH/GSSG ratio (p < 0.0001). To ensure that
the results were not associated with a loss of components in the assay, we determined the
total glutathione content in the liver tissue (2GSH + GSSG) and non-statistical significance
was observed between groups p = 0.9765) (see supplementary Figure S6).

Next, we analyzed growth factors (Figure 7) as possible autocrine/paracrine mediators
of fibrosis and proliferation in this model. DEN-treated animals showed an increase in the
level of expression of TGF-β and its receptor TGF-β RII (Figure 7A–C) in 1.34 and 2.4-fold
compared with the control group (p < 0.005); however, it was reduced 1.1-fold (p = 0.026)
in the MaR1 + DEN group. Moreover, MaR1 + DEN depleted in 2.8-fold (p < 0.0001): the
increase observed in DEN group, with non-statistical difference among groups.

In the case of insulin growth factor (IGF-I) and its receptor (Figure 7A,D,E), the DEN
group showed reduced levels of both molecules in 1.7 and 38-fold (p < 0.05), compared
with the control group. MaR1 + DEN showed a normalization of IGF-I (p < 0.0001) and
IGF-IR (p = 0.0108), with respect to the enhanced levels observed in DEN animals, and with
non-statistical significance among the controls.
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Figure 6. Effect of MaR1 on the activation of NF-κB and Nrf2 nuclear factors. Representative images of cytoplasmic
(A) and nuclear (B) Western blots of NF-κB, Nrf2, p-IκBα, IκBα, iNOS, Keap1. Western blot analysis of (B) cytoplasmic
and (C) nuclear NF-κB; (D) cytoplasmic (E,F) nuclear Nrf2; (G) p-IκBα/IκBα ratio; (H) iNOS; (I) Keap-1. (J) liver tissue
analysis of the GSH/GSSG content. Representative images are shown in each case. The cytoplasmic levels were normalized
to GAPDH or β-actin housekeeping and nuclear levels were normalized to histone H1 as housekeeping. N = 6–9 rats per
experimental group. One-way ANOVA and the Tukey’s post-test. Asterisk indicates p < 0.05. The letters identify the groups
that were compared and show the statistical difference. a = control; b = DEN; c = Mar1 and d = MaR1 + DEN.
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Figure 7. Impact of MaR1 on the levels of growth factors. (A) representative images of growth factors by Western Blot.
Western blot analysis of (B) TGF-β; (C) TGF-β RII; (D) IGF-I; (E) IGF-IR. Representative plots are shown below each graph.
TGF-β and IGF-1 levels were normalized to GAPDH or β-actin. Asterisk indicates p < 0.05, one-way ANOVA and the
Tukey’s post-test. N= 6–9 rats per experimental group. The letters identify the groups that were compared and present the
statistical difference. a = control; b = DEN; c = Mar1 and d = MaR1 + DEN.

4. Discussion

When chronic liver damage has been documented, liver fibrosis emerges as an inter-
mediate step between reversion and progression to final organ failure. If fibrosis in CLD
can be reversed, the obligatory mechanisms that must be orchestrated include: the switch
in the inflammatory micro-environment; restriction and/or apoptosis of activated stellate
cells; degradation of ECM; reduction of oxidative stress balance, and hepatocytes regener-
ation. In case the liver in CLD becomes chronic, the final result is cirrhosis, the potential
development of hepatocarcinoma (HCC), and acute-on-chronic liver failure [28–30]. It is
worth mentioning that in the absence of another treatment, the only established therapy for
CLD patients is a liver transplant [29]. The liver transplant, although a routine procedure, is
limited due to donor shortages and donor organ risks, such as cancer, infection, and autoim-
mune disease, generating a problem of quality and quantity in liver transplantations [31].
Based on the above, we propose that MaR1 could be an interesting pharmacological agent
for the treatment and reversion of CLD.

According to previous studies, omega-3 fatty acids may exert protective effects in
CLD. Petinelli et al. describe that in NAFLD, patients showed a marked increase in n-
6 PUFA/n-3 PUFA ratio (that promotes steatosis). Omega-3 fatty acids may promote
nuclear receptor modulation, such as inhibiting the sterol regulatory element-binding
protein 1 (SREBP1c) and activating the peroxisome proliferator-activated receptor alpha
(PPARα) [32–34]. Moreover, Enguita et al. have shown that DHA is deficient not only
in plasma, but also in livers of cirrhotic patients, and that a decrease in DHA levels is
correlated with the progression of the disease [35]. Interestingly, DHA also contributes to
protecting the gut microbiota and intestinal wall integrity [36,37]. The administration of
DHA in different liver fibrosis models showed that DHA affects the cytosolic sequestration
of NF-κB subunits, explaining the capability of this omega-3 fatty acid to down-regulate
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inflammation, fibrosis, and oxidative stress and therefore liver damage [38,39]. NF-κB is
a key master regulator of inflammation [40], and it has been widely demonstrated that
EPA + DHA are down-regulators of NF-κB in acute or chronic liver disease [35,41–43].
Since DHA is the precursor of various SPM, including MaR1, the results observed in our
model are consistent with a hepatoprotective role of MaR1.

In our study, MaR1 normalized the biochemical parameters of liver function, accompa-
nied by a reduction in the hepatomegaly observed in the fibrosis model. This might relate
to the antioxidant and anti-inflammatory effects promoted by MaR1. GSH is particularly
concentrated in mammal liver tissue and is oxidized to GSSG. The GSH:GSSG ratio is
often used as a marker of cellular toxicity [44]. GSH is not only a direct scavenging of
reactive oxygen species, but also has roles in the network of survival, regulating necrosis
and apoptosis, as well as cell signaling, and it can indirectly modulate NF-κB pathways [45].
It is worth mentioning that the GSH production is regulated by Nrf2, and at the same time
Nrf2 is a potential target to modify liver fibrosis [45,46]. As GSH has a role in several redox
sensitive transcription factors, such as NF-κB and activator protein-1 (AP-1), both regulate
the expression of iNOS. Faced to a GSH reduction, iNOS expression is induced in liver
tissue [47]. The role of iNOS in liver fibrosis has been studied using iNOS knockout mice
and specific iNOS inhibitors, resulting in reduced liver fibrosis [48]. Some studies have
demonstrated that MaR1 suppresses iNOS levels [13,49,50]; however, here we show for
first time that MaR1 suppresses iNOS in a chronic model of liver disease. MaR1 promotes
an anti-inflammatory response by an enhancement of IL-10 with a concomitant decrease
in proinflammatory cytokines, TNF-α and IL-1β. This MaR1 anti-inflammatory effect has
been established elsewhere [51–53]; in particular, the capability to enhance IL-10 levels
has been demonstrated in liver injury [54]. The anti-inflammatory and pro-resolutive
activity of MaR1 could be mediated by their capacity to shift macrophage to an M2 anti-
inflammatory phenotype [8], where MaR1 incubation with macrophages resolution, by
increasing phagocytosis and efferocytosis [55], and an epoxy-DHA (eMaR), stimulates the
conversion of the M1 macrophage to M2 phenotype [56]. Macrophage polarization is insep-
arable from the process of resolving inflammation [57]. Han et al. have recently described
that MaR1 enhances the mRNA levels of the RAR-related orphan receptor alpha (RORα),
with induction of M2 macrophages with augmented expression of Klf4, Arg1, and Cd163
intrinsic markers of M2 phenotype [58]. Moreover, the authors in this model describe the
hepatoprotective effect of MaR1 on a chronic metabolic liver disorder (NASH). Our model
(DEN-induced hepatic damage) focuses specifically on the fibrotic process, after chemical
cytotoxic damage has been induced. Therefore, our data establishes a role of MaR1 in
preventing hepatic fibrosis development, independently of liver metabolic disorders. This
highlights the potential use of MaR1 in advanced stages of chronic liver disease.

