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Abstract
Nonalcoholic steatohepatitis (NASH) is a disease with a high incidence worldwide, but its diagnosis and
treatment are poorly managed. In this study, NASH pathophysiology and DNA damage biomarkers were
investigated in mice with NASH treated and untreated with melatonin (MLT). C57BL/6 mice were fed a
methionine- and choline-de�cient (MCD) diet for four weeks to develop NASH. Melatonin was
administered at 20 mg/kg during the last two weeks. Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels were measured, and hepatic tissue was dissected for histological analysis,
evaluation of lipoperoxidation, superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx), as well as nuclear factor-erythroid 2 (Nrf2), tumor necrosis factor alpha (TNF-α), inducible nitric
oxide synthase (iNOS), and tumor necrosis factor alpha (TGF-β) expression by immunohistochemistry.
DNA damage was evaluated using Comet assay, while a micronucleus test in bone marrow was
performed to assess the genomic instability associated with the disease. Melatonin decreased AST and
ALT, liver in�ammatory processes, balloonization and �brosis in mice with NASH, decreasing TNF-α, iNOS,
and TGF-β, as well as oxidative stress, shown by reducing lipoperoxidation, and intensifying Nrf2
expression. The SOD and GPx activities were increased while CAT was decreased by treatment with MLT.
Although the micronucleus frequency was not increased in mice with NASH, a protective effect on DNA
was observed with MLT treatment in blood and liver tissues using Comet assay. As conclusions, MLT
slows down the progression of NASH, reducing hepatic oxidative stress and in�ammatory processes,
inhibiting DNA damage via anti-in�ammatory and antioxidant actions. 

1 Introduction
Nonalcoholic Steatohepatitis (NASH) is the most important clinical form of Nonalcoholic Fatty Liver
Disease (NAFLD) which has increased worldwide at the similar rate as obesity [1]. NASH has a high
incidence around 3 to 5% in patient with NAFLD and its progression can lead to more severe liver
diseases such as cirrhosis and hepatocellular carcinoma [2, 3]. The pathophysiology of NASH is complex
and involves multiple factors. Insulin resistance appears to be the initial condition for the accumulation
of fatty acids in the hepatocytes, since it favors lipogenesis and inhibits lipolysis, signi�cantly increasing
the input of fatty acids in liver, leading to progressive damage events with endoplasmic reticulum stress,
mitochondrial dysfunction and chronic endotoxemia, resulting in hepatocellular lesion, in�ammation, and
�brosis [4–6].

Concerning treatments for patients with NASH, weight loss and healthy eating are approaches suggested,
however many patients fail to achieve weight loss goals and this way of handling it has proved
ine�cient. Few therapies have been su�ciently effective to avoid the progression or reversion of NASH
therefore it is very necessary to develop speci�c treatments for this disease [7–10]. Melatonin (MLT) or N-
acetyl-5-methoxytryptamine is a hormone produced mainly in the pineal gland and has shown important
antioxidant action both in in vitro and in vivo studies, acting as a scavenger of free radicals, as well as
indirectly modulating the activity of antioxidant enzymes [11, 12]. Some studies have shown bene�cial
effects of melatonin on the liver in patients with NASH [13]. But some controversial responses of the
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treatment with MLT on biomarkers of liver damage remain to be elucidated [14–16]. A recent meta-
analysis study of clinical trials in patients with NAFLD has shown that the treatment with MLT had no
signi�cant effect on alanine aminotransferase (ALT), but modulated the lipid-metabolism [17].

