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Abstract: The present study was conducted to investigate the roles of ascorbic acid (AA) in immune
response, anti-oxidation and apoptosis in abalone (Haliotis discus hannai Ino). Seven semi-purified
diets with graded levels of AA (0, 50, 100, 200, 500, 1000 and 5000 mg/kg) were fed to abalone
(initial weight: 12.01 & 0.001 g, initial shell length: 48.44 3 0.069 mm) for 100 days. The survival,
weight gain rate and daily increment in shell length were not affected by dietary AA. The AA
content in the gill, muscle and digestive glands of abalone was significantly increased by dietary
AA. In terms of immunity, dietary AA significantly improved the total hemocyte count, respira-
tory burst and phagocytic activity in hemolymph, and lysozyme activity in cell-free hemolymph
(CFH). In the digestive gland, the TLR-MyD88-dependent and TLR-MyD88-independent signaling
pathways were suppressed by dietary AA supplementation. The mRNA levels of -defensin and
arginase-I in the digestive gland were significantly increased by dietary AA. In the gill, only the
TLR-MyD88-dependent signaling pathway was depressed by dietary AA to reduce inflammation
in abalone. The level of mytimacin 6 in the gill was significantly upregulated by dietary AA. After
Vibrio parahaemolyticus infection, the TLR signaling pathway in the digestive gland was suppressed
by dietary AA, which reduced inflammation in the abalone. In terms of anti-oxidation, superoxide
dismutase, glutathione peroxidase and catalase activities, as well as total anti-oxidative capacity
and reduced glutathione content in CFH, were all significantly upregulated. The malondialdehyde
content was significantly downregulated by dietary AA. The anti-oxidative capacity was improved
by triggering the Keap1-Nrf2 pathway in abalone. In terms of apoptosis, dietary AA could enhance
the anti-apoptosis ability via the JNK-Bcl-2/Bax signaling cascade in abalone. To conclude, dietary
AA was involved in regulating immunity, anti-oxidation and apoptosis in abalone.

Keywords: abalone; ascorbic acid; immune; anti-oxidation; apoptosis

1. Introduction

Ascorbic acid (AA), also known as vitamin C, is known to be an essential micronu-
trient that serves as a cofactor associated with enhancing the activity of multiple human
enzymes and contributes to immune response and development of the nervous system in
humans [1,2]. Due to the limited ability of AA to be preserved in the organism, a regular
and adequate intake is necessary to prevent AA deficiency. AA is required in trace amounts
from exogenous sources for average growth, physiological activities, reproduction and
health in most mammals [3-5]. Regarding immune functions, AA contributes to main-
taining the immune barrier integrity and wound healing [1]. It can boost the function
of phagocytes, such as improving their motility, chemotaxis, phagocytosis and microbial
killing [6-9]. Previous studies have reported various immune effects of AA on B-cells,
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T-cells and NK cells in mammals [10-12]. Meanwhile, AA is also associated with apopto-
sis. It inhibits myocardial apoptosis by preventing Bax (BCL-2 associated X protein) and
increases the ability of Bcl-2 (apoptosis regulator bcl-2) to inhibit cytochrome-C release
from mitochondria into the cytoplasm and subsequently reduces caspase-3, which initiates
apoptosis [13]. As a natural anti-oxidant, AA reduces reactive oxygen species (ROS) and
reactive nitrogen species (RNS) by endowing them with electrons and preventing the
oxidation of other compounds [14-17]. AA can also enable other anti-oxidative molecules,
such as glutathione (GSH), [3-carotene, urate and oa-tocopherol, to regenerate from their
respective free radicals [18,19].

In contrast to terrestrial animals, relatively few reports exist on immune response
and apoptosis in aquatic animals. Dietary-appropriate amounts of AA can optimize the
growth, health and stress resistance in aquatic animals [20]. Most studies on AA in aquatic
animals focus on estimating the minimum AA requirements for maximum growth and
formulating a least-cost diet. The AA requirements vary among species, size, diet and
farming conditions. The recommended amount of dietary AA ranges from 10 to 10,000
mg/kg [21]. The minimum requirement of dietary AA to support the maximum growth
rate (WG) was 53-186 mg/kg in Nile tilapia (Oreochromis niloticus), 1200 mg/kg in Pacific
bluefin tuna (Thunnus orientalis) and 5000-1000 mg/kg in kuruma shrimp (Marsupenaeus
japonicas) [22-24]. However, the WG or specific growth rate (SGR) was not significantly
affected by dietary AA in some fish species, such as Siberian sturgeon (Acipenser baerii), red
sea bream (Pagrus major) and Japanese eel (Anguilla japonica) [25-27].

Dietary AA supplementation has been shown to enhance immune functions, such as
phagocytosis and lysozyme activity in many fish species [28-30]. Increased survival to
pathogen exposure (e.g., bacteria and parasite) has been reported in Nile tilapia, Asian cat-
fish (Clarias batrachus) and Pacific white shrimp (Litopenaeus vannamei) after dietary AA in-
take [31-34]. AA deficiency decreased lysozyme (LZM) activity, complement component 3
(C3) and C4 content in grass carp (Ctenopharyngodon idella) [35]. It can also reduce the levels
of antimicrobial peptides, such as (3-defensin and hepcidin, and anti-inflammatory cytokines
including interleukin (IL) 4/13A, IL-10 and transforming growth factor (TGF) 31/2; while
upregulating pro-inflammatory cytokines, including IL-13 and nuclear factor kB (NF-«B) in
grass carp [35]. In addition, AA deficiency upregulated apoptotic protease activation factor-1,
caspase-3 and caspase-7-9 to aggravate cell apoptosis in grass carp [35,36].

