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Abstract

This study explored the therapeutic effects of Auricularia auricula melanin (AAM) on alcoholic

liver damage in vitro and in vivo. Human normal liver LO2 cells were pre-treated with ethanol
and then treated with AAM to explore the therapeutic effect of AAM on ethanol-induced
ameliorated the cell morphology, reduced the ROS and increased the GSH/GSSG of
ethanol-pretreated L02 cells. Then, mice were administered with ethanol to induce acute
alcoholic liver damage, and administered with AAM to further study the therapeutic effect of
AAM on alcoholic liver damage in mice. As a result, AAM reduced the levels of ALT, AST,
TG, and MDA, increased the levels of ADH, SOD, and CAT in liver damage mice. The
therapeutic effect of AAM may be related to inhibition of CYP2E1 expression and activation
of Nrf2 and its downstream antioxidase. The research enriched the bioactivity of AAM and
provided some ideas for the development of melanin-related health foods.

e < Previous article in issue
e Next article in issue >

Keywords

Auricularia auricula
Edible fungus
Melanin
Therapeutic

Liver damage

1. Introduction

1/24


https://www.sciencedirect.com/science/article/pii/S2213453021000616?via%253Dihub
https://doi.org/10.1016/j.fshw.2021.04.014
https://s100.copyright.com/AppDispatchServlet?publisherName=ELS&contentID=S2213453021000616&orderBeanReset=true
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/auricularia-auricula-judae
https://www.sciencedirect.com/topics/nursing-and-health-professions/melanin
https://www.sciencedirect.com/topics/nursing-and-health-professions/alcohol-liver-cirrhosis
https://www.sciencedirect.com/topics/nursing-and-health-professions/liver-cell-damage
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-viability
https://www.sciencedirect.com/topics/nursing-and-health-professions/reactive-oxygen-metabolite
https://www.sciencedirect.com/topics/food-science/alanine
https://www.sciencedirect.com/topics/nursing-and-health-professions/triacylglycerol
https://www.sciencedirect.com/topics/nursing-and-health-professions/malonaldehyde
https://www.sciencedirect.com/topics/nursing-and-health-professions/alcohol-dehydrogenase
https://www.sciencedirect.com/topics/nursing-and-health-professions/superoxide-dismutase
https://www.sciencedirect.com/topics/nursing-and-health-professions/catalase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cytochrome-p450
https://www.sciencedirect.com/topics/nursing-and-health-professions/prothrombin
https://www.sciencedirect.com/science/article/pii/S2213453021000604
https://www.sciencedirect.com/science/article/pii/S2213453021000628

As a traditional edible fungus, Auricularia auricula has a history of thousands years. A.
auricula has been consumed all over the world, for its high nutritional value and unique taste,
especially in East Asian countries such as China, Japan and South Korea. Modern
pharmacological research indicated that A. auricula displays various biological activities such
as hypoglycemic [1], [2], antitumor [3], antioxidant [4] and immunomodulatory activities [5].
Melanin is one of the main components of A. auricula and plays an important role in its
biological activity. However, there are few systematic studies on the in vitro and in vivo
activities of A. auricula melanin (AAM).

Melanin is a negatively charged brown or black biomacromolecule [6], [7/]. As a common
polymer pigment in nature, melanin exists in plants, animals and microbes [8], [9]. Studies
have confirmed that natural melanin has great potential in the fields of physics, chemistry
and biology for its good anti-radiation [10], adsorption of heavy metals [11], anti-oxidation
[12], and antibacterial activity [13].