The experimental model of NASH induced by the methionine- and choline- de�cient (MCD) diet was
developed in rodents to reproduce the main characteristics of NASH in humans. The NASH model
induced by MCD diet has been widely used to �nd alternatives for treatments of this disease, since it
closely replicates the pathophysiology of NASH, causing an increase in hepatic steatosis, leading to
mitochondrial dysfunction by depletion of β-oxidation, overproduction of reactive oxygen species (ROS)
and increasing pro-in�ammatory cytokines, and �brosis [18, 19]. In addition, mice NASH induced by MCD
diet showed increased DNA damage in liver [20]. In this sense, diseases associated with in�ammatory
processes might induce DNA damage in target tissues, leading to genomic instability which increases
with the progression of these diseases [21, 22]. It is known that cirrhotic rats have shown increased
micronucleus frequency in bone marrow, which is a marker to assess genomic stability [23–25], but in the
NASH model induced by MCD this biomarker remains to be analyzed.

The goal of this study is to assess biomarkers of DNA damage in C57BL/6 mice with NASH induced by
MCD diet treated and non-treated with MLT, using the Comet assay in liver and blood and micronucleus in
bone marrow. In addition, MLT hepatoprotection actions were evaluated, assessing characteristic
endpoints of NASH, such as in�ammatory lesions and severity of hepatic �brosis using histopathological
analyses, complemented by determination of aspartate aminotransferase (AST) and ALT enzymes in
plasma, and evaluation of inducible nitric oxide synthase (iNOS), tumor necrosis factor alpha (TNF-α),
transforming growth factor beta (TGF-β), and nuclear factor-erythroid 2 (Nfr2) expressions using
immunohistochemical assays, and measurement of oxidative stress through lipoperoxidation and
activity of superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) antioxidant
enzymes in liver.

2 Materials And Methods

2.1 Animals
A total of 34 mice C57BL/6 aged 8 weeks weighing around 23 g was obtained from the Federal University
of Pelotas, Brazil. The animals were kept in plastic cages, at a constant temperature of 22 ± 4°C, under a
light/dark cycle of 12 h. All experimental procedures were carried out in accordance with the national and
international legislation (Guidelines of Brazilian Council of Animal Experimentation— CONCEA), with the
approval of the Committee on the Ethical Use of Animals at ULBRA (authorization number 2015-4P).

2.2 Experimental design
The NASH induced by MCD diet was performed as described in previous studies [18, 26]. The MCD and
control diets were purchased by the Brazilian company PragSoluções Biociências® (Antonio Carlos
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Nunes Tamanini Street, 315, Jaú, São Paulo, 17213000, Brazil) as described by Newberne et al. [27], with
modi�cations [18].

The mice were randomly divided into 4 groups and fed ad libitum for 4 weeks (28 days) with MCD or
control diet. The treatment with vehicle or MLT started from day 15, daily, for 2 weeks, according to the
group: control (CO) group, animals fed with control diet that received vehicle, CO+MLT group, animals fed
with control diet that received MLT, NASH group, animals fed with MCD diet that received vehicle, and
NASH+MLT group, animals fed with MCD diet that received MLT.

Melatonin (Sigma Chemical, St. Louis, USA) solution was prepared using a vehicle (1% ethanol in 0.9%
NaCl), daily, protected from light, and administered at 20 mg/kg body weight after 6:00 p.m. in the dark.
The dose of MLT was chosen based on our previous studies [28–31]. Animals in the control groups
received only vehicle. At the end of the experiment, the animals were weighed and anesthetized by
intraperitoneal injection of a mixture of ketamine hydrochloride (95 mg/kg) and 2% xylazine
hydrochloride (8 mg/kg) and euthanized by exsanguination.

2.3 Preparation of homogenates
Livers were excised, weighed, and immediately frozen at – 80 oC. The frozen tissues from each mouse
were homogenized using 9 mL of ice-cold phosphate buffer (KCl 140 mM, phosphate 20 mM, pH 7.4) per
tissue gram in Ultra Turrax for 40 seconds at 4 oC and centrifuged at 3000 rpm for 10 min using a
refrigerated centrifuge. The supernatants were separated and used for biochemical analysis [32].

2.4 Protein
The method of Bradford [33] was used to quantify proteins, with bovine albumin as the standard (Sigma-
Aldrich, St. Louis, USA). The samples were measured spectrophotometrically at 595 nm and the
concentrations expressed in mg/mL to calculate thiobarbituric acid reacting substances (TBARS) and
antioxidant enzyme activities.