Abalone is one of the most important commercial species in the Archaeogastropoda
order of mollusks. It is an important model animal for studying the ecological and devel-
opmental biology of gastropods (Mollusca) [37,38]. Among the farmed abalone species, the
Pacific abalone (H. discus hannai Ino) is the most preferred farmed species in China. Mai
reported that dietary supplementation of AA from 0 to 8000 mg/kg did not significantly
affect the SGR or survival rate (SR) of juvenile abalone [39]. Wu et al. reported that dietary
AA influenced the expression of genes related to anti-oxidative responses in the digestive
gland of abalone to improve its stress resistance [40]. In addition, the outbreak of diseases
could cause enormous economic losses to the abalone industry [41,42]. Mollusks lack
adaptive immunity and rely on innate immunity [43]. Hence, the present study aimed to
investigate the roles of AA in the regulation of immunity, anti-oxidation and apoptosis in
abalone H. discus hannai and will provide scientific instruction for the healthy regulation of
dietary formulation in abalone.

2. Materials and Methods
2.1. Ethical Statement
All animal care and handling procedures performed in the present study were ap-

proved by the Animal Care Committee of the Ocean University of China (Approval No.
SPXY2020012).
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2.2. Experimental Diet

The basal diet (AA0) was formulated from purified ingredients to contain approxi-
mately 30% of dietary protein and 3.5% of dietary lipids (Table 1). Casein (vitamin-free)
and gelatin were used as the protein sources, and soybean oil and menhaden fish oil (1:1)
were used as lipid sources, which could be sufficient to maintain optimal growth for H.
discus hannai [44-46]. Graded levels of AA (0, 50, 100, 200, 500, 1000 and 5000 mg/kg) were
added to the basal diet to formulate the seven experimental diets. The AA was added to
the diets in the form of L-ascorbyl-2-monophosphate. These diets were designated as AAQ,
AA50, AA100, AA200, AA500, AA1000 and AA5000, respectively. The analyzed contents
of AA in the diet were 0.00, 47.31, 78.25, 189.05, 451.73, 919.99, 4821.17 mg/kg, respectively.
The method of high-performance liquid chromatography was used to analyze dietary AA
content [40]. The dietary crude protein, crude lipid and ash were measured according to
the standard methods of the Association of Analytical Chemists [47].

Table 1. Formulation and proximate compositions of the basal diet.

Ingredient Content (g/100 g, Dry Matter)
Casein (vitamin-free) 2 25.00
Gelatin P 6.00
SO/MFO (1:1) € 3.50
Dextrin ? 33.50
Vitamin mix 4 2.00
Mineral mix € 4.50
Sodium alginate b 20.00
Choline chloride P 0.50
Carboxymethyl cellulose b 5.00
Proximate analysis (dry matter)
Crude protein (%) 31.25
Crude lipid (%) 342
Ash (%) 10.67

2 Sigma Chemical, St Louis, MO, USA. b Shanghai Chemical, Shanghai, China. ¢ Soybean oil (SO) and Menhaden
fish oil (MFO). ¢ Vitamin mix (ascorbic acid free), each 1000 g of diet contained: thiamin HCL, 120 mg; riboflavin,
100 mg; folic acid, 30 mg; pyridoxine HCI, 40 mg; niacin, 800 mg; Ca pantothenate, 200 mg; inositol, 4000 mg;
biotin, 12 mg; vitamin B12, 0.18 mg; vitamin E, 450 mg; menadione, 80 mg; retinol acetate, 100,000 IU; vitamin
D3, 2000 IU. € Mineral mix, each 1000 g of diet contained: NaCl, 0.4 g; MgSO,-7H;0, 6.0 g; NaH,PO,4-2H,0,
10.0 g; KH,POy, 20.0 g; Ca(HPO4)2-H, 0, 8.0 g; Fe-citrate, 1.0 g; ZnSO4-7H,0, 141.2 mg; MnSO4-H, 0, 64.8 mg;
CoCly-6H,0, 0.4 mg; KIO3, 1.2 mg; CuSO4-5H,0, 12.4 mg; NaySeOs3-5H,0, 0.4 mg.

2.3. Leaching Test

The leaching of dietary AA was presented as the retention efficiency (RE). The experi-
mental diets with three replicates were immersed into the seawater at 23.0 £ 0.5 °C. The
immersed diets were taken out at an allotted time (1, 3, 6, 12 h, respectively) and were
lyophilized for the analysis of AA content.

RE (%) = (AA retained in diet after immersion)/(AA contained in diet before immer-
sion) x 100.

2.4. Feeding Trial

Abalone juveniles were obtained from a fishery company in Fuzhou (Fujian, China)
and were acclimatized to laboratory conditions for two weeks, with the basal diet, in a
recirculating water system with tanks (100 x 50 x 40 cm). After that, similarly-sized
abalones (initial weight: 12.01 & 0.001 g, initial shell length: 48.44 + 0.069 mm) were
randomly assigned to 21 tanks (45 abalones per tank). Every three tanks were considered
one treatment. All tanks were kept in dim light with black plastic drapes. The abalones
were hand-fed once daily at 17:00. The feces and uneaten diets were removed at 8:00
every morning. During the 100-day feeding trial, the water temperature was 23.0 & 0.5 °C,
salinity was 30-33%., pH was 7.4-7.9 and dissolved oxygen was >7.0 mg/L.
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2.5. Vibrio Parahaemolyticus Challenge Test

After the feeding trial, fifteen abalones from each tank were used for the challenge
test with pathogenic V. parahaemolyticus. Abalones were challenged with 100 pL of V.
parahaemolyticus (1.2 x 10° cfu/mL) by muscle injection in vivo. The digestive gland was
collected at 0, 6, 12, 24, 48 and 72 h, respectively, and stored at —80 °C for qPCR analysis.