Alcoholic beverages have become a part of people's lives worldwide. However, heavy or
long-term drinking will lead to a range of diseases, such as alcoholic liver disease (ALD). In
recent years, the incidence of ALD is increasing year by year and has become the second
leading cause of liver damage after viral hepatitis [14]. Alcohol is mainly metabolized by
cytosolic alcohol dehydrogenase (ADH) and catalase (CAT) in the liver. Cytochrome P450
2E1 (CYP2E1), an enzyme of the microsomal ethanol oxidizing_system (MEQOS), is also
involved in alcohol metabolism when the concentration of alcohol is too high [15]. Under the
action of CYP2E1, a large amount of reactive oxygen species (ROS) will be produced [16].
ROS can lead to protein denaturation[17]. Nuclear factor E2 related factor 2 (Nrf2) is an
important transcription factor which can protect cells from oxidative stress by enhancing their
antioxidant capacity. Nrf2 binds to cytoplasmic kelch-like epichlorohydrin-associated protein
1 (Keap1), and the expression of Nrf2 is maintained at a low level in normal circumstances.
Under oxidative stress, Nrf2 is dissociated from Keap1, following which it enters the nucleus
and binds to the antioxidant response elements (ARE), thereby inducing the expression of
phase Il detoxifying enzyme and antioxidant enzyme, and reducing the harm of alcohol to the
liver [18]. However, excessive intake of alcohol produces large amounts of harmful free
radicals that endogenous oxidants are insufficient to remove, leading to oxidative stress and
liver damage.

In this research, we explored the therapeutic effect of AAM on acute alcoholic liver damage
in vitro and in vivo. The results enriched the bioactivity of AAM and provided some ideas for
the development of melanin-related health foods.

2. Materials and methods

2.1. AAM samples
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The fruit bodies of A. auricula were brought from a supermarket in the locality (Fuzhou,
Fujian Province, China). The melanin was prepared and purified according to the methods
previously reported with some modifications [4], [19]. The specific method was as follow: fruit
bodies of A. auricula were pulverized and passed through a 55 mesh standard sieve. The
1.25 mol/L NaOH solution was added to the A. auricula powder at a liquid to solid ratio of
30:1, and extracted at 25 °C under ultrasonic conditions of 200 W for 60 min. After
extraction, the A. auricula powder was removed by centrifugation at 9 000 r/min for 3 min.
The supernatant was adjusted to pH 1.5 with HCI and heated in 80 °C water bath for 10 h to
remove proteins and carbohydrates. The supernatant was removed by centrifugation at 9
000 r/min for 5 min and the precipitate was washed to neutral with distilled water. The
precipitate was successively washed with chloroform, ethyl acetate, 95% ethanol, 75%
ethanol, distilled water for three times to remove lipids, and the AAM was obtained by
centrifugation at 9 000 r/min for 3 min. The purified melanin was lyophilized and then water
soluble melanin was obtained according to the methods of Yang et al. [20] and Zhang et al.
[21], and the specific method was as follows: purified melanin was dissolved in a 0.1 mol/L
NaOH aqueous solution before adjusting the pH to 7 under strong sonication using aqueous
0.1 mol/L HCI solution. After dialysis and freeze-drying, a water-soluble melanin was
obtained.

Due to the existence of organic free radicals, electron paramagnetic resonance (EPR)
spectrum is an effective method to identify melanin [22]. The EPR spectrum of water-soluble
melanin obtained by the above-mentioned method was taken in a Bruker A300 EPR
Spectrophotometer (Bruker, Germany). The EPR spectrum showed a single slightly
asymmetric line with a G-factor close to 2.003 0 (Fig. 1), which established that the material
derived from A. auricula was melanin.
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Figure 1. EPR spectra of AA.

2.2. Chemicals and reagents

Human normal hepatic L0O2 cells were purchased from Fuheng Biological Technology Co.
(Shanghai, China); thiazolyl blue tetrazolium bromide (MTT) was obtained from Sigma-
Aldrich (St. Louis, USA); ROS assay kit and reduced glutathione/oxidized glutathione
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(GSH/GSSG) assay kit were obtained from Beyotime Institute of Biotechnology (Jiangsu,
China); fetal bovine serum (FBS) was obtained from Gibco (Grand Island, New York, USA);
RPMI 1640 culture medium was brought from Solarbio Technology Co. (Beijing, China);
bifendate was purchased from Beijing Union Pharmaceutical Factory (Beijing, China);
detection kits of aspartate aminotransferase (AST), activities alanine aminotransferase (ALT),
triglyceride (TG), malondialdehyde (MDA), superoxide dismutase (SOD), CAT and ADH were
obtained from Jiancheng Bioengineering Institute (Nanjing, China); TRIzol Kit was purchased
from Invitrogen (Carlsbad, CA, USA); reverse transcription kit and SYBR green gPCR kit
were brought from Transgen biotech (Beijing, China); other reagents were analytical grade
purchased from Sinopharm Co. (Shanghai, China).