2.5 Plasma analyses
Liver integrity was determined by evaluation of the plasma enzymes AST and ALT using the commercial
kit Liquiform (Labtest Diagnóstica SA, Belo Horizonte, MG, Brazil).

2.6 Histological analysis
A specimen of liver was trimmed and �xed by immersion in 10% buffered formalin for 24 h. The blocks
were dehydrated in a graded ethanol series and embedded in para�n wax. The para�n blocks were cut
with a microtome (Leitz® 1512) to 3-µm thickness sections. In the staining techniques, the slides were
immersed in hematoxylin-eosin dyes for 5 min, to evaluate injuries in the hepatic tissue analyzing them
using a binocular microscope (Nikon Labophot, Tokyo, Japan). The images were captured with a
magni�cation of 200x.
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Picrosirius staining was used to evaluate the degree of �brosis by the presence of collagen. The
qualitative analysis was performed using a binocular microscope (Nikon Labophot, Tokyo, Japan). The
images were captured with a magni�cation of 200x. The percentage of �brosis in the liver tissue was
determined by a histomorphometric analysis in a microscope equipped with a digital camera and
connected to an image capturing program Image-Plus software (Media Cybernetics®, Bethesda, USA).
After analyzing 20 randomized �elds per image, the ratios of conjunctive tissue relative to whole liver
were calculated, the results appearing in pixels.

2.7 Immunohistochemical evaluations
Sections of liver in slides were dewaxed in xylol and hydrated through a gradient of ethanol. Antigen
retrieval was performed in 10 mM citrate, pH 6.0, by heating in a microwave oven for 25 minutes at 720
W. After cooling down at room temperature, endogenous peroxidase activity was blocked by exposure of
the slides to 3% hydrogen peroxide in methanol for 15 minutes [34].

The slides were sequentially pre-incubated with 10% rabbit serum at room temperature to block possible
unwanted reactions of the secondary antibody. The slides were incubated with polyclonal antibodies
iNOS (SC-7271), Nrf2, TGF-TNF-α (SC-8301) (Santa Cruz Biotechnology®, Santa Cruz, CA, USA), dilution
1: 200 overnight at 4°C. Afterwards, the slides were washed with buffer and incubated with anti-rabbit IgG
biotinylated secondary antibody for 30 minutes at room temperature. Then the slides were treated with
enVision® reagent and subjected to 3 washes with phosphate-buffered saline (PBS). The nuclei were
counterstained with hematoxylin, and the primary antibody was diluted in PBS containing bovine albumin
as a negative control.

The results were evaluated by one of the researchers, blinded to the groups, using a microscope equipped
with a digital camera to capture images using Image-Plus software (Media Cybernetics®, Bethesda,
USA).

2.8 Lipoperoxidation in liver
The amount of malondialdehyde generated by lipid peroxidation was measured by TBARS, a method that
measures the amount of thiobarbituric acid reacting substances. Tissue samples were placed in test
tubes with a mixture of 10% trichloroacetic acid (TCA) and 0.67% thiobarbituric acid (TBA). Subsequently,
they were heated in a bath for 15 minutes and cooled on ice for about 5 minutes. After cooling the
samples, 1.5 mL of n-butyl alcohol was added. Then, they were placed on a shaker for 45 seconds and
centrifuged for 10 minutes at 3000 rpm. Finally, the dyed product, present in the upper fraction of the
tubes, was read in a spectrophotometer with a 535 nm wavelength. The concentration of TBARS obtained
was expressed in nmol per milligram of protein (Buege and Aust, 1978).

