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Manganese is an indispensable trace element, however, it may be present at high
concentrations in water and sediments of aquatic ecosystems due to natural and
anthropogenic activities, and can interfere with physiological and biochemical
mechanisms in fish. This study was conducted to determine the toxic effects
associated with exposure to Mn?* (0, 0.5, 1, 2, and 4 mg/L) for 30 d, regarding liver
damage and apoptosis in Yunlong grouper (Epinephelus moaraQ xE.
lanceolatusd). Expression of superoxide dismutase (sod) and catalase (cat) genes
in the liver was significantly increased on days 10 and 20 following Mn?* exposure
(4 mg/L), but was reduced on day 30. Similarly, expression of glutathione
peroxidase (gpx) and glutathione reductase (gr) genes was elevated after 10 d of
exposure to 2 and 4 mg/L Mn?*, but decreased after 20 and 30 d. After 30 d of
exposure to high concentrations (2 and 4 mg/L) of Mn?*, liver tissue showed
hepatic sinusoidal gap congestion, dilatation, cell vacuolation, and necrosis. In
addition, the activities of alanine aminotransferase (ALT) and aspartate
transaminase (AST) as well as 8-hydroxydeoxyguanosine (8-OHdG) levels were
significantly increased after Mn®* exposure. Moreover, Mn?* exposure altered the
expression pattern of some pivotal genes associated to apoptosis (p53, bax, bcl-2,
apaf-1, caspase-9, and caspase-3), which suggested that Mn2* exposure induces
apoptosis through the mitochondrial pathway. The above results showed that
excessive Mn?* induced apoptosis and liver damage in grouper through elicitation
of oxidative stress. These insights help elucidate the mechanism by which Mn?*
induces toxicity in marine fish, and provide a new perspective regarding the
detrimental effects of heavy metals in fish.
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Introduction

Manganese, a crucial trace element for aquatic animals, plays
an important role in maintaining normal physiological activities.
However, it may cause abnormal changes in the physiology and
behavior of aquatic animals (Howe et al., 2004) and even cause
fatal and sublethal effects at excessive concentrations (Deng
et al, 2019). An investigation on Mn** pollution found that
the highest concentration of Mn>* exceeding the standard could
reach up to 1.74 mg/L in drinking water sources (Chen et al.,
2011). In addition, in soft bottom sediments of the ocean,
manganese may reach 80 mg/g on a dry weight basis, and
eutrophication leads to hypoxia in many coastal areas where
manganese is reduced and released as Mn** (Diaz and
Rosenberg, 1995). Continuous exposure to Mn?" results in its
accumulation, causing undesirable physiological effects, such as
oxidative stress and alterations in physiological parameters.

Manganese serves a crucial function with respect to
antioxidant defense and activation of various enzymes
(Hernroth et al,, 2004). However, excess manganese is harmful
to health and exerts toxic effects on the nervous system at high
dosages. Liver cells contain numerous mitochondria where Mn>"
can accumulate in large quantities, disrupt oxidative
phosphorylation, and increase the amount of reactive oxygen
species (ROS) (Liu et al.,, 2013). Excessive accumulation of ROS
can lead to an imbalance of redox state, thereby causing oxidative
stress. Currently, oxidative stress is one of the recognized
mechanisms of manganese toxicity, which can directly damage
proteins, amino acids, and nucleic acids, and may result in cell
structure damage or cell death (Nagalakshmi and Prasad, 1998;
Atli and Canli, 2010; Chtourou et al., 2012). Zhang et al. (2003)
found that exposure to Mn** caused mild liver stasis, vacuolar
degeneration of hepatocytes, increased lipid peroxidation, and
decreased antioxidant capacity in rats. Chronic exposure to Mn>"
may lead to its bioaccumulation in the liver which can cause liver
damage (Awasthi et al., 2018a).