2.6. Sample Collection

At the termination of the feeding trial, abalones were fasted for three days before
being counted and weighed. All abalones were anesthetized with 5% ethyl alcohol before
sampling. Hemolymph was collected from four abalones in each tank to analyze the total
hemocyte count (THC), respiratory burst (RB) and phagocytic activity (PA). In order to
analyze the enzyme activity in cell-free hemolymph (CFH), the hemolymph was collected
from another ten abalones in each tank and centrifuged (3000x g at 4 °C) for 10 min; the
CFH was stored at —80 °C until use. The digestive gland, gill, muscle and mantle were
sampled from ten hemolymph-taken abalones per tank and stored at —80 °C until use.

2.7. Ascorbic Acid Content

The AA content in the CFH, muscle, mantle, gill and digestive gland was detected
using a ferric-reducing ascorbate assay kit (BioVision, Milpitas, CA, USA). The CFH could
be used directly to measure AA content according to the manufacturer’s instructions. The
0.1 g samples of muscle, mantle, gill and digestive gland were homogenized in 1 mL of
pre-cooled distilled water. The AA content was measured by absorbance at 593 nm.

2.8. Immune Parameters in Hemolymph

The hemolymph was thoroughly mixed using an equal volume of pre-cooled antico-
agulant (100 mmol/L EDTA Najy, 450 mmol/L NaCl, 10 mmol/L KCI, 10 mmol/L HEPES,
pH 7.3, 850 mOs mol/kg) to dilute the hemolymph.

THC was counted using a hemocytometer under the microscope (CX31, OLYMPUS,
Tokyo, Japan).

The reduction of nitroblue tetrazolium (NBT) in hemocytes, which can be represented
by RB activity, was measured according to the methods of Anderson et al., with some
modifications [48]. Briefly, the hemolymph was adjusted to 5 x 10° cells/mL using antico-
agulant and was centrifuged at 3000 g at 4 °C for 10 min. The cell precipitate was stained
with 100 uL of 1 pg/mL PMA (phorbol myristate acetate, Sigma-Aldrich, Saint Louis, MO,
USA) dissolved by DMSO (dimethyl sulfoxide, Solarbio, Beijing, China) and incubated at
37 °C for 30 min. After incubation, 100 uL of 0.3% NBT dissolved by Hank’s Balanced Salt
Solution (Solarbio, Beijing, China) was added to the cells and incubated at 37 °C for 30 min
before centrifugation (560 x g at 4 °C for 10 min). The supernatant was gently removed,
and the reaction was terminated using 200 uL methanol for 10 min. After that, the cell was
washed three times with 70% (v/v) methanol before being air-dried. The formazan blue
crystal was dissolved using 120 uL of 2 M KOH and 140 uL of DMSO. The optical density
(OD) was read in a spectrophotometer at 630 nm against a KOH/DMSO blank.

The PA of hemolymph was determined following the previously described methods
of Xue et al. [49]. Briefly, 50 pL of diluted hemolymph was placed on a glass slide and
incubated at 25 °C for 20 min to promote adhesion. Then, 50 uL of yeast (Saccharomyces
cerevisiae) with 1 x 10° cells/mL was added to the hemocyte monolayer before incubation
(25 °C for 30 min). The slide was gently washed twice with sterilized phosphate buffer
saline (PBS) and was fixed with methanol for 5 min. After that, the slide was stained with
Giemsa solution for 20 min. The cells were counted under an oil immersion lens. The
phagocytic rate indicated phagocytic activity.

2.9. Biochemical Parameters in CFH

The anti-oxidative enzyme activities (such as SOD, catalase (CAT) and glutathione
peroxidase (GPX)), total anti-oxidative capacity (T-AOC) and content of malondialdehyde
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(MDA) and GSH in CFH were determined using the commercial assay kits (Nanjing
Jiancheng Bioengineering Institute, Catalog: T-AOC, A015-2-1; SOD, A001-3-2; CAT, A007-
1-1; GSH, A006-2-1; GPX, A005-1-2; MDA, A003-1-2). The T-AOC was based on the
generation of green ABTS (2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)) radicals
when the ABTS was oxidized. The SOD, GSH and GPX were measured by absorbances at
450 nm, 405 nm and 421 nm, respectively, using an ultraviolet spectrophotometer (Ultrospec
2100 pro, Biochrom, Holliston, MA, USA). The CAT and MDA were determined using the
ammonium molybdate and TBA (thiobarbituric acid) methods [50,51].

The LZM activity and the content of C3 and C4 in the CFH were measured using com-
mercial assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China. Catalog:
LZM, A050-1-1; C3, E032-1-1; C4, E033-1-1). The LZM was measured by transmittance at
530 nm. The C3 and C4 were determined at 340 nm.