In CLD, continuous ECM remodeling during liver injury leads to an altered and
excessive ECM proteoglycans accumulation, thus worsening fibrosis, which is responsible
for the morbidity and mortality associated with liver failure [59]. The ECM deposit serves
as an anchor for cytokines, chemokines, and growth factors which, in turn, modulate the
immunity system. TGF-β1 is stored in the ECM and responds to the perturbations in the
microenvironment to ensure ECM homeostasis. TGF-β1 release in response to changes
in ECM rigidity during fibrosis can drive both pro-inflammatory and inhibitory immune
responses [60,61]. In relation to MaR1, animals protected with MaR1 presented less ECM
accumulation and fibrotic areas. Sun et al. (pulmonary fibrosis), Han et al. (NASH), and
Tang et al. (mesangial cell) showed that MaR1 ameliorates pulmonary fibrosis by inhibiting
TGF-β1, cell migration, fibroblast differentiation and collagen expression [58,62,63]. More-
over, we showed that MaR1 normalized the levels of TGF-β1 and its receptor, explaining the
anti-fibrotic effect observed in our model. Along with ECM-normalized deposition, MaR1
was shown to induce a regenerative and anti-apoptotic phenotype. Physiological apop-
tosis allows the removal of dying cells without the release of proinflammatory cytokines,
and a minimal immune response. However, in pathophysiological situations, the balance
between cell proliferation and cell death is often altered, with the consequent loss of tissue
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homeostasis becoming the onset of several liver diseases [64]. Persistent apoptosis is a
feature of chronic liver disease; fibrogenesis is stimulated by constant hepatocyte apoptosis,
resulting in cirrhosis of the liver and a loss of hepatocytes in CLD [65]. Liver apoptosis has
a dual response, depending on the cell type analyzed. For example, stellated cell death
is a mechanism important for the removal of activated myofibroblast, and resolution of
hepatic fibrosis [66]. This is explained by trans-differentiation of hepatic stellate cells into
myofibroblast, the main cellular source of ECM and the major driver of liver fibrogenesis,
comprised on 15% of all parenchymal tissue [67]. In the liver, hepatocyte apoptosis occurs
mainly via two pathways: mitochondria-mediated (intrinsic) or death receptor-mediated
(extrinsic) [64]. The extrinsic pathway is originated by a cytokine receptor family named the
death receptor, which includes the TNF-receptor I (TNF-R1), Fas/CD95 and tumor necrosis
factor related apoptosis-inducing ligand receptors 1 and 2 (TRAIL-R1 and TRAIL-R2)) by
their cognate ligands (TNF-α, Fas ligand (FasL)/CD95L, TRAIL) [68]. Moreover, NF-κB,
c-Jun, and p53 mediate apoptosis through up or down-regulation of apoptosis-related
gene expression in the nucleus [69]. Apoptosis is indeed a proinflammatory process in
liver pathophysiological conditions; the engulfment of apoptotic bodies by Kupffer cells
enhances the expression of death ligands, especially the Fas ligand and TNF-α, accelerating
hepatocyte apoptosis and eliciting hepatic inflammation [70]. MaR1 restores the enhanced
levels of TNF-α and normalizes the apoptosis evidenced in liver fibrosis. Antiapoptotic
results were accompanied by an increased level of cyclin D1 and Ki67, in a clear intention
to promote survival and activate mitotic cascades in hepatocytes. Previously, Serhan et al.
have demonstrated that MaR1 administration is able to regulate inflammatory resolution
and tissue reparation, due to its capacity to promote tissue regeneration in planaria [71].
After that, Wang et al. showed that MaR1 promotes re-epithelization, accelerating wound
healing in a model of tooth extraction [72]. Moreover, we previously described that MaR1
induced hepatocyte proliferation in an acute model of liver damage [54]. The molecular
mechanism of the MaR1-induced repair has not yet been dilucidated. It has recently been
shown that MaR1 induced hypertrophy in neonatal cardiomyocytes in culture, through a
RORα/IGF-1/PI3K/Akt pathway [73].

IGF-1 and IGF-1R are molecules that play a relevant role in proliferation and apoptosis
regulation (inhibiting programmed cell death), growth and cellular development through
autocrine and paracrine mechanisms [74,75]. IGF is predominantly secreted by hepatocytes,
and in the liver regulates mitochondrial functions, oxidative stress, and inflammation
among other protective effects [76–79]. Yao et al., described in a meta-analysis that IGF is
down-regulated in NAFLD patients [80]. Moreover, recombinant IGF-1 or the transfer of
IGF from human umbilical cells ameliorates liver fibrosis [81,82], decreasing α-SMA and
Masson’s trichomic stain, EMC. The authors showed that the IGF protective effect was
related to a notorious decrease in TGF-β1 signaling. The IGF signaling pathways include a
mitochondrial transcription program related to the BCL-2 induction and the mitochondria-
protective signal that was coordinated through the cytoprotective transcription factor
Nrf2 [83]. The dysregulation of Nrf2 pathways in the vascular system in IGF-1 deficient
mice promotes the endothelial dysfunction associated with increased apoptosis [84]. Nrf2
activation is mediated via PI3K-Akt; however, Nrf2 can also be activated by an Akt/IGF-1
dependent pathway. It has been described that the activation of Nrf2 antagonizes the
inflammatory pathways of TGF-β1 and NF-κB, and plays a cytoprotective role in cell
damage [23,85].