Heavy metal exposure leads to increased ROS levels, causing
extensive DNA damage and apoptosis. Oxidative stress can
induce apoptosis through mitochondria-dependent and death
receptor-dependent pathways (Sinha et al., 2013). Apoptosis is a
highly ordered physiological process, which is characterized by
cell shrinkage, chromatin condensation, internucleosomal DNA
fragmentation, and apoptotic body formation accompanied by
the activation of a variety of intracellular proteases and
endonucleases (Chandra et al., 2000; Yahiro et al., 2010; Dolka
et al,, 2016). It is controlled by several factors. For instance,
BCL2-Associated X (bax) is one of the most important pro-
apoptotic genes whereas B-cell lymphoma-2 (bcl-2) can inhibit
apoptosis induced by various toxic factors (Gomez-Lazaro et al.,
2007). Heavy metals cause apoptosis by decreasing bcl-2
expression and increasing bax, caspases, and p53 mRNA
expression (Zhu et al.,, 2016). Excess cadmium upregulates p53,
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caspase-3, and caspase-9 expression, and causes apoptosis in the
head kidney of Channa punctatus (Chen et al., 2021). Excessive
lead inhibits bcl-2 but promotes bax and p53 expression, causing
bax/bcl-2 imbalance and leading to liver apoptosis in mice (Xu
et al., 2008).

Yunlong grouper (Epinephelus moara Q x E. lanceolatus &)
is a new breed of grouper with good meat quality, fast growth,
and high adaptability, making it suitable for large-scale intensive
farming. However, due to the water pollution caused by
improper discharge of industrial effluent and household
sewage, Yunlong grouper is likely to be exposed to high
concentrations of Mn?* during aquaculture, which is
detrimental to its growth. In contrast to other heavy metals,
such as cadmium and lead, the toxic effects of Mn>" are less
studied, especially with respect to aquatic ecosystems. Therefore,
it is important to examine the responses of fish to Mn*'
exposure. The liver is a crucial detoxification organ in fish;
thus, it has been chosen to evaluate the potential pathways of
Mn**-induced oxidative stress, which causes tissue damage and
apoptosis. To the best of our knowledge, this is the first study to
evaluate the potential response mechanism to long-term
exposure of Mn>* based on oxidative stress, liver damage, and
apoptosis responses after long-term exposure. This study may
provide valuable insights to improve the understanding of
mechanisms of liver injury and apoptosis due to Mn** exposure.

Materials and methods
Experimental animals

Yunlong grouper were purchased from the Yuhai Honggqi
Ocean Engineering Co. LTD (Shandong, China) and were
acclimated to experimental conditions in fish tanks (45 x 48 x
48 cm) for at least one week. The experimental environment was
illuminated for 12 h. The seawater used for the experiments had
a pH of 7.5-7.8, temperature of 25-27°C, salinity of 28-29 ppt,
total ammonia of 6 + 1.0 pg/L, and total nitrite of 0.05 + 0.02 mg/
L. Ammonia nitrogen and nitrite were determined using
spectrophotometry. The fish tanks were oxygenated with air
stones attached to an air compressor to maintain dissolved
oxygen at 7-8 mg O,/L. Commercial fish diet (QiHao
Biotechnology Co., Qingdao, China) was supplied four times
per day at 2% body weight per day, and uneaten pellets were
retrieved. All animal experiments were reviewed and approved
by the Committee on the Ethics of Animal Experiments of
Chinese Academy of Fishery Sciences.

Experimental design

The 96 h-LCs, of Mn?**
according to our previous study (Wang et al., 2022).

to groupers was determined
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According to these results, we selected five concentrations of
Mn** (0,0.5,1,2,and 4 mg/L), with three replicate fish tanks per
treatment, referring to the setting method of Sayadi et al. (2020).
Fifty fish (initial body weight 0.44 + 0.08 g) were placed in each
tank containing 50 L exposure solution or seawater. The
treatments were conducted for 30 d. The exposure solution
was prepared using MnCl,-4H,O (AR, 99%) purchased from
Yuanye Biotechnology Co. (Shanghai, China). The solutions in
the fish tanks were exchanged daily. The concentrations of Mn*"
were assessed daily using the potassium periodate
spectrophotometric method (Li and Xue, 2012).

Sample collection

Seven fish were collected from each tank at 0, 10, 20, and
30 d of exposure, and the samples were collected after anesthesia
in tricaine methanesulfonate (MS-222, 45 mg/L, Sigma
Diagnostics INS, St. Louis, MO, USA).