2.10. Total RNA Extraction and Quantitative Real-Time PCR

The total RNA from the digestive gland and gill was extracted using a tissue total
RNA isolation kit (Vazyme, Nanjing, China) and TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions. The concentration and purity of
extracted total RNA were determined using a Nanodrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA). The complementary DNA (cDNA) was synthesized using a reverse
transcription kit (PrimeScript® RT reagent Kit with gDNA Eraser, Takara, Japan).

All primers were designed using Primer Premier 6.0 (Supplementary Table S1) and
synthesized by Sangon Biotech (Shanghai, China). The amplification reaction was carried
out in a total volume of 25 puL, containing 0.5 uL of forward and reverse primers, 12.5
uL of 2 x SYBR Green Realtime Master Mix (Vazyme), 1 pL of cDNA and 10.5 pL of
sterilized ddH,O. The following thermocycling conditions were used to determine the
expression profiles for each gene: 95 °C for 30 s; 40 cycles of 95 °C for 10 s and 60 °C for
30 s; with subsequent incubations at 95 °C for 15 s, 60 °C for 1 min and 95 °C for 1 s to
detect fluorescence. The expression levels of the target gene were normalized to that of
the combination of the two most stable reference genes (B-actin and gapdh), which were
validated using geNorm and NormFinder [52,53]. The relative gene expressions were
calculated using the 2-8ACT method [54].

2.11. Western Blot

The total protein of the digestive gland and gill was extracted using the RIPA (Solarbio)
method [55] with protease and phosphatase inhibitor cocktails (Roche, Basel, Switzerland).
According to the manual, the nuclear protein of the digestive gland and gill was extracted
using a Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China).
Protein concentration was measured using the BCA Protein Quantification Kit (Vazyme,
Nanjing, China), and all protein samples were diluted to an equivalent concentration of
1.5 pg/pL using a RIPA reagent. Protein samples from the digestive gland and gill were
separated using SDS-PAGE and subsequently transferred to a 0.45 um PVDF membrane.
The PVDF was blocked using 5% nonfat powdered milk (Beyotime, Shanghai, China) in
preparation of TBST at room temperature for 1 h. The membrane was washed three times
with TBST before incubation using primary antibody overnight at 4 °C at 60 rpm. After that,
the incubated membrane was washed three times with TBST and was incubated using goat
anti-rabbit horseradish peroxidase-conjugated secondary antibody (Beyotime, Shanghai,
China) for 1 h at room temperature. The PVDF membrane was visualized using an ECL
chemiluminescence kit (Vazyme, Nanjing, China). The GAPDH (1:500, AB-P-R001, Good-
here Biotechnology, Hangzhou, China) and Lamin B (1:500, WL01775, Wanleibio, Shenyang,
China) were used as reference proteins. The primary target antibodies were myeloid dif-
ferentiation primary response 88 (MyD88, 1:500, WL02494, Wanleibio, Shenyang, China),
¢-Jun N-terminal kinase (JNK, 1:500, WL01295, Wanleibio, Shenyang, China), mature-IL-13
(1:500, WL00891, Wanleibio, Shenyang, China), NF-kB p65 (1:500, WL01980, Wanleibio,
Shenyang, China), kelch-like ECH associating protein 1 (Keap1, 1:1000, WL03285, Wan-



Antioxidants 2021, 10, 1449

60f23

leibio, Shenyang, China) and cleaved-caspase3 (1:500, WL02117, Wanleibio, Shenyang,
China). The quantification of Western blot was calculated using Image] (Version 1.53,
Wayne Rasband and contributors, National Institute of Health, Bethesda, MD, USA).

2.12. Calculations and Statistical Analysis

SPSS 24 software (IBM, Armonk, NY, USA) was used for statistical analyses. One-way
ANOVA was applied with Tukey’s multiple range test for detecting statistical differences
between these groups at the significance level of 0.05. All data were expressed as the mean
=+ SE (standard error).

The SR, WGR (weight gain rate) and DISL (daily increment in shell length) were
calculated as follows:

SR (%) = (number of survived abalone/number of initial abalone) x 100;

WGR (%) = [(final weight (g) — initial weight (g))/initial weight (g)] x 100;

DISL (um/day) = [final shell length (mm) — initial shell length(mm)]/days x 1000.

3. Results
3.1. Retention Efficiency of Ascorbic Acid in the Diet

The RE of dietary AA at different intervals immersed in seawater is shown in Supple-
mentary Figure S1. In general, the RE of AA in the diet was decreased with the duration
of immersion in seawater. During the feeding experiment, the diet stayed in the seawater
for approximately 12 h. Therefore, the leaching trial lasted for 12 h in seawater under the
same feeding conditions. After a 3 h immersion, the RE of AA in diets ranged from 95.25%
to 97.43%. The RE of AA was maintained at more than 95% in the 6 h immersion. After
immersing for 12 h, the RE of AA in AA50, AA100, AA200, AA500, AA1000 and AA5000
were 89.78%, 90.88%, 89.38%, 91.03%, 87.44% and 86.78%, respectively.

3.2. Growth Performance and Ascorbic Acid Distribution in Tissues

The SR and growth performance of abalone fed gradient levels of AA supplementation
are shown in Table 2. The SR (%), WGR (%) and DISL (um/day) were not significantly
affected by dietary AA levels (p > 0.05). The SR varied between 80.74% and 88.15%, and
the WGR and DISL ranged from 29.32% to 31.52% and 17.92 to 20.01 um/day, respectively.

Table 2. Effects of dietary ascorbic acid on survival and growth performance of abalone (Haliotis
discus hannai) after a 100-day feeding trial.