Furthermore, the ROS increase mediated by TGF-β1 represses Nrf2 signaling [86],
and it could be hypothesized that the Keap1–NRF2 system participates in the inhibition of
TGF-β1 signaling [86,87]. It is therefore noteworthy that Nrf2 and NF-κB cross-talk among
them, where the absence of the first can exacerbate cytokine production, whereas NF-κB
can modulate Nrf2 transcription and activity [88]. Then, the relationship between IGF-1,
Keap1 and Nrf2 observed in our study can be explained by their capability to decrease
ROS/inflammation and their related molecules, by the modulation of the TGF-β1/NF-
κB pathway.
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In summary, MaR1 can exert hepatoprotective effects by means of an IGF-1/Keap1/Nrf2
enhanced activity, generating an anti-fibrotic, anti-inflammatory, antioxidant and tissue
restoration/regeneration environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10123406/s1, Figure S1: Liver biopsies analysis; Figure S2: Liver Van Gieson stain;
Figure S3: Liver Elastic Van Gieson stain; Figure S4: Liver Periodic-ácid Schiff (PAS); Figure S5: IκBα
and p-IκBαwestern blot; Figure S6: GSH and GSSG liver tissue analysis.

Author Contributions: Conceptualization: J.Z.-H.; data curation: M.J.R., M.S., G.T., F.H.V., M.J.Z.
and J.Z.-H.; formal analysis; M.J.R., F.H.V., M.J.Z. and J.Z.-H.; funding acquisition; M.J.R. and J.Z.-H.;
investigation; M.J.R., M.S., G.T., F.H.V., M.J.Z. and J.Z.-H.; methodology: M.J.R., M.S., G.T., F.H.V. and
M.J.Z.; resources; M.J.R., D.R.G. and J.Z.-H.; supervision, D.R.G. and J.Z.-H.; validation, F.H.V. and
M.J.Z.; writing—original draft, J.Z.-H.; writing—review and editing: M.J.R., F.H.V., M.J.Z., D.R.G.
and J.Z.-H. All authors have read and agreed to the published version of the manuscript.

Funding: Number 21151622 Beca Conicyt (MJR); Proyecto Fondecyt Iniciación, Chilean National
Fund for Scientific and Technological Development (Grant Number 11200258) (JZH).

Institutional Review Board Statement: Experimental animal protocols and procedures complied
with the Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, NIH
Publication 6-23, revised 74 1985) and were approved by the Bioethics Committee for Care and
Research in Animals, Universidad de Talca (Folio 2016-06-B and C).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data is available on request at MDPI.

Acknowledgments: We want to thank for the invaluable work of Nicole Cespedes and Fernando
Guerrero, School of Medicine, Universidad de Talca, who did not hesitate to offer their help in
relation to liver biopsy and staining techniques. Also, we want to thank to Ivan Castillo, Pathologist
from Hospital Regional del Maule, who selflessly do all the pathological analysis and scoring for HE,
Masson’s Trichome and other stain techniques.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Asrani, S.K.; Devarbhavi, H.; Eaton, J.; Kamath, P.S. Burden of liver diseases in the world. J. Hepatol. 2019, 70, 151–171. [CrossRef]
2. Zhou, W.C.; Zhang, Q.B.; Qiao, L. Pathogenesis of liver cirrhosis. World J. Gastroenterol. 2014, 20. [CrossRef] [PubMed]
3. Parola, M.; Pinzani, M. Liver fibrosis: Pathophysiology, pathogenetic targets and clinical issues. Mol. Asp. Med. 2018, 65, 37–55.

[CrossRef] [PubMed]
4. Ma, J.Q.; Ding, J.; Zhang, L.; Liu, C.M. Protective effects of ursolic acid in an experimental model of liver fibrosis through

Nrf2/ARE pathway. Clin. Res. Hepatol. Gastroenterol. 2015. [CrossRef] [PubMed]
5. Luangmonkong, T.; Suriguga, S.; Mutsaers, H.A.M.; Groothuis, G.M.M.; Olinga, P.; Boersema, M. Targeting Oxidative Stress for

the Treatment of Liver Fibrosis. Rev. Physiol. Biochem. Pharmacol. 2018, 175, 71–102. [CrossRef] [PubMed]
6. Kolios, G.; Valatas, V.; Kouroumalis, E. Role of Kupffer cells in the pathogenesis of liver disease. World J. Gastroenterol. 2006, 12,

7413–7420. [CrossRef]
7. Serhan, C.N.; Clish, C.B.; Brannon, J.; Colgan, S.P.; Chiang, N.; Gronert, K. Novel functional sets of lipid-derived mediators with

antiinflammatory actions generated from omega-3 fatty acids via cyclooxygenase 2-nonsteroidal antiinflammatory drugs and
transcellular processing. J. Exp. Med. 2000. [CrossRef] [PubMed]

8. Dalli, J.; Zhu, M.; Vlasenko, N.A.; Deng, B.; Haeggström, J.Z.; Petasis, N.A.; Serhan, C.N. The novel 13S,14S-epoxy-maresinis
converted by human macrophages to maresin 1 (MaR1), inhibits leukotriene A4 hydrolase (LTA4H), and shifts macrophage
phenotype. FASEB J. 2013. [CrossRef]

9. Dalli, J.; Ramon, S.; Norris, P.C.; Colas, R.A.; Serhan, C.N. Novel proresolving and tissue-regenerative resolvin and protectin
sulfido-conjugated pathways. FASEB J. 2015. [CrossRef]

10. Buckley, C.D.; Gilroy, D.; Serhan, C.N. Proresolving Lipid Mediators and Mechanisms in the Resolution of Acute Inflammation.
Immunity 2014, 40, 315–327. [CrossRef] [PubMed]

11. Chiurchiù, V.; Leuti, A.; Dalli, J.; Jacobsson, A.; Battistini, L.; MaCcarrone, M.; Serhan, C.N. Proresolving lipid mediators resolvin
D1, resolvin D2, and maresin 1 are critical in modulating T cell responses. Sci. Transl. Med. 2016. [CrossRef]