Three whole fish and the livers of three other fish were
rinsed with saline to remove surface impurities, after which
they were immediately frozen in liquid nitrogen and stored
at —80°C for biochemical and qRT-PCR analyses. The liver of
the remaining fish was fixed in Buin’s solution at room
temperature for 24 h, as described previously (Gao et al.,
2019), and was then rinsed with water and placed in 70%
ethanol for histopathology.

Histopathology

The fixed tissues were dehydrated in 80%, 90%, 95%, and
100% alcohol and embedded in paraffin wax. A rotary
microtome (Leica, Wetzlar, Germany) was used to produce 4-
um sections. Hematoxylin and eosin staining was performed
before examination using an optical microscope (Olympus
BX51, Olympus, Tokyo, Japan).

Biochemical analyses

Activities of alanine aminotransferase (ALT) and aspartate
transaminase (AST) activities in the whole fish were determined
using a commercial kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to Salamat et al. (2017).
8-Hydroxydeoxyguanosine (8-OHdG) levels in the whole fish
were measured using an ELISA kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), according to the
antibody-antigen-enzyme-antibody complex method.
Absorbance was measured at 450 nm using a microplate
reader (Rayto RT-6100), 8-OHdAG levels were calculated from
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a standard curve and are expressed as ng/mgprot. Protein
concentrations were measured at 595 nm using Coomassie
blue staining.

RNA extraction, cDNA synthesis, and
quantitative reverse-transcription
PCR (qRT-PCR)

Expression of genes related to antioxidants and apoptosis in
liver tissue was assessed using qRT-PCR. Total RNA was
extracted from liver tissue using an Animal Total RNA
Isolation Kit (Foregene, Chengdu, China), according to the
manufacturer’s instructions. RNA concentration was
determined using a Nanodrop 2000 device (Thermo Fisher
Scientific, Shanghai), and RNA quality was assessed using 1%
agarose gel electrophoresis.

Reverse transcription was performed according to the
manufacturer of the Evo M-MLV kit from Accurate
Biotechnology (Hunan) Co., Ltd. Genomic DNA was
removed in a reaction containing 1 ug total RNA, 2 uL of
5 x gDNA Clean Reaction Mix, and RNase-free dH,O to a
final volume of 10 puL, which was incubated at 42°C. Reverse
transcription was performed in a total volume of 20 uL,
including 10 pL of reaction solution from the first step, 4 uL
of 5 x Evo M-MLV RT Reaction Mix, and 6 uL of RNase-free
water, which was incubated at 37°C for 15 min and at 85°C
for 5 sec.

Primers for amplifying cDNA of the genes B-actin,
superoxide dismutase (sod), catalase(cat), glutathion
peroxidase (gpx), glutathione (gr), p53, BCL-2 associated X
(bax), B-Cell Lymphoma-2 (bcl-2), apoptotic peptidase
activating factor-1 (apaf-1), caspase-9, and caspase-3 were
designed according to gene sequences published on NCBI
(Table 1; synthesized by Shanghai Sangon Biotech, Shanghai,
China). Expression levels were assessed through qRT-PCR using
TB Green Premix Ex Taq (Dalian Takara, China), and the
reaction was performed on an Eppendorf Mastercycler ep
realplex (Applied Biosystems, Foster City, CA, USA). The
reaction comprised 2 uL of cDNA, 10 uL of TB Green Premix
Ex Tagq, 0.8 pL each of the forward and reverse primers (10 mM),
and 7.2 pL of ddH,0. The reaction program was 95°C for 30 s,
followed by 40 cycles at 95°C for 5 s and 60°C for 20 s. Relative
gene expression levels were evaluated using the 274" method
(Livak and Schmittgen, 2001). For each tested gene, QRT-PCR
was performed using three replicates.

Statistical analyses

Data were analyzed with SPSS software for Windows
(Version 25.0, IBM, Chicago, IL, USA). The Kolmogorov-
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TABLE 1 Primers and sequences referred to in the experiments.