2.9 Analyses of antioxidant enzymes
The activity of the SOD enzyme is de�ned by its ability to inhibit a detection system that reacts with
superoxide radical. The SOD measurement technique is based on the inhibition of this reaction with
adrenaline, detected spectrophotometrically at 480 nm. Data were expressed in SOD units per milligram



Page 7/24

of protein (USOD/mg prot.) [36]. The analysis of CAT activity is de�ned by the breakdown of hydrogen
peroxide into water and oxygen, being directly proportional to its enzymatic activity, detected
spectrophotometrically at 240 nm. The results were expressed in pmoles per milligram of protein
(pmoles/mg prot) [37]. Glutathione peroxidase activity can be studied by measuring the speed of NADPH
consumption in the reduction of glutathione oxidase, detected spectrophotometrically at 340 nm and the
results were expressed in nmoles per minute per milligram of protein (nmol/min/mg prot) [38].

2.10 Alkaline comet assay
Comet assay was carried out to evaluate DNA damage following the recommendation made by Tice et al.
[39], with minor modi�cations [40] in samples of blood and liver. The blood samples (50 µL) were
transferred to heparin solution (Liquemine® 25000 UI, 10 µL) and samples of liver were transferred to
cold PBS at pH 7.4. Cell suspensions (5 µL) were embedded in 95 µL low melting point agarose 0.75%
(GibcoBRL) and spread onto agarose-precoated microscope slides. After solidi�cation, slides were placed
in lysis buffer (NaCl 2.5 M, EDTA 100 mM, and Tris 10 mM, freshly added Triton X-100 1%, and DMSO
10%, pH 10) for 48 h at 4ºC. Then, the slides were incubated in freshly prepared alkaline buffer (NaOH
300 mM and EDTA 1 M, pH > 13) for 20 min at 4 oC in an electrophoresis cube. An electric current of 300
mA at 25 V (0.90 V/cm) was applied for 15 minutes to induce DNA electrophoresis. The slides were then
neutralized (Tris 0.4 M, pH 7.5), stained with silver, and examined under an optical microscope. Images of
100 randomly selected nucleoids (50 nucleoids from each slide) from each animal were visually scored
according to tail size into 5 classes, ranging from undamaged (0) to maximally damaged (4), resulting in
a single DNA damage score for each animal, and consequently, for each group studied. Therefore, the
damage index (DI) ranged from 0 (completely undamaged, 100 cells × 0) to 400 (with maximum damage,
100 × 4). Damage frequency (DF) was calculated based upon the number of nucleoids with a tail versus
those with no tail.

2.11 Micronucleus test in bone marrow
Both femurs were collected from each mouse to perform the micronucleus test according to the US
Environmental Protection Agency Gene-Tox Program guidelines [41]. Bone marrow from femurs was
suspended in fetal calf serum and smears were prepared on clean glass slides. Slides were air-dried, �xed
in methanol, stained in 10% Giemsa and coded for a blind analysis. The incidence of MN was observed in
2000 PCE for each animal using bright-�eld optical microscopy at 1000× magni�cation. To avoid false-
negative results and obtain a value of bone marrow toxicity, the polychromatic
erythrocyte/normochromatic erythrocyte (PCE/NCE) ratio was determined in 1000 cells [40].

2.12 Statistical analysis
The data from oxidative stress and in�ammatory parameters were expressed as mean ± standard error
for each experimental group and analysis of variance (ANOVA) was used for statistical analysis followed
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by the Student-Newman-Keuls test for multiple comparisons. Comet assay and micronucleus test data
were expressed as mean ± standard deviation and evaluated using ANOVA followed by Tukey’s test. The
level of signi�cance was at least 5% (p < 0.05).

3 Results
Table 1 shows the levels of AST and ALT enzymes in the groups studied. The NASH group showed a
signi�cant increase in both enzymes (p < 0.05) in comparison with CO and CO+MLT, while the NASH+MLT
group showed a signi�cant reduction (p < 0.05) in comparison with NASH.

Table 1
Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in the plasma of the

studied groups. The data are expressed as the mean ± standard error of the mean (U/L).
Groups CO CO+MLT NASH NASH+MLT

AST 5.3±2.7 4.39±1.1 27.71±2* 11.1±1.8#

ALT 11.23±9.3 6.67±5.3 60.54±15.63* 32.75±9#

* p < 0.05 in comparison with CO and CO+MLT groups. # p < 0.05 in comparison with NASH group.