12. Serhan, C.N.; Chiang, N.; Dalli, J. New pro-resolving n-3 mediators bridge resolution of infectious inflammation to tissue
regeneration. Mol. Aspects Med. 2018, 64, 1–17. [CrossRef]

https://www.mdpi.com/article/10.3390/cells10123406/s1
https://www.mdpi.com/article/10.3390/cells10123406/s1
http://doi.org/10.1016/j.jhep.2018.09.014
http://doi.org/10.3748/wjg.v20.i23.7312
http://www.ncbi.nlm.nih.gov/pubmed/24966602
http://doi.org/10.1016/j.mam.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30213667
http://doi.org/10.1016/j.clinre.2014.09.007
http://www.ncbi.nlm.nih.gov/pubmed/25459994
http://doi.org/10.1007/112_2018_10
http://www.ncbi.nlm.nih.gov/pubmed/29728869
http://doi.org/10.3748/wjg.v12.i46.7413
http://doi.org/10.1084/jem.192.8.1197
http://www.ncbi.nlm.nih.gov/pubmed/11034610
http://doi.org/10.1096/fj.13-227728
http://doi.org/10.1096/fj.14-268441
http://doi.org/10.1016/j.immuni.2014.02.009
http://www.ncbi.nlm.nih.gov/pubmed/24656045
http://doi.org/10.1126/scitranslmed.aaf7483
http://doi.org/10.1016/j.mam.2017.08.002


Cells 2021, 10, 3406 15 of 17

13. Li, R.; Wang, Y.; Zhao, E.; Wu, K.; Li, W.; Shi, L.; Wang, D.; Xie, G.; Yin, Y.; Deng, M.; et al. Maresin 1, a Proresolving Lipid
Mediator, Mitigates Carbon Tetrachloride-Induced Liver Injury in Mice. Oxid. Med. Cell. Longev. 2016, 2016. [CrossRef]

14. Zhang, P.; Yin, Y.; Wang, T.; Li, W.; Li, C.; Zeng, X.; Yang, W.; Zhang, R.; Tang, Y.; Shi, L.; et al. Maresin 1 mitigates concanavalin
A-induced acute liver injury in mice by inhibiting ROS-mediated activation of NF-κB signaling. Free Radic. Biol. Med. 2020.
[CrossRef] [PubMed]

15. Soto, G.; Rodríguez, M.J.; Fuentealba, R.; Treuer, A.V.; Castillo, I.; González, D.R.; Zúñiga-Hernández, J. Maresin 1, a proresolving
lipid mediator, ameliorates liver ischemia-reperfusion injury and stimulates hepatocyte proliferation in sprague-dawley rats. Int.
J. Mol. Sci. 2020, 21, 540. [CrossRef] [PubMed]

16. Tang, D.; Fu, G.; Li, W.; Sun, P.; Loughran, P.A.; Deng, M.; Scott, M.J.; Billiar, T.R. Maresin 1 protects the liver against is-
chemia/reperfusion injury via the ALXR/Akt signaling pathway. Mol. Med. 2021, 27. [CrossRef] [PubMed]

17. Rius, B.; Duran-Güell, M.; Flores-Costa, R.; López-Vicario, C. The specialized proresolving lipid mediator maresin 1 protects
hepatocytes from lipotoxic and hypoxia-induced endoplasmic reticulum stress. FASEB J. 2017, 31, 5384–5398. [CrossRef]

18. Laiglesia, L.M.; Lorente-Cebrián, S.; Martínez-Fernández, L.; Sáinz, N.; Prieto-Hontoria, P.L.; Burrell, M.A.; Rodríguez-Ortigosa,
C.M.; Martínez, J.A.; Moreno-Aliaga, M.J. Maresin 1 mitigates liver steatosis in ob/ob and diet-induced obese mice. Int. J.
Obes. 2018. [CrossRef]

19. Gao, Y.; Chen, Z.-B.; Zheng, S.-S.; Hu, G.-Z.; Ding, C.-Y.; Zhang, Y.; Zhao, X.-H.; Ni, L.-M. Regression of liver fibrosis after biliary
drainage in patients with choledocholith: A preliminary report. Hepatobiliary Pancreat. Dis. Int. 2005, 4, 104–107. [PubMed]

20. Ellis, E.L.; Mann, D.A. Clinical evidence for the regression of liver fibrosis. J. Hepatol. 2012, 56, 1171–1180. [CrossRef] [PubMed]
21. Tao, Y.; Wang, M.; Chen, E.; Tang, H. Liver Regeneration: Analysis of the Main Relevant Signaling Molecules. Mediators Inflamm.

2017, 2017, 1–9. [CrossRef] [PubMed]
22. Kim, N.H.; Heo, J.D.; Kim, T.B.; Rho, J.R.; Yang, M.H.; Jeong, E.J. Protective effects of ethyl acetate soluble fraction of Limonium

tetragonum on diethylnitrosamine-induced liver fibrosis in rats. Biol. Pharm. Bull. 2016. [CrossRef] [PubMed]
23. Rodríguez, M.J.; Herrera, F.; Donoso, W.; Castillo, I.; Orrego, R.; González, D.R.; Zúñiga-Hernández, J. Pro-resolving lipid

mediator resolvin E1 mitigates the progress of diethylnitrosamine-induced liver fibrosis in sprague-dawley rats by attenuating
fibrogenesis and restricting proliferation. Int. J. Mol. Sci. 2020, 21, 8827. [CrossRef] [PubMed]

24. Korourian, S.; Hakkak, R.; Ronis, M.J.J.; Shelnutt, S.R.; Waldron, J.; Ingelman-Sundberg, M.; Badger, T.M. Diet and risk of
ethanol-induced hepatotoxicity: Carbohydrate-fat relationships in rats. Toxicol. Sci. 1999, 47, 110–117. [CrossRef] [PubMed]

25. Ishak, K.; Baptista, A.; Bianchi, L.; Callea, F.; De Groote, J.; Gudat, F.; Denk, H.; Desmet, V.; Korb, G.; MacSween, R.N.M.; et al.
Histological grading and staging of chronic hepatitis. J. Hepatol. 1995. [CrossRef]

26. Goodman, Z.D. Grading and staging systems for inflammation and fibrosis in chronic liver diseases. J. Hepatol. 2007, 47, 598–607.
[CrossRef]

27. DeRyckere, F.; Gannon, F. A one-hour minipreparation technique for extraction of DNA-binding proteins from animal tissues.
BioTechniques 1994, 16, 405.

28. Pinter, M.; Trauner, M.; Peck-Radosavljevic, M.; Sieghart, W. Cancer and liver cirrhosis: Implications on prognosis and manage-
ment. ESMO Open 2016, 1, e000042. [CrossRef] [PubMed]

29. Iredale, J.P.; Campana, L. Regression of Liver Fibrosis. Semin. Liver Dis. 2017, 37, 1–10. [CrossRef] [PubMed]
30. Jalan, R.; Ginès, P.; Olson, J.C.; Mookerjee, R.; Moreau, R.; Garcia-Tsao, G.; Arroyo, V.; Kamath, P.S. Acute-on chronic liver failure.