2.3. Cell culture and treatment

The cell experiment was performed according to the method previously described [13].
Human normal hepatic LO2 cells were cultured in RPMI-1640 medium containing 10% FBS,
at 37 °C in an incubator with 5% CO, and 95% humidity. In order to reduce the effect of
serum, cells were cultured in RPMI-1640 medium containing 0.5% FBS for 12 h before any
treatment. AAM was dissolved and filtered through a 0.22 ym membrane before cell
treatment. Cells were pre-treated with alcohol and then co-incubated with AAM.

The cell viability was measured by a MTT assay. After the cells were well treated, previous
medium was removed, 90 pL of fresh medium and 10 pL of 5 mg/mL MTT were added to 96-
well plates, and cells were cultured at 37 °C for 4 h. Then, the medium was removed and
200 pL of dimethyl sulfoxide (DMSQO) was added to each well. The absorbance was
determined by Varioskan Flash microplate reader at 490 nm (Thermo Scientific, USA). To
study the effect of melanin on the morphology of LO2 cells, XDS-3 inverted microscope
(Optika, Italy) was used to observe the morphology of cells. The intracellular ROS level was
measured according to the instructions of the kit. Intracellular ROS can form fluorescent
dichlorofluorescein (DCF) with the fluorescent probe 2,7-dichlorofluorescein diacetate
(DCFH-DA). After the cells being well treated, the cell culture medium was removed and

10 uymol/L DCFH-DA was added. The cells were incubated for 20 min in a 37 °C cell culture
incubator, and then washed with serum-free medium for 3 times to completely remove the
DCFH-DA outside the cells. The Axio Scope A1 fluorescence microscope (ZEISS, Germany)
was used to evaluate the fluorescence intensity of the sample at an excitation wavelength of
488 nm and an emission wavelength of 525 nm.

The GSH/GSSG ratio of the cell was measured according to the instructions of the kit. The
well treated cells were collected and the protein was removed by deproteinization reagent,
then the sample was subjected to two cycles of rapid freeze-thaw using a liquid nitrogen and
a 37 °C water bath. The sample was placed in an ice bath for 5 min, and centrifuged at 10
000 r/min for 10 min at 4 °C. The total GSH was calculated by measuring the absorbance of
the supernatant at 412 nm. The GSH scavenging auxiliary solution was added to the sample
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and reacted at 25 °C for 60 min, and used for determination of the GSSG content. The
GSH/GSSG ratio was determined according to the following formula(1)

GSHGSSG=TotalGSH-2xGSSGGSSG

2.4. Animal care and experimental design

Experiments were carried out on the basis of the regulations of the Experimental Animal
Welfare and Ethics Committee, Chinese Association for Laboratory Animal Sciences. Male
C57BL/6 mice (20-25 g) were purchased from Beijing HFK Bioscience Ltd. All mice were
grown in a specific sterile clean room at 21-25 °C, with free access to sterile standard diet
and distilled water.

After one week of adaptation to standard conditions, all mice were randomly divided into 6
groups (10 mice in each group), including control group (CON), model group (MOD), low-
dose AAM group (L-AAM, 50 mg/kg body weight (BW)), middle-dose AAM group (M-AAM,
100 mg/kg BW), high-dose AAM group (H-AAM, 200 mg/kg BW), and bifendate active
control group (AC, 100 mg/kg BW). All mice were given 12 mL/kg BW of 50% ethanol by
gavage to form an acute alcoholic liver damage model, except the CON group was given the
same volume of distilled water. After 4 h of alcohol administration, AAM treatment group was
given different concentrations of AAM once a day for 7 days, bifendate group was given
bifendate by gavage, CON group and MOD group were given the equal volume of distilled
water. After the last gavage, all mice were fasted for 12 h, then the mice were anesthetized
and sacrificed to collect liver and blood. The blood was centrifuged at 3 500 r/min for 10 min
to separate the serum. The serum and liver tissue were stored at-80 °C.