10.3389/fmars.2022.1000282

Genes Primer sequence (5-3’) GenBank Accession No.

f-actin F: CAGCAAGCAGGAGTACGATGAGTC XM_033645256.1
R: GTATGAGAAATGTGTGGTGTGTGGTTG

sod F: AGCGGGACCGTGTATTTTGA XM_033633905.1
R: CACTGATGCACCCGTTTGTA

cat F: AATGTCACACAGGTCCGTGC XM_033635388.1
R: CCTGCCATGTTCTGGCAAAG

gpx F: AATCAGTTCGGACATCAGGAGAA XM_033625833.1
R: TATTCAAACAAGGGGTGGGCA

gr F: AGCTGGGAGATAAACACCGAC XM_033633505.1
R: ATCCCTCCGTGTCTGGGTC

p53 F: CTTATTGGCCTGGACCGGAGA XM_033612021.1
R: GTGATGGCATCCCAAAGAGC

bax F: AGGAGGTGATCAAGGCAAAAGT XM_033644970.1
R: TCCATGCCTTTTAACCCGCT

bel-2 F: TGCAAAGAGGTGGTCAAGACG XM_033638198.1
R: TCCACAAAGGCATCCCATCCT

apaf-1 F: AGGGAGAAACTCTACCGGCT XM_033614944.1
R: CTCCAGGGAAGCACTCTTCG

caspase-9 F: CCTACTTCCAGTCCATCACCTG XM_033629367.1

R: TGGATGCTATCCCGTCGAGT
caspase-3 F: TCCACAGCTCCAGGCTACTA
R: TGAAGCTCCACGTCTTTCCC

Smirnov test was used to test normal distribution, and Levine’s
test to access variance homogeneity. Two-way ANOVA
was used to test interaction effects of exposure time and
Mn2*
Tukey’s test was used post-hoc. Statistical significance is
reported at P < 0.05.

concentrations. In case of significant differences,

Results

Expression of genes related to the
antioxidant defense system

The responses of grouper to Mn>" exposure with respect to
sod, cat, gpx and gr mRNA levels are shown in Figure 1. There
were significant effects of Mn®" concentrations and exposure
time on expression levels of antioxidant enzyme genes and
significant interactions between Mn>" concentrations and
exposure time on expression of all antioxidant enzyme genes
(P <0.05). The expression levels of sod and cat were significantly
increased on day 10 in the 2, and 4 mg/L treatment groups and
on day 20 in the 1, 2, and 4 mg/L Mn®>" treatment groups,
compared to the controls (P < 0.05). Expression of sod and cat
was significantly higher in the 1 and 2 mg/L Mn*" treatment
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groups than that in the controls after 30 d, however, it was
significantly lower in the 4 mg/L treatment group.

On days 10 and 20, a pronounced increase in gpx and gr
expression was observed in the 1, 2, and 4 mg/L Mn?" treatment
groups. Moreover, fish exposed to 1 mg/L Mn** for 30 d showed
significantly increased gpx and gr expression, which was,
however, significantly decreased in the 2 and 4 mg/L Mn**
treatment groups.

Liver histopathology

Differences in liver tissue structure between treatments are
shown in Figure 2. The livers of the controls and the 0.5 mg/L
Mn>" group showed normal tissue structure, dense cytoplasm,
clear hepatic platelet structure, and rounded central vein cross-
sections (Figure 2A, B). However, exposure to higher Mn**
concentrations for 30 d resulted in dilated hepatic sinusoidal
spaces and scattered cell arrangement in some areas in the 1 mg/
L group (Figure 2C); irregularly shaped central venous cross-
sections and congested hepatic sinusoidal spaces in the 2 mg/L
group (Figure 2D); and vacuole-like appearance, blurred cell
gaps, and cell necrosis, in addition to the aforementioned
anomalies, in the 4 mg/L group (Figure 2E).
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FIGURE 1

Two-Way ANOVA: Mn?* concentration *
Exposure time
Interaction

Two-Way ANOVA: Mn?* concentration
Exposure time
Interaction

00 mg/L
20.5 mg/L
81 mg/L
B2 mg/L
24 mg/L

00 mg/L
B50.5 mg/L
21 mg/L
@2 mg/L
@4 mg/L

The mRNA expressions of (A) sod, (B) cat, (C) gpx and (D) gr at different concentrations of Mn®* treatment for 0, 10, 20, and 30 days. Values are
expressed as mean + SD (n = 9), Significant differences (P < 0.05) between groups are indicated by different lowercase letters. *p < 0.05. sod,
superoxide dismutase; cat, catalase; gpx, glutathione peroxidase; gr: glutathione reductase.