J. Hepatol. 2012, 57, 1336–1348. [CrossRef] [PubMed]
31. Neuberger, J. An update on liver transplantation: A critical review. J. Autoimmun. 2015, 66, 51–59. [CrossRef] [PubMed]
32. Pettinelli, P.; del Pozo, T.; Araya, J.; Rodrigo, R.; Araya, A.V.; Smok, G.; Csendes, A.; Gutierrez, L.; Rojas, J.; Korn, O.; et al.

Enhancement in liver SREBP-1c/PPAR-α ratio and steatosis in obese patients: Correlations with insulin resistance and n-3
long-chain polyunsaturated fatty acid depletion. Biochim. Biophys. Acta-Mol. Basis Dis. 2009, 1792. [CrossRef]

33. Yang, J.; Fernández-Galilea, M.; Martínez-Fernández, L.; González-Muniesa, P.; Pérez-Chávez, A.; Martínez, J.A.; Moreno-Aliaga,
M.J. Oxidative Stress and Non-Alcoholic Fatty Liver Disease: Effects of Omega-3 Fatty Acid Supplementation. Nutrients 2019,
11, 872. [CrossRef] [PubMed]

34. Zúñiga, J.; Cancino, M.; Medina, F.; Varela, P.; Vargas, R.; Tapia, G.; Videla, L.A.; Fernández, V. N-3 PUFA supplementation
triggers PPAR-α activation and PPAR-α/NF-κB interaction: Anti-inflammatory implications in liver ischemia-reperfusion injury.
PLoS ONE 2011, 6. [CrossRef]

35. Enguita, M.; Razquin, N.; Pamplona, R.; Quiroga, J.; Prieto, J.; Fortes, P. The cirrhotic liver is depleted of docosahexaenoic acid
(DHA), a key modulator of NF-κB and TGFβ pathways in hepatic stellate cells. Cell Death Dis. 2019, 10. [CrossRef] [PubMed]

36. Fu, Y.; Wang, Y.; Gao, H.; Li, D.; Jiang, R.; Ge, L.; Tong, C.; Xu, K. Associations among Dietary Omega-3 Polyunsaturated Fatty
Acids, the Gut Microbiota, and Intestinal Immunity. Mediat. Inflamm. 2021, 2021, 1–11. [CrossRef]

37. Costantini, L.; Molinari, R.; Farinon, B.; Merendino, N. Impact of Omega-3 Fatty Acids on the Gut Microbiota. Int. J. Mol. Sci.
2017, 18, 2645. [CrossRef] [PubMed]

38. Depner, C.M.; Philbrick, K.A.; Jump, D.B. Docosahexaenoic acid attenuates hepatic inflammation, oxidative stress, and fibrosis
without decreasing hepatosteatosis in a Ldlr-/- Mouse Model of Western Diet-Induced Nonalcoholic Steatohepatitis1-3. J. Nutr.
2013, 143. [CrossRef] [PubMed]

39. Lytle, K.A.; Wong, C.P.; Jump, D.B. Docosahexaenoic acid blocks progression of western diet-induced nonalcoholic steatohepatitis
in obese Ldlr-/- mice. PLoS ONE 2017, 12. [CrossRef] [PubMed]

http://doi.org/10.1155/2016/9203716
http://doi.org/10.1016/j.freeradbiomed.2019.11.033
http://www.ncbi.nlm.nih.gov/pubmed/31785331
http://doi.org/10.3390/ijms21020540
http://www.ncbi.nlm.nih.gov/pubmed/31952110
http://doi.org/10.1186/s10020-021-00280-9
http://www.ncbi.nlm.nih.gov/pubmed/33632134
http://doi.org/10.1096/fj.201700394R
http://doi.org/10.1038/ijo.2017.226
http://www.ncbi.nlm.nih.gov/pubmed/15730931
http://doi.org/10.1016/j.jhep.2011.09.024
http://www.ncbi.nlm.nih.gov/pubmed/22245903
http://doi.org/10.1155/2017/4256352
http://www.ncbi.nlm.nih.gov/pubmed/28947857
http://doi.org/10.1248/bpb.b15-01047
http://www.ncbi.nlm.nih.gov/pubmed/27251505
http://doi.org/10.3390/ijms21228827
http://www.ncbi.nlm.nih.gov/pubmed/33266360
http://doi.org/10.1093/toxsci/47.1.110
http://www.ncbi.nlm.nih.gov/pubmed/10048159
http://doi.org/10.1016/0168-8278(95)80226-6
http://doi.org/10.1016/j.jhep.2007.07.006
http://doi.org/10.1136/esmoopen-2016-000042
http://www.ncbi.nlm.nih.gov/pubmed/27843598
http://doi.org/10.1055/s-0036-1597816
http://www.ncbi.nlm.nih.gov/pubmed/28201843
http://doi.org/10.1016/j.jhep.2012.06.026
http://www.ncbi.nlm.nih.gov/pubmed/22750750
http://doi.org/10.1016/j.jaut.2015.08.021
http://www.ncbi.nlm.nih.gov/pubmed/26350881
http://doi.org/10.1016/j.bbadis.2009.08.015
http://doi.org/10.3390/nu11040872
http://www.ncbi.nlm.nih.gov/pubmed/31003450
http://doi.org/10.1371/journal.pone.0028502
http://doi.org/10.1038/s41419-018-1243-0
http://www.ncbi.nlm.nih.gov/pubmed/30622239
http://doi.org/10.1155/2021/8879227
http://doi.org/10.3390/ijms18122645
http://www.ncbi.nlm.nih.gov/pubmed/29215589
http://doi.org/10.3945/jn.112.171322
http://www.ncbi.nlm.nih.gov/pubmed/23303872
http://doi.org/10.1371/journal.pone.0173376
http://www.ncbi.nlm.nih.gov/pubmed/28422962


Cells 2021, 10, 3406 16 of 17

40. Colomer, C.; Marruecos, L.; Vert, A.; Bigas, A.; Espinosa, L. NF-κB Members Left Home: NF-κB-Independent Roles in Cancer.
Biomedicines 2017, 5, 26. [CrossRef] [PubMed]

41. Valenzuela, R.; Ortiz, M.; Hernández-Rodas, M.C.; Echeverría, F.; Videla, L.A. Targeting n-3 Polyunsaturated Fatty Acids in
Non-Alcoholic Fatty Liver Disease. Curr. Med. Chem. 2020, 27. [CrossRef]

42. Hernández-Rodas, M.C.; Valenzuela, R.; Echeverría, F.; Rincón-Cervera, M.Á.; Espinosa, A.; Illesca, P.; Muñoz, P.; Corbari, A.;
Romero, N.; Gonzalez-Mañan, D.; et al. Supplementation with Docosahexaenoic Acid and Extra Virgin Olive Oil Prevents Liver
Steatosis Induced by a High-Fat Diet in Mice through PPAR-α and Nrf2 Upregulation with Concomitant SREBP-1c and NF-kB
Downregulation. Mol. Nutr. Food Res. 2017, 61. [CrossRef] [PubMed]