Initial Initial Shell o DISL o

Group Weight (g) Length (mm) WGR (%) (um/Day) SR (%)

AA0 12.02 £ 0.003  48.40 £ 0.53 30.38 £ 0.11 18.23 £+ 3.05 84.44 +2.22
AA50 12.01 +0.004  48.40 £0.07 31.11 £ 0.33 18.67 +0.96 85.19 £+ 0.74
AA100 12.01 £0.003  48.52+0.3 31.52 +2.06 18.81 £ 2.07 82.96 +5.19
AA200 12.01 £ 0.002  48.66 £ 0.24 30.06 £ 0.87 19.48 +0.24 80.74 + 0.74
AA500 12.02 £ 0.007  48.43 £0.23 30.27 £1.43 1792 + 1.61 88.15 £+ 1.48
AA1000 12.01 £0.001  48.19 £0.21 29.32+1.73 20.01 +2.38 88.15 +1.96
AA5000 12.01 £ 0.003  48.49 £ 0.33 2948 £ 14 19.01 £+ 2.68 82.96 + 2.67

All data expressed as mean + SE (n = 3). SR: survival rate; WGR: weight gain rate; DISL: daily increment in
shell length.

The AA distribution in tissues, including CFH, muscle, mantle, gill and digestive
gland, is shown in Figure 1. No significant differences in AA content in CFH and mantle of
abalone after dietary AA were observed (p > 0.05). AA content in CFH and mantle ranged
from 2.89 ug/mlL to 4.52 ug/mL and 81.63 pg/g to 103.08 ug/g, respectively. The AA
contents of muscle, gill and digestive gland were significantly increased (p < 0.05) and
reached their peak at the AA5000 group. The AA content in the muscle, gill and digestive
gland was 64.88-128.20 ng/g, 308.98-382.19 ng/g and 130.08-206.09 pg/g, respectively.
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Figure 1. Ascorbic acid content in different tissues of abalone (Haliotis discus hannai) after a 100-day feeding trial. All data
expressed as mean =+ SE (n = 3). The different lowercase letters indicate significant differences (p < 0.05). NS: non-significant
difference; CFH: cell-free hemolymph.

3.3. Hemolymph Immune Parameters

The THC, RB and PA of hemolymph are presented in Table 3. The THC significantly
increased with the increase of dietary AA, ranging from 1.07 x 107-1.65 x 107 cells/mL,
and reached its peak at the AA1000 group.

Table 3. Effects of dietary ascorbic acid on total hemocyte counts (THC), respiratory burst (RB) and
phagocytic activity (PA) in abalone (Haliotis discus hannai) hemolymph after a 100-day feeding trial.

THC (x107 RB (ODjg30/107 o

Group Cells/mL) Cells-lrﬁ()*l) PA (%)

AA0 1.07 + 0.054 0.17 £ 0.012 ¢ 27.11+£291¢

AA50 1.09 + 0.06 4 0.18 £ 0.009 29.96 +1.45°¢
AA100 1.11 4+ 0.054 0.17 £ 0.007 30.92 +3.76 ¢
AA200 1.23 +0.02 <d 0.20 £0.012 ¢ 35.87 + 1.62 b¢
AA500 1.37 +0.01 b¢ 0.27 £ 0.009 P 38.43 + 2.06 ab¢
AA1000 1.65 + 0.06 2 035+ 0.0132 46.42 +£2.733b
AA5000 1.60 & 0.08 2P 0.32+£0.0102 4892 +2.652

All data expressed as mean =+ SE (1 = 3). The different lowercase letters behind the number indicate significant
differences (p < 0.05).

The RB in the hemocyte of abalone was significantly increased and reached its highest
level at the AA1000 group (0.35 ODg3¢/ 107 cells-mL~1). As the supplementation of dietary
AA increased from 189.05 mg/kg to 919.99 mg/kg, the RB was significantly increased
from 0.20 ODg3 /107 cells-mL = to 0.35 ODg39/107 cells-mL~! (p < 0.05). Dietary AA could
affect the PA in hemocytes of abalone (p < 0.05). The PA of abalone in the AA1000 and
AA5000 group had significantly higher than that in AA0, AA50 and AA100 groups and
achieved its maximum (48.92%) in the AA5000 group.

The immune-related parameters in the CFH of abalone, including LZM, C3 and C4
content, are presented in Table 4. The LZM activity was significantly elevated (p < 0.05) and
attained the highest levels in the AA1000 group, where its activity was 56.25 U/mL. The
data did not reveal any significant effects for C3 content among all treatments (p > 0.05);
however, the C3 content remained increasing with the supplementation of dietary AA. The
C4 content was not significantly affected by dietary AA (p > 0.05).
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Table 4. Effects of dietary ascorbic acid on the lysozyme activity, C3 and C4 content in cell-free
hemolymph of abalone (Haliotis discus hannai) after a 100-day feeding trial.

Group LZM (U/mL) C3 (mg/L) C4 (mg/L)
AAO0 2292 +2.08 27.56 £2.77 51.720 £+ 3.390
AA50 21.67 +£1.82°¢ 35.01 £ 3.40 54.960 £ 0.950

AA100 20.83 +2.08 38.79 £ 3.29 54.070 £ 3.600

AA200 33.33 +2.08 ¢ 41.77 £ 7.63 56.390 £ 0.480

AA500 37.50 + 3.61° 41.65 = 3.31 53.660 £ 4.960

AA1000 56.25 +3.612 48.46 +5.93 56.420 £ 2.540
AA5000 52.08 +£4.172 41.82 £ 8.68 57.840 = 1.270

All data were expressed as Mean + SE (n = 3). The different lowercase letters in the column indicate significant
differences (p < 0.05). LZM: lysozyme; C3: complement component 3; C4: complement component 4.