ALT and AST activity

Changes in ALT and AST activity at various stages during
30 d of Mn®" exposure are shown in Figure 3. Mn**
concentrations and exposure time have significant effects on
ALT and AST activities (P < 0.05). From day 10 to 30, the
activities of ALT and AST in the 1, 2, and 4 mg/L treatment

groups were increasing continuously and were significantly

higher than those in the control group (P < 0.05).

8-0OHdG levels

Changes in 8-OhdG levels are shown in Figure 4. There were

significant effects of Mn>" concentrations and exposure time on

FIGURE 2

Histological structure of fish livers after 30 d in the (A) control group, (B) 0.5 mg/L Mn?*, (C) 1 mg/L Mn?*, (D) 2 mg/L Mn®", (E) 4 mg/L Mn?*

treatments. HC:, Hepatic cell; HS, Hepatic sinusoid; HP, Hepatic plate; HM, Hepatic macrophage; CV, Central vena; PN, Pycnose; V,

Vacuolization; N, necrocytosis. (H & E, x200).
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Two-Way ANOVA: Mn?* concentration * 0.5 mg/L Two-Way ANOVA: Mn?* concentration * 0.5 mg/L
20 Exposure time * O1mglL 20 Exposure time * o1 mglL
18 Interaction * 2 18 Interaction *
@2 mg/L @2 mg/L
_ 16 4mgll - 4 mg/L
Z 14 B
12 x
ERU s
& 8 &
S 6 =

[SIFS

<

FIGURE 3

The (A) ALT and (B) AST variations during 30 d when exposed to various Mn®* concentrations. Values are expressed as mean + SD (n = 9),
Significant differences (P < 0.05) between groups are indicated by different lowercase letters.*p < 0.05. ALT, alanine transaminase; AST, aspartate

transaminase.

8-OHAG levels and significant interactions between Mn*"
concentrations and exposure time (P < 0.05). Over time, 8-
OhdG levels increased significantly in the 1, 2, and 4 mg/L Mn**
treatment groups (P < 0.05), and the increase was highest in the
4 mg/L Mn>" treatment on day 20.

Expression of apoptosis-associated
genes

Effects of Mn>" exposure on mRNA levels of apoptosis-
related genes are shown in Figure 5. Mn** concentration and
exposure time have a significant interaction effect on the
expression of apoptosis-associated genes (P < 0.05). On day 10
of Mn®" exposure, p53 expression was elevated in the 2 mg/L
group, and p53, bax, and caspase-9 expression was significantly
higher in the liver of 4 mg/L treatment than in the controls (P <
0.05). On day 20, p53, bax, and caspase-3 expression was

increased but bcl-2 expression was decreased in the 1, 2 and 4
mg/L groups, compared to the control group. In addition, apaf-1
and caspase-9 expression was significantly higher in the 2 and 4
mg/L groups. On day 30, the expression of p53, bax, caspase-3,
and caspase-9 was upregulated in the 1, 2, and 4 mg/L treatment
groups compared to the control group, whereas bcl-2 expression
was downregulated. Moreover, apaf-1 expression was
significantly higher in the 2 and 4 mg/L groups.