43. Zúñiga, J.; Venegas, F.; Villarreal, M.; Núñez, D.; Chandía, M.; Valenzuela, R.; Tapia, G.; Varela, P.; Videla, L.A.; Fernández, V.
Protection against in vivo liver ischemia-reperfusion injury by n-3 long-chain polyunsaturated fatty acids in the rat. Free Radic.
Res. 2010, 44. [CrossRef]

44. Zitka, O.; Skalickova, S.; Gumulec, J.; Masarik, M.; Adam, V.; Hubalek, J.; Trnkova, L.; Kruseova, J.; Eckschlager, T.; Kizek, R.
Redox status expressed as GSH:GSSG ratio as a marker for oxidative stress in paediatric tumour patients. Oncol. Lett. 2012, 4.
[CrossRef]

45. Vairetti, M.; Di Pasqua, L.G.; Cagna, M.; Richelmi, P.; Ferrigno, A.; Berardo, C. Changes in glutathione content in liver diseases:
An update. Antioxidants 2021, 10, 364. [CrossRef] [PubMed]

46. Lu, S.C. Glutathione synthesis. Biochim. et Biophys. Acta (BBA)-Gen. Subj. 2012, 1830, 3143–3153. [CrossRef] [PubMed]
47. Miralles, C.; Busquets, X.; Santos, C.; Togores, B.; Hussain, S.; Rahman, I.; MacNee, W.; Agustí, A.G.N. Regulation of iNOS

expression and glutathione levels in rat liver by oxygen tension. FEBS Lett. 2000, 476. [CrossRef]
48. Iwakiri, Y. Nitric oxide in liver fibrosis: The role of inducible nitric oxide synthase. Clin. Mol. Hepatol. 2015, 21, 319–325. [CrossRef]

[PubMed]
49. Ma, H.; Mo, S.; Yi, Q.; Lai, J.; Liu, H.; Shi, Z. Role and mechanism of maresin-1 in acute lung injury induced by trauma-hemorrhagic

shock. Med. Sci. Monit. 2020, 26. [CrossRef]
50. Chatterjee, A.; Sharma, A.; Chen, M.; Toy, R.; Mottola, G.; Conte, M.S. The pro-resolving lipid mediator maresin 1 (MaR1)

attenuates inflammatory signaling pathways in vascular smooth muscle and endothelial cells. PLoS ONE 2014, 9. [CrossRef]
[PubMed]

51. Munir, F.; Jamshed, M.B.; Shahid, N.; Muhammad, S.A.; Bhandari, A.; Zhang, Q.Y. Protective effects of maresin 1 against
inflammation in experimentally induced acute pancreatitis and related lung injury. Am. J. Physiol. - Gastrointest. Liver Physiol.
2019, 317. [CrossRef] [PubMed]

52. Cezar, T.L.C.; Martinez, R.M.; da Rocha, C.; Melo, C.P.B.; Vale, D.L.; Borghi, S.M.; Fattori, V.; Vignoli, J.A.; Camilios-Neto,
D.; Baracat, M.M.; et al. Treatment with maresin 1, a docosahexaenoic acid-derived pro-resolution lipid, protects skin from
inflammation and oxidative stress caused by UVB irradiation. Sci. Rep. 2019, 9. [CrossRef] [PubMed]

53. Nordgren, T.M.; Heires, A.J.; Wyatt, T.A.; Poole, J.A.; LeVan, T.D.; Cerutis, D.R.; Romberger, D.J. Maresin-1 reduces the pro-
inflammatory response of bronchial epithelial cells to organic dust. Respir. Res. 2013, 14. [CrossRef]

54. Spite, M.; Claria, J.; Serhan, C.N. Resolvins, Specialized Proresolving Lipid Mediators, and Their Potential Roles in Metabolic
Diseases. Cell Metab. 2013, 19, 21–36. [CrossRef] [PubMed]

55. Serhan, C.N.; Levy, B.D. Resolvins in inflammation: Emergence of the pro-resolving superfamily of mediators. J. Clin. Investig.
2018, 128, 2657–2669. [CrossRef]

56. Mariqueo, T.; Zúñiga-Hernández, J. Omega-3 derivatives, specialized pro-resolving mediators: Promising therapeutic tools for
the treatment of pain in chronic liver disease. Prostaglandins, Leukot. Essent. Fat. Acids 2020, 158, 102095. [CrossRef] [PubMed]

57. Han, Y.H.; Shin, K.O.; Kim, J.Y.; Khadka, D.B.; Kim, H.J.; Lee, Y.M.; Cho, W.J.; Cha, J.Y.; Lee, B.J.; Lee, M.O. A maresin 1/RORα/12-
lipoxygenase autoregulatory circuit prevents inflammation and progression of nonalcoholic steatohepatitis. J. Clin. Investig. 2019.
[CrossRef] [PubMed]

58. Baiocchini, A.; Montaldo, C.; Conigliaro, A.; Grimaldi, A.; Correani, V.; Mura, F.; Ciccosanti, F.; Rotiroti, N.; Brenna, A.;
Montalbano, M.; et al. Extracellular matrix molecular remodeling in human liver fibrosis evolution. PLoS ONE 2016, 11.
[CrossRef] [PubMed]

59. Murphy-Ullrich, J.E.; Suto, M.J. Thrombospondin-1 regulation of latent TGF-β activation: A therapeutic target for fibrotic disease.
Matrix Biol. 2018, 68–69, 28–43. [CrossRef] [PubMed]

60. McQuitty, C.E.; Williams, R.; Chokshi, S.; Urbani, L. Immunomodulatory Role of the Extracellular Matrix Within the Liver Disease
Microenvironment. Front. Immunol. 2020, 11, 2903. [CrossRef]

61. Sun, Q.; Wu, Y.; Zhao, F.; Wang, J. Maresin 1 inhibits transforming growth factor-β1-induced proliferation, migration and
differentiation in human lung fibroblasts. Mol. Med. Rep. 2017, 16, 1523–1529. [CrossRef] [PubMed]

62. Tang, S.; Gao, C.; Long, Y.; Huang, W.; Chen, J.; Fan, F.; Jiang, C.; Xu, Y. Maresin 1 Mitigates High Glucose-Induced Mouse
Glomerular Mesangial Cell Injury by Inhibiting Inflammation and Fibrosis. Mediators Inflamm. 2017, 2017. [CrossRef] [PubMed]