Histological analysis revealed hepatic damage in the NASH group with the presence of fat micro-
particles, a signi�cant accumulation of fat macrovesicles, as well as hepatocellular balloonization,
presence of in�ammatory in�ltrate, and a disruption of liver tissue, characterizing steatohepatitis (Fig. 1).
On the other hand, the structure of the hepatic tissue showed preserved histological characteristics in the
CO and CO+MLT groups. The histological examination of the NASH+MLT group showed a reorganization
of the hepatic parenchyma and reduction of steatosis, in�ammation, and balloonization.

A signi�cant increase of �brosis was observed in the liver of the NASH group compared with CO and
CO+MLT control groups (p < 0.001; Fig. 2), analyzed by collagen picrosirius staining, while a signi�cant
�brosis reduction was detected in the NASH+MLT group in comparison with the NASH group (p < 0.01).

The NASH group showed Nrf2 expression lower than CO and CO+MLT (p < 0.01; Fig. 3). A signi�cant
increase of Nrf2 was observed in the NASH+MLT group in comparison with the NASH group (p < 0.05).
The TGF-β, TNF-α, and iNOS expressions increased signi�cantly in the NASH group in comparison with
CO and CO+MLT (p < 0.001), while the NASH+MLT group showed lower expression levels of these
biomarkers in comparison with the NASH group (p < 0.001).

A signi�cant increase in TBARS was observed in the NASH group when compared to the controls (p <
0.001) (Fig. 4), whereas the NASH+MLT group decreased TBARS signi�cantly as compared to the NASH
group (p < 0.001). SOD and GPx activities in the NASH group were signi�cantly lower in comparison with
CO and CO+MLT (Fig. 4), while in the NASH+MLT group a signi�cant increase of both enzymes was
observed in comparison with the NASH group. Conversely, CAT activity showed a signi�cant increase in
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the NASH group in comparison with the control groups (p < 0.05) and a signi�cant reduction in the
NASH+MLT group when compared with the NASH group (p < 0.05).

Concerning genotoxic �ndings, Table 2 shows that both DI and DF values in the NASH group were
signi�cantly higher (p<0.001) than of the CO group in the blood. In liver, the DI value was higher in the
NASH group in comparison with the CO group. The NASH+MLT group showed signi�cantly lower DI in
comparison with the NASH group in both tissues. There were no signi�cant differences in the
micronucleus frequency and in the PCE/NCE ratio among the studied groups, excepting the positive
control that showed increased MNPCE values as expected (Table 3).

Table 2
Comet assay in peripheral blood and liver of the studied groups. The data are expressed as the mean ±

standard deviation of the mean.

  Damage index Damage frequency

Peripheral blood    

CO 12.7 ± 10.3 ### 10.3 ± 6.8 ###

CO+MLT 12.9 ± 5.1 ### 11.9 ± 4.9 ###

NASH 67.0 ± 18.2 *** 43.1 ± 16.9 ***

NASH + MLT 37.3 ± 13.4 **### 35.7 ± 14.2 **

Liver    

CO 72.0 ± 8.5 ### 58.2 ± 6.0

CO+MLT 61.8 ± 13.4 ### 51.8 ± 8.2

NASH 145.8 ± 24.9 *** 60.6 ± 10.4

NASH + MLT 101.5 ± 27.3 ## 50.3 ± 14.9

N= 5-8 animals per group.

Damage index: can range from 0 (completely undamaged, 100 cells×0) to 400 (with maximum
damage 100×4).

Damage frequency: was calculated based on number of cells with tail versus those with no tail.