Discussion

Effects of Mn?* exposure on
oxidative stress

With accelerating industrial progress, increasing amounts of
Mn®" are discharged into rivers, lakes, and oceans. Thus Mn>" is
enriched at considerable quantities in aquatic animals, which can

00 mg/L
) 50.5 mg/L
- - . + 1 *
14 Two-Way ANOVA: Mn conce.ntratlon 01 mg/L
Exposure time
= 12 Interaction 2 mg/L
=]
:‘5 10 | 04 mg/L
)
E s
E
g 4
S
® 2
0

FIGURE 4

Change of 8-OHdG level exposed to different concentrations of Mn?* over 30 d. Values are expressed as mean + SD (n = 9), Significant
differences (P < 0.05) between groups are indicated by different lowercase letters.*p < 0.05. 8-OHdG: 8-hydroxy-2 deoxyguanosine.
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Two-Way ANOVA: Mn?* concentration * mg
25 Exposure time * G1mg/L
Interaction * B2 mg/L
- 20
3
2
<Zt 15
£
S 1.0
2 0.5
0.0
E vl F
Two-Way ANOVA: Mn?* concentration * 805 mg/L
4.0 Exposure time * O01mg/L
Interaction * @2 mg/L
FIGURE 5
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00 mg/L

Two-Way ANOVA: Mn?* concentration * 20.5 mg/L
.0 Exposure time * 01 mg/L
Interaction * G2 mg/L

00 mg/L

Two-Way ANOVA: Mn?* concentration * 805 mg/L
5.0 Exposure time * O1 mg/L
Interaction * B2 mg/L

00 mg/L

Two-Way ANOVA: Mn?* concentration * 20.5mg/L
4.5 Exposure time * O1mg/L
Interaction * 22 mg/L

Expression of (A) p53, (B) bax, (C) bcl-2, (D) apaf-1, (E) caspase-9 and (F) caspase-3 exposed to different concentrations of Mn®* over 30 d.
Values are expressed as mean + SD (n = 9), Significant differences (P < 0.05) between groups are indicated by different lowercase letters.*p <
0.05. p53, tumor suppressor protein p53; bax, bcl2-associated X; bcl-2: B-cell lymphoma-2; apaf-1: apoptotic protease activating factor-1.

exert toxic effects. Antioxidant defense systems help prevent
excessive ROS levels by maintaining a dynamic balance between
free radical production and scavenging (Bhansali et al., 2017).
Antioxidant enzymes including SOD, CAT, GPx, and GR can help
defend against oxidative damage and play a crucial role in
maintaining ROS homeostasis (Jia et al., 2019). SOD removes
ROS from the organism and converts O* to hydrogen peroxide
(H,0,). Subsequently, CAT converts H,O, to H,O and O, (Mai
et al., 20105 Liu et al. 2013). Glutathione (GSH) is an antioxidant
that protects the -SH protein group from oxidation and the
activity of sulfhydryl proteins and enzymes. GSH can also
reduce H,0, to H,O with the participation of GPx, thus
eliminating H,O, and reducing its toxic effects. GSH is oxidized
to oxidized glutathione (GSSG), which is catalyzed by GR to
generate GSH to maintain cellular redox homeostasis (Storey,
19965 Jin et al.,, 2008; Wei et al., 2018). Previous studies have
shown that heavy metal exposure induces ROS formation and
alters the expression of antioxidant enzymes (Awasthi et al,
2018b; Zhao L. et al.,, 2020). Liu et al. (2013) reported that the
activities of SOD and GPx in cocks decreased along with
increasing long-term exposure to dietary Mn>*. Awasthi and
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Ratn et al. (2018) showed that, chronic exposure to Cr®" at 5%
and 10% of the 96 h-LCs resulted in the upregulation of sod and
cat genes, increasing SOD and CAT activities and eliminating
high levels of ROS. Ren et al. (2019) found that the transcription of
cat, gpx, and gr was upregulated in flounder larvae at 10.0 pug/L
MeHg and confirmed that such gene transcriptional up-regulation
usually occurred in parallel with the enhancement of the
corresponding antioxidants. Similarly, in the current study, we
observed that the expression levels of antioxidant-related genes in
grouper increased on days 10 and 20 of Mn*" exposure at 1, 2, and
4 mg/L, but decreased at 30 d with respect to sod and cat in the 4
mg/L group and gpx and gr in the 2 and 4 mg/L groups. Increasing
the expression of genes related to antioxidants can lead to a
decrease in ROS levels in response to oxidative stress, thereby
protecting cells from oxidative damage. In addition, according to
Zhao L. L. et al. (2020), largemouth bass (Micropterus salmoides)
antioxidant enzyme-related genes were elevated after a first
exposure to hypoxia and ammonia, and then gradually
decreased with increasing exposure time. It was also observed in
the present study that fish subjected to high Mn** concentrations
for long periods of time showed lower expression of genes
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producing antioxidants, probably because the antioxidant system
may not be able to sufficiently eliminate or neutralize excess ROS,
and severe oxidative damage may occur.