63. Guicciardi, M.E. Apoptosis: A mechanism of acute and chronic liver injury. Gut 2005, 54, 1024–1033. [CrossRef]
64. Malhi, H.; Gores, G.J. Cellular and Molecular Mechanisms of Liver Injury. Gastroenterology 2008, 134. [CrossRef] [PubMed]
65. Luedde, T.; Kaplowitz, N.; Schwabe, R.F. Cell Death and Cell Death Responses in Liver Disease: Mechanisms and Clinical

Relevance. Gastroenterology 2014, 147, 765–783.e4. [CrossRef] [PubMed]

http://doi.org/10.3390/biomedicines5020026
http://www.ncbi.nlm.nih.gov/pubmed/28587092
http://doi.org/10.2174/0929867326666190410121716
http://doi.org/10.1002/mnfr.201700479
http://www.ncbi.nlm.nih.gov/pubmed/28940752
http://doi.org/10.3109/10715762.2010.485995
http://doi.org/10.3892/ol.2012.931
http://doi.org/10.3390/antiox10030364
http://www.ncbi.nlm.nih.gov/pubmed/33670839
http://doi.org/10.1016/j.bbagen.2012.09.008
http://www.ncbi.nlm.nih.gov/pubmed/22995213
http://doi.org/10.1016/S0014-5793(00)01748-8
http://doi.org/10.3350/cmh.2015.21.4.319
http://www.ncbi.nlm.nih.gov/pubmed/26770919
http://doi.org/10.12659/MSM.923518
http://doi.org/10.1371/journal.pone.0113480
http://www.ncbi.nlm.nih.gov/pubmed/25409514
http://doi.org/10.1152/ajpgi.00078.2019
http://www.ncbi.nlm.nih.gov/pubmed/31125268
http://doi.org/10.1038/s41598-019-39584-6
http://www.ncbi.nlm.nih.gov/pubmed/30816324
http://doi.org/10.1186/1465-9921-14-51
http://doi.org/10.1016/j.cmet.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24239568
http://doi.org/10.1172/JCI97943
http://doi.org/10.1016/j.plefa.2020.102095
http://www.ncbi.nlm.nih.gov/pubmed/32450460
http://doi.org/10.1172/JCI124219
http://www.ncbi.nlm.nih.gov/pubmed/30855276
http://doi.org/10.1371/journal.pone.0151736
http://www.ncbi.nlm.nih.gov/pubmed/26998606
http://doi.org/10.1016/j.matbio.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29288716
http://doi.org/10.3389/fimmu.2020.574276
http://doi.org/10.3892/mmr.2017.6711
http://www.ncbi.nlm.nih.gov/pubmed/29067437
http://doi.org/10.1155/2017/2438247
http://www.ncbi.nlm.nih.gov/pubmed/28182085
http://doi.org/10.1136/gut.2004.053850
http://doi.org/10.1053/j.gastro.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18471544
http://doi.org/10.1053/j.gastro.2014.07.018
http://www.ncbi.nlm.nih.gov/pubmed/25046161


Cells 2021, 10, 3406 17 of 17

66. Higashi, T.; Friedman, S.L.; Hoshida, Y. Hepatic stellate cells as key target in liver fibrosis. Adv. Drug Deliv. Rev. 2017, 121, 27–42.
[CrossRef] [PubMed]

67. Ashkenazi, A.; Dixit, V.M. Death Receptors: Signaling and Modulation. Science 1998, 281, 1305–1308. [CrossRef] [PubMed]
68. Wang, K.; Lin, B. Pathophysiological Significance of Hepatic Apoptosis. ISRN Hepatol. 2013, 2013. [CrossRef] [PubMed]
69. Canbay, A.; Feldstein, A.E.; Higuchi, H.; Werneburg, N.; Grambihler, A.; Bronk, S.F.; Gores, G.J. Kupffer Cell Engulfment of

Apoptotic Bodies Stimulates Death Ligand and Cytokine Expression. Hepatology 2003, 38. [CrossRef]
70. Serhan, C.N.; Dalli, J.; Karamnov, S.; Choi, A.; Park, C.-K.; Xu, Z.-Z.; Ji, R.-R.; Zhu, M.; Petasis, N.A. Macrophage proresolving

mediator maresin 1 stimulates tissue regeneration and controls pain. FASEB J. 2012, 26, 1755–1765. [CrossRef] [PubMed]
71. Wang, C.W.; Yu, S.H.; Fretwurst, T.; Larsson, L.; Sugai, J.V.; Oh, J.; Lehner, K.; Jin, Q.; Giannobile, W.V. Maresin 1 Promotes Wound

Healing and Socket Bone Regeneration for Alveolar Ridge Preservation. J. Dent. Res. 2020, 99. [CrossRef] [PubMed]
72. Wahyuni, T.; Kobayashi, A.; Tanaka, S.; Miyake, Y.; Yamamoto, A.; Bahtiar, A.; Mori, S.; Kametani, Y.; Tomimatsu, M.; Matsumoto,

K.; et al. Maresin-1 induces cardiomyocyte hypertrophy through IGF-1 paracrine pathway. Am. J. Physiol.-Cell Physiol. 2021, 321.
[CrossRef] [PubMed]

73. Allard, J.B.; Duan, C. IGF-binding proteins: Why do they exist and why are there so many? Front. Endocrinol. 2018, 9, 1–12.
[CrossRef] [PubMed]

74. Osher, E.; Macaulay, V.M. Therapeutic Targeting of the IGF Axis. Cells 2019, 8, 895. [CrossRef]
75. Yakar, S.; Rosen, C.J.; Beamer, W.G.; Ackert-Bicknell, C.L.; Wu, Y.; Liu, J.L.; Ooi, G.T.; Setser, J.; Frystyk, J.; Boisclair, Y.R.; et al.

Circulating levels of IGF-1 directly regulate bone growth and density. J. Clin. Investig. 2002, 110. [CrossRef]
76. Takahashi, Y. Essential roles of growth hormone (GH) and insulin-like growth factor-I (IGF-I) in the liver [Review]. Endocr. J.

2012, 59, 955–962. [CrossRef] [PubMed]
77. Takahashi, Y. The Role of Growth Hormone and Insulin-Like Growth Factor-I in the Liver. Int. J. Mol. Sci. 2017, 18, 1447.