*** p < 0.001 in comparison with CO group. ## p < 0.01; ### p < 0.001 in comparison with NASH group
(ANOVA, Tukey’s test).
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Table 3
Micronucleus test in bone marrow of the studied groups. The data are expressed as the mean ± standard

deviation of the mean.
Group MNPCEa in 2,000 PCE per animal Ratio PCE/NCEb in 1,000 erythrocytes per animal

CO 3.2 ± 1.1 2.8 ± 0.4

CO+MLT 2.0 ± 0.7 2.9 ± 0.5

NASH 2.5 ± 1.4 2.6 ± 0.3

NASH + MLT 2.7 ± 1.1 2.4 ± 0.2

cPC 11.0 ± 2.6 *** 2.2 ± 0.4

N= 5-8 animals per group.

a MNPCE: micronucleus in polychromatic erythrocytes.

b PCE/NCE ratio: polychromatic erythrocytes/normochromatic erytrocytes ratio

c Positive control (cyclophosphamide 40 mg/kg, single dose i.p. N=3 animals).

*** p < 0.001 compared with CO group (ANOVA, Tukey’s test).

4 Discussion
In this study the effects of MLT on NASH were assessed in an experimental model using C57BL/6 mice
fed with a MCD diet, evaluating hepatic integrity, in�ammatory processes, oxidative stress, and
genotoxic/mutagenic effect markers. Marcolin et al. [18, 42] have shown that C57BL/6 mice, after 2 or 4
weeks fed with MCD, developed a NASH classical pathophysiological feature. Here, the animals were fed
for 4 weeks and the treatment with MLT started 2 weeks after the beginning of the diets. NASH
development was proved by evaluation of liver histopathological aspects, i. e., macrovesicular steatosis,
hepatocellular ballooning, and �brosis which already have been found in the previous studies [20, 42].
The treatment with MLT attenuated the steatosis, ballooning and �brosis, indicating hepatoprotection.

Regarding AST and ALT, the levels of these enzymes were signi�cantly elevated in the NASH group
compared to the controls, while the MLT-treated group showed signi�cantly lower levels compared to the
NASH group, corroborating a previous study [19]. Patients with NASH receiving MLT showed lower AST
and ALT [13], however other studies did not �nd these enzymes altered by treatment with MLT [14, 17],
indicating that other markers should be evaluated to assess MLT protection against steatohepatitis. In a
study using English white pig with chronic steatohepatitis induced by a steatogenic diet, MLT was not
able to decrease ALT, AST, and FA levels [16].

Pro-in�ammatory cytokines are frequently increased in patients with NASH [14] and in experimental
nonclinical models [19, 42] and might be used as liver markers in studies on steatohepatitis. In this study,
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the expression of TNF-α and iNOS increased in the NASH group, whereas in the MLT-treated group a
signi�cant reduction was observed, indicating an anti-in�ammatory effect of MLT in this model,
corroborating Tahan et al. [19] who have shown MLT decreased TNF-α, IL-1 β, and IL-6 using Wistar rats
with steatohepatitis induced by MCD diet. Besides the in�ammatory process, �brosis is an important
feature for the diagnosis of steatohepatitis, and it was shown by picrosirius staining and TGF-β
expression which were increased in the NASH group. The presence of �brosis in the hepatic tissue
happens by accumulation of extracellular collagen due to the in�ammatory process [43, 44]. In the
NASH+MLT group there was a decrease in both hepatic �brosis indicative parameters, showing that MLT
inhibited the progression of liver damage. In another study, Bona et al. [28] have shown similar MLT
action on pro-in�ammatory markers and �brosis (TGF-β) in a tetrachloride-induced cirrhosis model.