2.5. Liver index and serum biochemical analysis

The liver index of mice was calculated according to the following formula.(2)
Liverindex=liverwetweightbodyweightx100%

The ALT, AST and TG in serum were measured with corresponding Kits.

2.6. Hepatic biochemical analysis

Liver tissue was homogenized with 9 volumes of normal saline, and then centrifuged at 3
000 r/min for 15 min. The supernatant was used to determine the activity of SOD, CAT, MDA,
and ADH with corresponding kits.

2.7. Hepatic histopathological analysis

After the mice were sacrificed, the liver tissues were taken out and immediately fixed with
10% neutral formaldehyde solution. The fixed tissues were embedded in paraffin and cut into
5 ym sections, then stained with hematoxylin and eosin (H&E). The tissue morphology was
observed under Nikon-E100 optical microscope (NIKON, Japan).
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2.8. mRNA expression analysis

Total RNA of liver was isolated with trizol reagent and reversely transcribed into cDNA with
corresponding kit. Subsequently, the obtained cDNA was subjected to qPCR analysis with
SYBR® Green mix and a CFX96TM real-time PCR system (Bio-Rad, CA, USA). The primer
sequences were as follows:

CYP2E1: 5-GAGACACCGTGTTCCGAGGAT-3 and 5'-
TCCAGAAGACAGAGTCAGATCTCGATA-3’; Nrf2: 5-TCTCCTCGCTGGAAAAAGAA-3’ and
5-AATGTGCTGGCTGTGCTTTA-3’; CAT: 5-TGAGAAGCCTAAGAACGCAATTC-3 and 5-
CCCTTCGCAGCCATGTG-3’; Cu-Zn SOD: 5-AAGGCCGTGTGCGTGCTGAA-3" and 5'-
CAGGTCTCCAACATGCCTCT-3’; Gele: 5-GGAGGAGAGAGAGGCCTGGA-3 and 5'-
ACTGATGGTCAGGTCGATGT-3’; Gelm: 5’-ACATTGAAGCCCAGGATTGG-3 and 5'-
CCCCTGCTCTTCACGATGAC-3'.

2.9. Statistical analysis

Statistical analysis was performed with SPSS software (version. 13.0; SPSS, chicago, IL,
USA). All data was presented as mean + standard deviation. One-way analysis of variance
(ANOVA) was used for comparison among groups, P < 0.05 and P < 0.01 were statistically
significant.

3. Results

3.1. Effects of AAM on ethanol- induced damage in L02 cells

The effect of AAM on cell viability was detected by MTT assay. As shown in Fig. 2A, the
viability of LO2 cells gradually decreased with the increase in the concentration of ethanol.
When the ethanol concentration was 200 umol/L, the cell viability was 52.72%. Thus,

200 pmol/L ethanol was used for modeling in subsequent experiments. As shown in Fig. 2B,

compared with the CON (without ethanol and melanin), AAM treatment alone had no
significant difference in cell viability, even at a concentration of 1.6 mg/mL, which indicated
that AAM was nontoxic to normal cells. Compared with the MOD that only incubated with
ethanol for 24 h, AAM treatment dose-dependently inhibited the decline of cell viability
caused by alcohol. When the AAM concentration was 1.2 mg/mL, the cell viability reached
96.77%, indicating that AAM significantly ameliorated the ethanol-induced liver injury.
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Figure 2. AAM attenuated ethanol-induced LO2 cell injury. (A) LO2 cells were treated with
different concentrations of ethanol for 24 h, and the cell viability was measured by MTT
assay. (B) LO2 cells were pre-treated with ethanol for 1 h followed by co-incubated with
different concentrations of AAM for 24 h, and the cell viability was measured by MTT assay.
(C) LOZ2 cells were pre-treated with or without ethanol for 1 h followed by co-incubated with
concentrations of AAM for different time, the effect of AAM on cell morphology was observed
by an inverted microscope. Data were shown as mean + SD (n = 4). In ethanol group, -
means without ethanol treatment, + means pre-treated with ethanol. *P < 0.05, **P < 0.01,
compared with CON. #P < 0.05, #P < 0.01, compared with ethanol MOD.