3.4. Anti-Oxidative Parameters in CFH

The anti-oxidative enzyme activities in the CFH of abalone containing SOD, CAT,
and GPX, as well as the T-AOC capacity and content of MDA and GSH are shown in
Table 5. Dietary AA significantly influenced the activities of SOD, CAT and GPX, and the
T-AOC and contents of GSH and MDA. The activities of SOD, CAT and GPX, and the
T-AOC and GSH content were significantly upregulated (p < 0.05), while MDA content
was significantly downregulated in abalone (p < 0.05). No significant differences in these
anti-oxidative parameters in the CFH of abalone were observed between the AA1000 and
AA5000 groups.

Table 5. Effects of dietary ascorbic acid on the anti-oxidative capacity in the cell-free hemolymph of abalone (Haliotis discus

hannai) after a 100-day feeding trial.

Group (pfr-llzl(l)nfL) SOD (U/mL)  CAT(U/mL)  GSH (umolL)  GPX (U/mL) —
AAQ 0.34 +£0.01°¢ 8.89 -+ 0.06 ¢ 151+020¢ 3.86+0.154 214 +0.11°¢ 3.70 +0.332
AA50 0.33 +0.00¢ 8.83 £0.12°¢ 1.37 £0.15¢ 457 4 0.22 < 1.98 +0.07 € 3.80 +£0.372
AA100 0.34 +£0.02¢ 10.64 + 1.02 be 1.75 + 0.41 be 528 +0.19 2.02 +0.08¢ 3.844+0.202
AA200 0344+0.01bc  11.12+0.893bc 268 +0.103b 5.66 + 0.40 € 239 +0.11 be 3.70 £0.202
AA500 0.39 +0.023¢ 1236 + 0.29 2P 2.80 + 0.20 2 780+ 0.19P 3.09+0.29b 3.38 +0.09 2P
AA1000 0.41+0.012 13.38 4- 0.44 b 3.68 £0.234 10.27 +£0.59 2 428 +0.272 2.36 4+ 0.08 P
AA5000 0.40 & 0.01 @b 13.54 4 0.44 2 3.74 +£0.202 9.60 & 0.54 2 424 4+0.112 2414 0.28P

All data expressed as mean =+ SE (n = 3). The different lowercase letters in the column indicate significant differences (p < 0.05). T-AOC:
total anti-oxidative capacity; SOD: superoxide dismutase; CAT: catalase; GSH: reduced glutathione; MDA: malondialdehyde; GPX:

glutathione peroxidase.

3.5. Expressions of Immune-Related Genes and Proteins in Abalone Digestive Gland and Gill

The mRNA levels of the pivotal genes in the toll-like receptor (TLR) signaling pathway
in the digestive gland of abalone are shown in Tables 6 and 7. The expression levels of
tlr2 and tlr4 in the digestive gland were significantly decreased (p < 0.05) and had their
lowest levels at the AA1000 and AA5000 groups, respectively (Table 6). The mRNA level
of tlr-a was significantly upregulated (p < 0.05), and tIr-b was not affected by graded levels
of dietary AA (p > 0.05). The expressions of myd88, trif-related adaptor molecule (tram),
interleukin 1 receptor-associated kinase 4 (irak4) and tumor necrosis factor receptor-associated
factor 6 (traf6) were significantly reduced after dietary AA supplementation (p < 0.05). The
traf4 was not influenced by the level of AA supplementation (p > 0.05). The mRNA levels
of ixb kinase w (ikka) and nf-xb inhibitor a (ixba) in the digestive gland of abalone were not
affected by dietary AA (p > 0.05) (Table 7). However, the expression of p38 mitogen-activated
protein kinase (p38 mapk) and jnk were significantly downregulated with the increasing
dietary AA (p < 0.05). Dietary AA could significantly reduce the expression levels of nf-xb,
activator protein 1 (ap-1) and tumor necrosis factor a (tnf-«) (p < 0.05), and the interleukin 16
(il 16) level was not subject to dietary AA (p > 0.05). Protein expressions of MyD88, JNK,
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mature IL-1 and nuclear NF-kB p65 are shown in Figure 2. The protein levels of MyD8S§,
mature IL-1p and nuclear NF-«B p65 in the digestive gland of abalone were significantly
downregulated by dietary AA (p < 0.05). In contrast, the protein level of JNK was not
influenced by AA (p > 0.05).

Table 6. Expression levels of tir2, tir4, tlr-a, tlr-b, myd88, tram, irak4, traf4 and traf6 in the digestive gland of abalone (Haliotis
discus hannai) after a 100-day feeding trial.