Effects of Mn?* exposure on
liver damage

Heavy metals may enter the digestive tract and respiratory
organs of exposed fish, be distributed throughout the entire body
via the blood circulatory system, and eventually deposited in
the liver, which is an important detoxification organ (Jang et al,
2014; Vali et al, 2020). We examined the histopathological
status of fish livers to further assess the toxic potential of Mn**.
Histopathological results showed that low concentration of Mn>"
(1 mg/L) induced hyperemia in hepatic sinusoidal spaces and
some cytoplasmic vacuolation. Moreover, nuclear pyknosis,
blurred cell boundaries, enlarged hepatic sinusoids and cell
necrosis were observed in the livers of fish treated with higher
concentrations of Mn®* (2 and 4 mg/L). Exposure to toxins
increases blood flow to the liver, a process that elicits sinus
congestion and hepatic sinus dilation to ensure the
detoxification activity of liver cells (Hued et al, 2012). Ratn
et al. (2018) reported histological changes in the liver after zinc
exposure and observed vacuolization and pyknosis at low
concentrations and cell necrosis, inflammation and hypertrophic
at high concentrations. Similar histopathological changes, such as
hemosiderosis, hemorrhage, hydropic swelling, and pyknotic
nuclei, occurred in livers of goldfish exposed to silver
nanoparticles and silver salt in a study by Abarghouei et al
(2016). ALT and AST, which are are widely used as clinical
indicators for hepatotoxicity assessment, accumulated in the
liver (Ross, 2010; Yan et al,, 2021). In the study of Zhao et al.
(2019), both ALT and AST levels in supernatant of zebrafish
larvae homogenate were significantly up-regulated (P<0.05)
compared with the control, which indicated that the liver was
one of the major toxic target organs of Euphorbia kansui.
Similarly, the results of a study by Abedi et al. (2013) showed
that exposure to different metals significantly (P < 0.05) increased
AST levels and ALT activity. Also, the results of the current
investigation showed that 1, 2, and 4 mg/L Mn*" groups had
consistently greater ALT and AST activities than the control
group. These results were in line with previous studies that
reported lead exposure significantly elevated ALT and AST
activities causing tissue damage and impaired metabolism (Atli
et al., 2015). Pyrazinamide treatment doses of 2.5 mM and 5 mM
at 72 hpe progressively decreased liver size and increased larvae
transaminases, suggestive of hepatocyte death and consistent with
the histological analysis (Zhang et al., 2016). Therefore, enzymatic
alterations found in the present study may reflect the imbalance of
fish physiology which was also induced liver damage of grouper.
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Effects of Mn®* exposure on
DNA damage

Once oxidative stress exceeds the homeostatic potential of
the antioxidant defense system, oxidative damage is initiated.
Approximately 2 x 10* DNA damage events have been estimated
to occur in every cell daily, and a significant proportion of the
damage is caused by ROS (Barzilai and Yamamoto, 2004).
Excess ROS causes damage to cellular macromolecules,
including DNA (Ari et al., 2002). The oxidative modification
of deoxyguanosine to 8-OHdG in mtDNA is the major DNA
lesion induced by oxidative stress and is considered as an index
of DNA damage (Lu et al,, 2001). 8-OHdG, the main product of
ROS-induced DNA damage, is extensively used as an indicator
of DNA damage as it increases during oxidative stress. Alak et al.
(2019) found that copper exposure caused DNA damage in liver
and gill tissues of rainbow trout, as evidenced by significantly
increased levels of 8-OHdG. Meanwhile, in a study about H,O,,
8-OHdG levels increased in H,O, (500 uM)-treated cells,
indicating DNA damage. Similarly, in the current study, 8-
OhdG levels in grouper livers were significantly increased in
the 1, 2, and 4 mg/L Mn?* treatments, indicating DNA damage.
These data demonstrate that Mn**-induced oxidative stress
evoked DNA damage, as previously observed in a study on
mice (Seiler et al., 2001) showing that 8-OHdG levels in the
lungs were significantly increased after quartz exposure above
0.3 mg/day, and this trend was dose- and time-dependent.