The effect of AAM on cell morphology was also studied by morphological observation. As
shown in Fig. 2C, in the CON (without ethanol and melanin) and AAM CON (1.2 mg/mL AAM
only) groups, the cells grew by static adherence and in a fusiform or polygonal shape. In the
MOD (ethanol only), the cells gradually contracted and became spherical, separated from
the surrounding cells, and the number of adherent cells gradually decreased over time.
Compared with the MOD, AAM significantly ameliorated the ethanol-induced cell
morphological changes.

3.2. Effects of AAM on ethanol-induced oxidative stress in L02 cells
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The effect of AAM on alcohol-induced hepatocyte oxidative stress was determined by
measuring the intracellular ROS and the ratio of GSH/GSSG. As the Fig. 3A showed,
compared with the blank CON, L02 cells treated with AAM and without ethanol stimulation
did not increase in ROS, indicating that AAM did not cause oxidative stress on L02 cells. The
ROS levels of the cells increased obviously in the ethanol group, indicating that ethanol
caused oxidative stress of cells. While AAM treatment dose-dependently inhibited the
increase of ROS caused by ethanol, indicating that AAM alleviated the oxidative stress
caused by ethanol. The result of GSH/GSSG ratio is shown in Fig. 3B. The ratio of
GSH/GSSG in ethanol group was significantly lower than the blank CON and the AAM CON
(P < 0.01). This suggested that a large amount of ethanol treatment weakened the
antioxidant capacity of the hepatocyte. Compared with the ethanol group, AAM obviously
inhibited the decrease of GSH/GSSG ratio caused by ethanol (P < 0.01). The results
indicated that AAM resisted the ethanol-induced oxidative stress by increasing the
antioxidant capacity of cells.
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Figure 3. Effects of AAM on the production of ROS and the ratio of GSH/GSSG of L02 cell.
(A) LOZ cells were pre-treated with ethanol for 0.5 h followed by co-incubated with AAM for
3 h, and the level of ROS was detected by fluorescence microscopy. (B) LO2 cells were pre-
treated with ethanol for 1 h followed by co-incubated with AAM for 24 h, and the ratio of
GSH/GSSG was detected according to the relevant kit. Data were shown as mean = SD

(n = 4). In ethanol group, - means without ethanol treatment, + means pre-treated with
ethanol. *P < 0.05, **P < 0.01, compared with CON, #P < 0.05, #P < 0.01, compared with
ethanol MOD.

3.3. Effects of AAM on liver index and serum biochemical index in mice

Liver index can partially reflect the degree of liver damage. As Fig. 4A showed, in

comparison with CON group (4.48 £ 0.07), the MOD group significantly increased the liver
index of mice (5.07 £ 0.07, P < 0.01). Comparing with the MOD group, the AAM group and
the AC group significantly inhibited the elevation of the liver index in acute liver injury mice
(P < 0.01). Early acute liver injury was signified as elevated of serum activities such as TG,
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ALT and AST. As shown in Fig. 4B, compared with the CON group ((0.82 £ 0.07) mmol/L),
the TG level in the MOD group ((1.55 + 0.14) mmol/L) increased by 89.02%. This indicated
that heavy ethanol consumption result in the accumulation of TG. Compared to the MOD
group, different concentrations of AAM significantly decreased serum TG levels

((1.36 £ 0.17), (1.22 £ 0.18), and (1.22 £ 0.19) mmol/L, respectively, P < 0.01), similar result
was seen in the AC group. The results indicated that AAM reduced the accumulation of TG
caused by alcohol. As shown in Fig. 4C and 4D, compared with CON group (ALT was
(19.20 £ 4.52) U/L, AST was (83.07 £ 2.09) U/L), the levels of ALT and AST in the MOD
group (ALT was (31.05 + 3.89) U/L and AST was (94.77 £ 6.33) U/L) increased by 61.72%
and 14.08%, respectively. This indicated that a large amount of alcohol intake caused liver
damages in mice. Compared to the MOD group, different concentrations of AAM significantly
reduced ALT levels ((23.36 £ 4.08), (20.11 £ 7.53) and (19.82 + 3.07) U/L, respectively,