The accumulation of fat in hepatocytes stimulates Kupffer cells to release pro-in�ammatory cytokines
which exacerbate the formation of ROS, leading to oxidative stress [45]. In this sense, the NASH group
showed an increase in lipoperoxidation which also has been associated as a possible mediator to liver
�brosis because it in�uences collagen synthesis [46]. In addition, GPx and SOD activities were reduced in
the NASH group, while CAT increased, indicating a disbalance in antioxidant defenses due to oxidative
stress triggered by hepatic steatosis. Previous studies have shown liver injuries due to oxidative stress in
animals with NASH [19, 46, 47] corroborating this study. The treatment with MLT decreased
lipoperoxidation and increased GPx and SOD while it decreased CAT, likely due to its antioxidant effects
with the ability to directly scavenge ROS and reactive nitrogen species (RNS) and indirectly modulate
antioxidant enzymes [48]. In addition, MLT increased the Nrf2 expression which regulates the
transcription of antioxidant responsive element (ARE) dependent genes to balance oxidative mediators
and maintain cellular redox homeostasis [49–52]. Hence, the modulation of antioxidant enzyme activities
as well as the decreased iNOS and TNF-α expressions were probably exacerbated by increased Nrf2
expression in mice with NASH treated with MLT, resulting in a decrease of oxidative stress.

Furthermore, the MLT treatment decreased DNA damage in blood and liver, likely due to its antioxidant
and anti-in�ammatory actions, diminishing ROS and RNS generation, avoiding the progression of NASH.
Rezapoor et al. [53] have shown that MLT was able to increase the expression of genes related to DNA
base excision repair (BER) such as Ogg1, Apex1, and Xrcc1 genes, which are associated with repair of
free radical‐induced DNA damage. It could explain the lower DI and DF in blood and liver cells using
Comet assay. In the liver, a direct scavenger effect by MLT and its metabolites such as cyclic 3-
hydroxymelatonin, N1- acetyl-N 2-formyl-5-methoxyquinuramine (AFMK) and N1- acetyl-5-
methoxyquinuramine (AMK) might have contributed to protective effects on DNA, besides the indirect
actions by increasing the DNA repair capacity. As observed in this study, MLT was able to decrease the
expression of TNF-α and TGF-β pro-in�ammatory cytokines and iNOS, modulate antioxidant activities
regarding CAT, SOD, and GPx and increase the expression of the Nrf-2, creating an adequate anti-
in�ammatory environment to protect the genetic material as well as decreasing lipoperoxidation. This is
the �rst study showing the ability of MLT to avoid DNA strand breaks in blood and liver cells of mice with
NASH. In cirrhotic rats, MLT also decreased DNA damage in liver [23, 54]. Other compounds such as
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quercetin and simvastatin have shown similar responses in mice with NASH induced by the MCD diet,
decreasing DNA damage in liver [20, 26].

DNA damage in blood was also observed in NASH mice, showing that the in�ammation processes
elicited in NASH might affect other tissues besides liver, although no increase in MNPCE in the NASH
group was observed, showing that the bone marrow cells were not affected by the systemic injuries
triggered by the disease. Conversely, in our previous studies, cirrhotic rats have not shown an increase in
DNA damage in blood cells, but the MNPCE frequency increased [23–25]. These �ndings suggest that in
the course of progression from NASH to cirrhosis the damaged blood cells could be removed or repaired,
however the higher liver injuries in cirrhotic rats in comparison to NASH lead to systemic repercussions
able to increase the genomic instability detected using the micronucleus test. It is known that, in the
progression of hepatic diseases, other organs are gradually impaired, such as lung and skeletal muscles
besides the liver, especially by in�ammatory processes [24, 29, 54, 55].

Micronuclei are produced in dividing cells that contain breaks in chromosomes without centromeres
and/or whole chromosomes which are unable to migrate to the poles during mitosis, and their presence
in recently divided cells indicates genomic damage without the possibility of repair [56, 57]. The chemical
or physical clastogenic/aneugenic agents might increase the micronucleus frequency and are considered
mutagenic agents. Furthermore, the association between aging and the reduction of antioxidant defenses
and the increase in DNA repair de�ciencies leading to higher MNPCE frequency is well known [22]. In a
study to evaluate MLT on aging, Damiani et al. [58] have observed that MLT supplementation time is
associated with DNA damage and micronucleus frequency that are lower in Swiss mice. Similarly,
diseases involving an in�ammatory process might increase the genomic instability detectable using the
micronucleus test [21, 59, 60]. As already mentioned, no genomic instability was detected in the NASH
model induced-MCD diet under conditions of the present study using micronucleus test in bone marrow,
differently from other liver injury models such as cirrhosis induced by secondary bile duct ligation model
[23–25], suggesting that genomic instability increases according to the progression of liver disease
stages.