Effects of Mn?* exposure on apoptosis

Apoptosis plays a vital role in the morphogenesis of
homeostasis within tissues and organs during development
(Capriello et al., 2021). However, exposure to other metals,
including cadmium (Chen et al., 2021) and copper
(Nagalakshmi and Prasad, 1998), may change this biological
mechanism, thereby reducing the organism’s fitness. Generally,
p53 plays an important role in apoptosis, and stress signals
resulting from the accumulation of ROS, especially H,O,, affect
multiple cellular pathways. In addition, oxidative stress-induced
DNA damage increases the mRNA levels of p53, and prolonged
and sustained activation of p53 can upregulate the expression
level of bax and downregulate the expression of bcl-2 together
with the promotion of apoptosis (Whiteman et al., 2007; Deng
etal., 2009). Choudhury et al. (2020) found that activated p53 in
cadmium-exposed fish stimulated bax, leading to a bax/bcl-2
imbalance and ultimately to apoptosis. In the present study, p53
expression in the liver was upregulated following exposure to 1,
2, and 4 mg/L Mn** for 20 and 30 d. In addition, the gene
expression levels of bax were significantly upregulated with
increasing exposure concentration and time, whereas the gene
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expression levels of bcl-2 were significantly decreased. This
suggests that high concentrations of Mn*" can trigger
apoptosis through the P53-Bax-Bcl2 pathway, which is also
reflected in the gene expression levels of caspases. Apaf-1,
caspase-3, and caspase-9 are key genes in the mitochondrial
pathway: apaf-1 activates caspase-9, which in turn activates
caspase-3, and changes in their expression levels lead to
apoptosis (Fulda and Debatin, 2006; Sakr et al., 2015). The
observed upregulation of apaf-1, caspase-9, and caspase-3 in fish
exposed to Mn*" for 30 d in this study confirmed apoptosis of
hepatocytes. This phenomenon may be due to excessive ROS
production induced by high doses of Mn>". Awasthi and Ratn
et al. (2018) also demonstrated that Cr®"-induced oxidative
stress leads to apoptosis in hepatocytes by transcriptional
upregulation of bax, apaf-1, and casp3a. Thus, the differential
transcriptional expression of these genes suggests that
Mn*"-induced apoptosis occurs through activation of the
mitochondria-dependent apoptotic pathway.

Conclusion

We investigated the molecular biomarkers related to
oxidative stress, liver damage, and apoptosis in grouper after
Mn2+
antioxidant-related genes (sod, cat, gpx, and gr) clearly

exposure. The increased expression of four major

indicated the induction of oxidative stress due to Mn**
accumulation in grouper livers. However, this increased
antioxidant capacity was not sufficient to rescue cells from
oxidative stress, and these genes were downregulated on day
30.Thus, long-term exposure to higher Mn®" concentrations
caused oxidative damage and subsequently liver damage, such
as hyperemia, cytoplasmic vacuolation, nuclear pyknosis,
blurred cell boundaries, hepatic sinusoids, and cell necrosis.
The elevated levels of ALT, AST, and 8-OHdG in the whole
fish further demonstrated the damage caused by Mn>" exposure.
In addition, we confirmed the transcriptional regulation of
apoptosis-related genes p53, bax, bcl-2, apaf-1, caspase-9, and
caspase-3 by Mn**, which indicated apoptosis in grouper liver
cells through the mitochondrial pathway. Importantly, the
oxidative stress, liver damage, DNA damage, and apoptosis
caused by Mn>" exposure exhibited a dose and time-
dependence difference. However, little is known about the
mechanisms elicited by this metal, and more research is
required to fully understand its possible effects on grouper.
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