P <0.050r P<0.01) and AST levels ((87.76 £ 4.41), (86.53 £ 2.77) and (85.51 + 2.23) UIL,
respectively, P < 0.01) in acute alcoholic liver injury mice, similar results were found in the
AC group. The results have shown that AAM ameliorated the liver damage caused by
alcohol.
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Figure 4. Effects of AAM on (A) liver index, and serum (B) TG, (C) ALT, and (D) AST
activities in acute alcoholic liver injury mice. Data are presented as mean + SD, *P < 0.05
and **P < 0.01 compared with normal group. #P < 0.05 and P < 0.01 compared with
ethanol group.

3.4. Effects of AAM on alcohol metabolic enzymes and antioxidant enzymes
in mice liver
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ADH is a key enzyme involved in ethanol metabolism. As Fig. SA showed, compared with the
CON group ((5.42 + 0.74) U/mg protein), the ADH activity in MOD group ((6.93 £ 0.86) U/mg
protein) increased by 27.86%, which indicated that the body can improve the ability of
alcohol metabolism by enhancing the level of ADH. Compared with MOD, different
concentration of AAM treatment increased the levels of ADH in alcoholic liver injury mice
((7.21 £ 0.24), (8.11 £ 1.18), and (7.95 £ 0.70) U/mg protein, respectively, P < 0.05), similar
result was seen in the AC group. It suggested that AAM promoted the metabolism of alcohol
in the liver by increasing ADH levels.
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Figure 5. Effects of AAM on the hepatic (A) ADH, (B) SOD, (C) CAT, and (D) MDA activities
in acute alcoholic liver injury mice. Data are presented as mean + standard deviation,

*P < 0.05 and **P < 0.01 compared with normal group. #*P < 0.05 and P < 0.01 compared
with ethanol group.

Liver antioxidant enzyme activity (CAT, SOD) and their lipid product (MDA) are commonly
used as biochemical markers of early liver injury. As Fig. 5B-5D showed, compared with
CON group (SOD was (120.19 £ 5.30) U/mg protein, CAT was (46.52 + 5.30) U/mg protein,
and MDA was (0.71 £ 0.04) nmol/mg protein), the SOD level in MOD group decreased by
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23.50% ((91.94 + 2.88) U/mg protein, P < 0.01), CAT level decreased by 26.63%

((34.13 £ 2.70) U/mg protein, P < 0.01), and MDA level increased by 35.21% ((0.96 + 0.13)
nmol/mg protein, P < 0.01). These results suggested that heavy drinking destroyed the
antioxidant system in mice. Compared with the MOD group, different concentrations of AAM
treatment significantly elevated SOD levels ((100.16 + 3.32), (113.38 + 6.33), and

(115.82 + 3.54) U/mg protein, P < 0.05 or P < 0.01), and CAT levels ((34.61 + 1.74),

(41.31 £ 2.48), and (41.93 + 2.23) U/mg protein, P < 0.01 in M-AAM and H-AAM group), and
decreased the MDA levels ((0.85 £ 0.11), (0.80 £ 0.10), and (0.80 £ 0.07) nmol/mg protein,
P <0.05 or P <0.01) in acute alcohol-induced hepatic injury mice. The results have shown
that AAM ameliorated alcohol-induced oxidative stress injury in mice by improving the
antioxidant capacity of the body.

3.5. Effects of AAM on liver morphology in alcoholic liver injury mice

The effect of AAM on the pathological changes of liver tissue was further observed, and the
results are showed in Fig. 6. In the CON group, the outline of liver cells was clear and
polygonal, and there were no infiltration of inflammatory cells in liver tissue. In contrast,
inflammatory cell infiltration was found in the portal area of MOD group, which indicated that
heavy drinking caused the inflammation in liver tissue. Compared with the MOD, the
infiltration of inflammatory cells in L-AAM group was less, and almost no inflammatory cells
infiltration in the M-AAM and H-AAM group. The morphology of liver tissue in AAM group and
AC group was similar to that of the CON group. These results indicated that AAM can
ameliorate the hepatic tissue morphology of mice with acute alcoholic liver injury.