Gene AA0 AA50 AA100 AA200 AA500 AA1000 AA5000
tr2 129 +£0.082 091 +0033  078+0.062>  0704+0.10°¢ 0.66+0.10> 053+0.09° 0.60 %+ 0.02bc
tlrd 090+ 0.092 0.71 +0.0823P 0.71 + 0.06 2P 0.69 +0.06® 0.64+0.03bc 047 +0.034 043 +0.069
tr-a 1.22 +£0.09° 157 +0242 1.70 + 0.29 ab 1.77 +£0.103> 2.05+0.342 21840172 220+0.192
tHr-b 1.07 £ 0.12 1.03 & 0.09 0.98 + 0.12 0.91 + 0.08 0.93 4+ 0.10 0.94 + 0.05 1.04 + 0.07

myd88 0.99 £0.082  0.98 & 0.06? 0.93 +£0.042 0.90+0.092 067 +0.08> 0474+0.06P 043 +0.04°€
tram 1.03+0.102 1.00 +0.152 0.92 +0.10 2P 0.95+0.122> 082 4+0.092® 0.65+011P 078 £0.05
irakd 1.11 £0.10®  0.90 £ 0.09 ab 0.88 £ 0.09 @b 0.88+£0.102* 0.67 +0.06°¢ 0.65+0.065¢ 0.6140.06°¢
traf6 0.97 £0.032>  0.98 & 0.08 2 0.71 & 0.07 b¢ 069 £0.06¢ 0.61+003¢ 052+005¢ 0.60+0.04°¢
traf4 1.00 £ 0.10 0.97 £ 0.07 1.01 + 0.07 1.16 £ 0.13 0.96 & 0.07 0.96 + 0.11 0.94 +0.10

All data are expressed as mean + SE (n = 3). The different lowercase letters in each row indicate significant differences (p < 0.05). tr2:
toll-like receptor 2; tlr4: toll-like receptor 4; tlr-a: toll-like receptor a; tlr-b: toll-like receptor b; myd88: myeloid differentiation primary response gene 88;
tram: trif-related adaptor molecule; irak4: interleukin 1 receptor-associated kinase 4; traf6: tumor necrosis factor receptor-associated factor 6; traf4:

tumor necrosis factor (tnf) receptor-associated factor 4.

Table 7. Expression levels of ikka, ixba, p38 mapk, jnk, nf-kb, ap-1, tnf-x and il 16 in the digestive gland of abalone (Haliotis
discus hannai) after a 100-day feeding trial.

Gene AA0 AA50 AA100 AA200 AA500 AA1000 AA5000
ikka 0.88 + 0.08 0.83 4 0.05 0.82 4+ 0.08 0.84 + 0.05 0.70 + 0.06 0.70 4+ 0.08 0.73 4+ 0.06
ixba 1.13 + 0.06 1.07 £ 0.08 1.20 £ 0.07 1.00 = 0.09 1.06 = 0.04 1.14 + 0.06 0.97 4 0.07

p38 mapk 1.054+0.132 09540072 093+0.01% 092+0.092* 0.75+0.08b¢ 054+005¢ 057+£002°¢
jnk 098 £0.042 0.88+0.062" 092+£0.053 081+0082 070+006P 04840049 0.59 +0.06
nf-xb 091 +£0.072 09140053 092+0.03% 073+0.05% 0704+004> 058+005> 070+011P
ap-1 125+£0.082 0954006 093+002> 089+007° 0914006 070+£005¢ 074+0.07°
tnf-a 1.07 £0.06% 0.88+0.032 07640122 081+0162%* 066+0.11°> 0.60+0.07> 0.65+0.07P
il16 0.82 + 0.02 0.88 + 0.04 0.81 4 0.04 0.84 + 0.06 0.78 & 0.08 0.86 + 0.10 0.84 + 0.04

All data expressed as mean =+ SE (n = 3). The different lowercase letters in each row indicate significant differences (p < 0.05). ikka: ixb
kinase . ixba: nf-xb inhibitor «. p38 mapk: p38 mitogen-activated protein kinase. juk: c-jun n-terminal kinase. nf-xb: nuclear factor-xb. ap-1: activator
protein 1. tnf-a: tumor necrosis factor . il 16: interleukin 16.

The mRNA levels of tir2, tir4 and tlr-b in the gill of abalone were not significantly
different (p > 0.05), and the tir-a level was significantly reduced after graded levels of
dietary AA (p < 0.05) (Table 8). Furthermore, the expression levels of myd88, irak4 and
traf6 in the gill of abalone were significantly downregulated with the increasing level of
dietary AA (p < 0.05). Instead, no significant differences in the expressions of tram and traf4
were observed (p > 0.05). Dietary AA significantly downregulated the mRNA level of ikkx
(p < 0.05), and the expressions of ixba, p38 mapk and jnk in the gill were not affected by AA
(p > 0.05) (Table 9). A One-way ANOVA revealed that the expression levels of nf-xb, ap-1
and tnf-a were significantly reduced by dietary AA (p < 0.05), and no significant difference
in il 16 level was observed (p > 0.05). The protein levels of MyD88 and nuclear NF-«B
p65 were significantly downregulated by graded levels of dietary AA (p < 0.05) (Figure 3).
However, the protein expressions of JNK and mature IL-1( in the gill of abalone were not
affected by dietary AA (p > 0.05).
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Figure 2. Protein expressions of MyD88, JNK, mature IL-13 and nuclear NF-«kB p65 in the digestive gland of abalone
(Haliotis discus hannai) after a 100-day feeding trial. (A) Representative Western Blot image of MyD88, JNK, mature IL-13
and nuclear NF-«kB p65; (B—E) Protein expressions of MyD88, JNK and mature IL-1f and nuclear NF-«B p65. All data are
expressed as the mean + SE (n = 3). The different lowercase letters indicate significant differences (p < 0.05).