Since MNPCE frequency did not increase in the NASH group, no antimutagenic activity could be observed
in the treatment with MLT. In a study to evaluate MLT protective effects against genotoxicity induced by
ethanol in pregnant mice, antigenotoxic effects were shown, decreasing DNA damage in blood and liver.
However, no antimutagenic activity was shown using the micronucleus test in bone marrow [61]. Other
studies have shown antimutagenic effects of MLT such as reducing MNPCE frequency in mice treated
with paraquat, a herbicide that generates free radicals [62]. Melatonin was also able to decrease DNA
damage to blood, liver, and brain and micronucleus induced by exposure to pesticide cypermethrin in rat
dams and offspring [63]. It decreased DNA damage in blood and micronucleus frequency in bone marrow
of mice exposed to formaldehyde by inhalation [64]. Melatonin has prevented diabetes-related DNA
damage of hepatocytes of rats treated for 4 weeks with low doses (0.2 mg/kg at MTL) [65]. In addition,
melatonin has shown anti-cancer [66, 67] and protective effects against carcinogens such as dimethyl
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bez (a) anthracene and diethylnitrosamine, reducing DNA damage evaluated using Comet assay in blood
and liver cells of treated rats [34, 68], indicating its capacity to protect the genetic material.

Conclusions
The steatohepatitis that occurred using the MCD diet was not able to increase genomic instability
assessed by micronucleus test which has been observed in the models of cirrhosis in rodents, emerging
as one more alternative biomarker to evaluate liver disease severity. Melatonin exerted hepatoprotective
effects on the NASH model by reducing oxidative stress, suppressing in�ammation, and ameliorating the
histopathological changes triggered by steatohepatitis, reducing lipid accumulation, �brosis, and DNA
damage in blood and liver. The �ndings suggest that MLT might inhibit the progression of NASH to
cirrhosis, reinforcing its potential clinical application for the treatment of liver diseases.
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Figures

Figure 1
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Photomicrograph of hepatic tissue at 200 × magni�cation in the different experimental groups.
Hematoxylin-eosin staining to assess the liver parenchyma. In CO and CO+MLT groups, a normal liver
parenchyma is observed. In the NASH group, the destruction of the parenchyma is noticed, with the
presence of in�ammatory in�ltrate (IF), ballooning (B) and lipid macrovesicles (C). Parenchymal
restructuring occurred in the NASH+MLT group.
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Figure 2

Photomicrograph of hepatic tissue at 200 × magni�cation in the different experimental groups.
Picrosirius staining to assess liver �brosis. Values are expressed as means ± standard error of the mean
*** p < 0.001 in comparison with CO and CO+MLT groups. ## p < 0.01, in comparison with the NASH
group.

Figure 3

Nrf2, TGF-β, TNF-α, and iNOS expressions (% pixels) in the different experimental groups. Values are
expressed as means ± standard error of the mean. ** p < 0.01, *** p < 0.001 in comparison with CO and
CO+MLT groups. # p < 0.05, ### p < 0.001 in comparison with the NASH group.
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Figure 4

Lipoperoxidation by thiobarbituric acid reacting substances (TBARS) (nmol/mg prot), superoxide
dismutase (SOD) activity (USOD/mg prot), glutathione peroxidase (GPx) activity (nmol/min/mg prot),
and catalase (CAT) activity (pmol/mg prot) in the different experimental groups. Values are expressed as
means ± standard error of the mean. * p < 0.05; ** p < 0.01 *** p < 0.001 in comparison with CO and
CO+MLT groups. # p < 0.05, ### p < 0.001 in comparison with the NASH group.