Figure 6. Effects of AAM on hepatic morphological changes in acute alcoholic liver injury
mice (magnification, x 100).
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3.6. Effects of AAM on the expression of CYP2E1 and Nrf2 related genes in
liver injury mice

In this section, gqRT-PCR was used to verify whether the therapeutic effect of AAM on
alcohol-induced liver injury in mice is related to the inhibition of CYP2E1 expression, and the
activation of Nrf2 and its downstream antioxidant enzymes. As shown in Fig. 7A, compared
with the CON group, the mRNA expression of CYP2E1 was significantly increased in the
MOD group (P < 0.01), while different concentrations of AAM significantly reduced the mRNA
expression of CYP2E1 (P < 0.01). As shown in Fig. 7B, compared with the CON group, the
MRNA expression of Nrf2 was significantly decreased in the MOD group (P < 0.05), while the
M-AAM group and the H-AAM group significantly increased the mRNA expression of Nrf2

(P < 0.05). In addition, AAM elevated the expression of phase Il antioxidant enzymes
downstream of Nrf2. As shown in Fig. 7C—7F, medium and high concentrations of AAM
significantly increased the mRNA expression of Gclc, Gelm, CAT, and Cu-Zn SOD in
alcoholic hepatic injury mice (P < 0.05 or P < 0.01). The results suggested that the
therapeutic effect of AAM on acute alcoholic liver injury in mice may be related to the
inhibition of the expression of CYP2E1, and the activation of Nrf2 and its related antioxidant
enzymes.
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Figure 7. Effects of AAM on the mRNA expression of CYP2E1 and Nrf2-related antioxidant
enzymes in acute alcohol liver injury mice. (A) The mRNA expression level of CYP2ET1; (B)
the mRNA expression level of Nrf2; (C) the mRNA expression level of Gclc; (D) the mRNA
expression level of Geim; (E) the mRNA expression level of CAT; and (F) the mRNA
expression level of Cu-Zn SOD. Data are presented as mean = SD, *P < 0.05 and **P < 0.01
compared with normal group; #P < 0.05 and ##P < 0.01 compared with ethanol group.

4. Discussion

A. auricula is a kind of edible fungus with high nutritional value, and melanin is one of its
main active components. Previous studies have shown that AAM has good in vitro
antioxidant activity [23] and radiation protection activity [24]. It can also inhibit the synthesis
of bacterial biofilm [25]. ALD is one of the most common liver diseases around the world.
Therefore, research and development of effective methods for treating alcoholic liver injury
have attracted more and more attention [26]. In earlier research, our project team extracted
the melanin from A. auricula, analyzed its physicochemical properties, and its protective
effects on alcoholic liver injury in mice [27]. In the present study, we continued to explore the
therapeutic effect of AAM on the liver damage that has already formed. In this study, the
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effect of AAM on human normal liver LO2 cells was investigated. We found that AAM had no
toxicity to LO2 cells, and it significantly inhibited the decrease of cell viability induced by
alcohol. When the AAM concentration was 1.2 mg/mL, the cell viability reached 96.77% (Fig.
2). AAM also obviously ameliorated the changes of hepatocyte morphology induced by
alcohol. Furthermore, the effect of AAM on alcohol-induced L02 cell oxidative stress was
determined by measuring the intracellular ROS and the ratio of GSH/GSSG. ROS are
produced during the metabolism of ethanol. Alcohol exposure causes cells to produce too

much ROS, leading to oxidative stress, which destroys cellular DNA, proteins and membrane

lipids, ultimately leads to cell death [17]. Glutathione is an antioxidant with a wide range of
physiological effects, which plays an important role in maintaining the redox balance of cells.
It is mainly synthesized and metabolized in liver and widely distributed in various organs of
the body. Glutathione exists in two forms, GSH and GSSG. Under normal conditions, the
concentration of GSSG was less than 5% of the total glutathione content in the cells. During
oxidative stress, intracellular GSH depletion was accompanied by an increase in GSSG.
Therefore, intracellular GSH/GSSG ratio well reflected the redox state of cells [28]. Our
results showed that AAM treatment dose-dependently inhibited the increase of ROS and the
decrease of GSH/GSSG ratio caused by alcohol, which indicated that AAM resisted the
alcohol-induced oxidative stress by increasing the antioxidant capacity of cells (Fig. 3).