[CrossRef] [PubMed]
78. Puche, J.E.; Castilla, I. Human conditions of insulin-like growth factor-I (IGF-I) deficiency. J. Transl. Med. 2012, 10, 1–29. [CrossRef]

[PubMed]
79. Yao, Y.; Miao, X.; Zhu, D.; Li, D.; Zhang, Y.; Song, C.; Liu, K. Insulin-like growth factor-1 and non-alcoholic fatty liver disease: A

systemic review and meta-analysis. Endocrine 2019, 65, 227–237. [CrossRef] [PubMed]
80. Fiore, E.; Domínguez, L.M.; Bayo, J.; Malvicini, M.; Atorrasagasti, C.; Rodriguez, M.; Cantero, M.J.; García, M.; Yannarelli, G.;

Mazzolini, G. Human umbilical cord perivascular cells-derived extracellular vesicles mediate the transfer of IGF-I to the liver and
ameliorate hepatic fibrogenesis in mice. Gene Ther. 2020, 27. [CrossRef] [PubMed]

81. Fiore, E.J.; Bayo, J.M.; Garcia, M.G.; Malvicini, M.; Lloyd, R.; Piccioni, F.; Rizzo, M.; Peixoto, E.; Sola, M.B.; Atorrasagasti, C.; et al.
Mesenchymal stromal cells engineered to produce IGF-I by recombinant adenovirus ameliorate liver fibrosis in mice. Stem Cells
Dev. 2015, 24. [CrossRef] [PubMed]

82. Riis, S.; Murray, J.B.; O’Connor, R. IGF-1 Signalling Regulates Mitochondria Dynamics and Turnover through a Conserved
GSK-3β-Nrf2-BNIP3 Pathway. Cells 2020, 9, 147. [CrossRef] [PubMed]

83. Bailey-Downs, L.C.; Mitschelen, M.; Sosnowska, D.; Toth, P.; Pinto, J.T.; Ballabh, P.; Valcarcel-Ares, M.N.; Farley, J.A.; Koller,
A.; Henthorn, J.C.; et al. Liver-Specific Knockdown of IGF-1 Decreases Vascular Oxidative Stress Resistance by Impairing the
Nrf2-Dependent Antioxidant Response: A Novel Model of Vascular Aging. J. Gerontol. Ser. A Boil. Sci. Med. Sci. 2011, 67, 313–329.
[CrossRef] [PubMed]

84. Jiang, J.; Mo, Z.C.; Yin, K.; Zhao, G.J.; Lv, Y.C.; Ouyang, X.P.; Jiang, Z.S.; Fu, Y.; Tang, C.K. Epigallocatechin-3-gallate prevents
TNF-α-induced NF-κB activation thereby upregulating ABCA1 via the Nrf2/Keap1 pathway in macrophage foam cells. Int. J.
Mol. Med. 2012. [CrossRef]

85. Ryoo, I.G.; Ha, H.; Kwak, M.K. Inhibitory role of the KEAP1-NRF2 pathway in TGFbβ1-stimulated renal epithelial transition to
fibroblastic cells: A modulatory effect on SMAD signaling. PLoS ONE 2014, 9. [CrossRef] [PubMed]

86. Gong, Y.; Yang, Y. Activation of Nrf2/AREs-mediated antioxidant signalling, and suppression of profibrotic TGF-β1/Smad3
pathway: A promising therapeutic strategy for hepatic fibrosis—A review. Life Sci. 2020, 256, 117909. [CrossRef] [PubMed]

87. Yu, M.; Li, H.; Liu, Q.; Liu, F.; Tang, L.; Li, C.; Yuan, Y.; Zhan, Y.; Xu, W.; Li, W.; et al. Nuclear factor p65 interacts with Keap1 to
repress the Nrf2-ARE pathway. Cell. Signal. 2011. [CrossRef]

88. Rushworth, S.A.; Zaitseva, L.; Murray, M.Y.; Shah, N.M.; Bowles, K.M.; MacEwan, D.J. The high Nrf2 expression in human acute
myeloid leukemia is driven by NF-κB and underlies its chemo-resistance. Blood 2012. [CrossRef]

http://doi.org/10.1016/j.addr.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28506744
http://doi.org/10.1126/science.281.5381.1305
http://www.ncbi.nlm.nih.gov/pubmed/9721089
http://doi.org/10.1155/2013/740149
http://www.ncbi.nlm.nih.gov/pubmed/27335822
http://doi.org/10.1053/jhep.2003.50472
http://doi.org/10.1096/fj.11-201442
http://www.ncbi.nlm.nih.gov/pubmed/22253477
http://doi.org/10.1177/0022034520917903
http://www.ncbi.nlm.nih.gov/pubmed/32384864
http://doi.org/10.1152/ajpcell.00568.2020
http://www.ncbi.nlm.nih.gov/pubmed/34038245
http://doi.org/10.3389/fendo.2018.00117
http://www.ncbi.nlm.nih.gov/pubmed/29686648
http://doi.org/10.3390/cells8080895
http://doi.org/10.1172/JCI0215463
http://doi.org/10.1507/endocrj.EJ12-0322
http://www.ncbi.nlm.nih.gov/pubmed/22986486
http://doi.org/10.3390/ijms18071447
http://www.ncbi.nlm.nih.gov/pubmed/28678199
http://doi.org/10.1186/1479-5876-10-224
http://www.ncbi.nlm.nih.gov/pubmed/23148873
http://doi.org/10.1007/s12020-019-01982-1
http://www.ncbi.nlm.nih.gov/pubmed/31243652
http://doi.org/10.1038/s41434-019-0102-7
http://www.ncbi.nlm.nih.gov/pubmed/31551525
http://doi.org/10.1089/scd.2014.0174
http://www.ncbi.nlm.nih.gov/pubmed/25315017
http://doi.org/10.3390/cells9010147
http://www.ncbi.nlm.nih.gov/pubmed/31936236
http://doi.org/10.1093/gerona/glr164
http://www.ncbi.nlm.nih.gov/pubmed/22021391
http://doi.org/10.3892/ijmm.2012.924
http://doi.org/10.1371/journal.pone.0093265
http://www.ncbi.nlm.nih.gov/pubmed/24691097
http://doi.org/10.1016/j.lfs.2020.117909
http://www.ncbi.nlm.nih.gov/pubmed/32512009
http://doi.org/10.1016/j.cellsig.2011.01.014
http://doi.org/10.1182/blood-2012-04-422121

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Model of Fibrosis 
	Animals Preparation 
	Determination of Biochemical Parameters 
	Liver Histology 
	Immunohistochemistry Studies 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	MaR1 Administration Decrease Parameters of Chronic Liver Injury 
	MaR1 Reduces Inflammatory Parameters in DEN-Induced Liver Injury 
	MaR1 Shows an Anti-Fibrogenic and Proliferative Response against DEN Injury 
	MaR1 Protects from Fibrosis Liver Injury through Nuclear Receptors and Growth Factors through Activation Mechanisms 

	Discussion 
	References