Next, we investigated the therapeutic effect of AAM on alcohol-induced liver injury in vivo by
determining the biochemical indexes of serum and liver, and observing the liver tissue
sections of mice. Early acute liver injury was signified by elevated of serum levels such as
TG, ALT and AST. TG will massively accumulate in the primary stage of ALD, which is a
sensitive index reflecting fat metabolism [29], [30]. Serum ALT and AST are usually used as
indicators for monitoring liver injury because they leaked from liver cells into the blood
circulation system when liver injury occurs [29]. The results indicated that that AAM
significantly inhibited the increase of TG, ALT and AST caused by alcohol (P < 0.05 or

P < 0.01), which indicated that AAM ameliorated the liver damage caused by alcohol (Fig. 4).
ADH exists in the liver cytoplasm, it can metabolize ethanol to acetaldehyde, and further to
acetic acid [31]. Oxidative stress is closely related to ethanol-induced liver damage.
Antioxidant enzymes can protect the body from oxidative stress, and lipid peroxidation
damage in tissues is often attributed to the depletion of antioxidant enzymes. For early liver
injury, liver antioxidant enzyme activity (CAT, SOD) and their lipid product (MDA) are usually
regarded as biochemical markers. Under the action of SOD, superoxide anion reacts with
hydrogen ions to form hydrogen peroxide, and further converted to water under the action of
CAT, which inhibits oxidative stress in vivo [32], [33], [34]. The results of this study showed
that AAM significantly increased ADH, SOD and CAT levels and decreased MDA levels in
alcoholic liver injury mice (P < 0.05 or P < 0.01), which indicated that AAM ameliorated
alcohol-induced oxidative stress by improving the antioxidant capacity of mice (Fig. 5).
Moreover, the morphological changes of liver tissues were observed by H&E staining (Fig.
6). The results showed that AAM ameliorated the hepatic tissue morphology of mice with
acute alcoholic liver injury.
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CYP2E1 is a key member of the cytochrome P450 family, and is one of the main pathways of
ethanol metabolism [35]. CYP2E1 produces a large amount of ROS during the process of
ethanol metabolism, which is considered to be the main contributor of oxidative stress [36],
[37]. Nrf2 is an important transcription factor that mediates antioxidant protection [38]. The
activation of Nrf2 has been shown to play a key role in protecting against ethanol-induced
liver injury [39], [40]. When oxidative damage occurs, Nrf2 transfers from the cytoplasm to
the nucleus and activates its downstream phase Il antioxidant enzymes to protect the body
from oxidative stress. The results indicated that AAM inhibited the expression of CYP2E1 in
alcoholic liver injury mice, and increased the levels of Nrf2 and its downstream antioxidant
enzymes (Fig. 7). This suggested that the therapeutic effect of AAM on alcohol-induced liver
damage may be related to the inhibition of the expression of CYP2E1 and the activation of
Nrf2 and its related antioxidant enzymes.

5. Conclusion

In summary, melanin, a natural pigment from A. auricula, has an obvious therapeutic effect
on alcohol-induced liver injury in vitro and in vivo. The above results provided a theory basis
for the application of AAM in the treatment of ALD.
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Melanin is a class of unique bio-macromolecule pigment formed by the oxidative
polymerization of polyphenolic or indolic monomers [1], and is widely distributed among
many fungi, plants, animals, and some micro-organisms [2]. Melanin has a variety of
biological activities, such as free radical scavenging ability [3], anti-radiation [4], heavy
metal ion adsorption [5], anti-tumor [6], anti-oxidant [7], and UV—protecting [8]
functions. On the basis of these features, melanin is one of the most important natural
pigments and has been considered extensively and conventionally for potential
application in cosmeceutical, bio-electronic, food production, medicines, and other
industries [9].
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