Table 8. Expression levels of tIr2, tir4, tlr-a, tlr-b, myd88, tram, irak4, traf4 and traf6 in the gill of abalone (Haliotis discus hannai)
after a 100-day feeding trial.

Gene AA0 AA50 AA100 AA200 AA500 AA1000 AA5000
tr2 0.91 £ 0.09 0.83 & 0.08 0.99 £ 0.06 0.89 = 0.05 0.88 & 0.07 0.96 £ 0.11 0.93 £0.10
tir4 1.04 + 0.06 0.92 + 0.09 1.05 + 0.10 0.87 £ 0.09 0.75 £ 0.08 0.76 £ 0.07 0.74 £+ 0.05
tlr-a 0754+ 0.062 066+0.043> 052+005¢ 054+002b¢ 042+0029 038+0034 0.38+0.034
tr-b 1.10 + 0.08 1.02 + 0.08 1.18 + 0.06 1.19 £ 0.10 1.08 + 0.08 1.14 +0.08 1.06 + 0.10

myds8s 0.92+0.092 0914+0062® 090+0.092> 08540.102> 0634+0.102> 057 +0.12°> 0.62 +0.09
tram 1.09 + 0.08 1.00 + 0.06 0.99 + 0.04 1.00 + 0.07 1.03 + 0.07 0.99 + 0.06 1.09 + 0.06
irakd 097 £0.042 0.86+0.082> 085+0.042> 0.78+0.032 0.64+£009° 0.644+0.05° 0.75+0.02b¢
traf6 1.06 £ 0.052 0.92-+0082 094+ 0.062 0.944+0.082 084+0133% 065+006P 067 +0.06P
traf4 1.33 + 0.09 1.25 +0.13 1.26 + 0.09 1.32 £ 0.09 1.37 + 0.09 132 £0.10 1.31 £ 0.12

All data expressed as mean =+ SE (n = 3). Lowercase letters in each row indicate significant differences (p < 0.05). tir2: toll-like receptor 2; tir4:
toll-like receptor 4; tir-a: toll-like receptor a; tlr-b: toll-like receptor b; myd88: myeloid differentiation primary response gene 88; tram: trif-related adaptor
molecule; irak4: interleukin 1 receptor-associated kinase 4; traf6: tumor necrosis factor receptor-associated factor 6; traf4: tumor necrosis factor (tnf)
receptor-associated factor 4.

Table 9. Expression levels of ikkw, ixba, p38 mapk, jnk, nf-xb, ap-1, tnf-« and il 16 in the gill of abalone (Haliotis discus hannai)
after a 100-day feeding trial.

Gene AA0 AA50 AA100 AA200 AA500 AA1000 AA5000
ikka 0.99 £0.082 0.83+0.082> 0.87+0082 07340.07>  068+005P4 049 +004¢ 0544005
ixba 1.07 £ 0.01 0.92 + 0.04 0.97 + 0.07 0.95 + 0.05 1.09 + 0.08 0.97 + 0.09 0.99 + 0.08

p38 mapk  1.01 +0.11 0.92 4 0.08 0.91 £ 0.09 0.96 + 0.04 0.79 + 0.08 0.80 4 0.09 0.74 + 0.08
jnk 1.06 + 0.06 0.95 + 0.06 0.98 + 0.05 0.87 4 0.05 0.89 + 0.06 0.90 + 0.06 0.98 + 0.08
nf-xb 1.08 40052 09740062 1.02+0.072  0.86 4 0.05b¢ 077+ 0.07¢ 071 +0.03°  0.754 0.09
ap-1 098 £0.052 0.9440.032® 08340072 080+0.052>  090+0.032>  0744+0.05P 084401120
tnf-a 1.00 £0.023  0.88+0.072 09240062 08240072 08340122 0624003 0.69 + 0.06 ¢
i116 1.01 =+ 0.06 0.94 + 0.14 1.07 4+ 0.06 0.93 + 0.08 1.06 + 0.09 0.93 + 0.08 0.90 + 0.08

All data are expressed as mean =+ SE (n = 3). The different lowercase in each row indicates significant differences (p < 0.05). ikka: ixb kinase
«. ikba: nf-xb inhibitor a. p38 mapk: p38 mitogen-activated protein kinase. jnk: c-jun n-terminal kinase. nf-xb: nuclear factor-xb. ap-1: activator
protein 1. tnf-a: tumor necrosis factor «. il 16: interleukin 16.



Antioxidants 2021, 10, 1449

11 of 23

(A)

MyD88

JNK
mature IL-1p [H S - - o e o |
nuclear NF-xB p65 |—- R — 1
GAPDH

Dietary AA levels (mg/kg)
0 50 100 200 500 1000 5000

Z
3

(

[(m————— ]

protein levels of INK =

"

i

R

Relative protein levels of MyD88

08
06
04
02

0

abe L
b be

0.6 .

04

0.2

(E) AAD  AASD AAIDD AA200 AASOD AATDN0 AASOO0

Al

T T T -
AAD AASD AALIDD AA200 AASOD AATOOD AASOND

NF-B p63s

n levels of nuclear NF-

&

AAD AASD AATOD AAD0 AASOO AATODD AASHDD

AAD AASD AALDD AA200 AASOD AATD00 AASOOO

Figure 3. Protein expressions of MyD88, JNK, mature IL-1p and nuclear NF-«B p65 in the gill of abalone (Haliotis discus
hannai) after a 100-day feeding trial. (A) Representative Western Blot image of MyD88, JNK, mature IL-13 and nuclear
NF-«B p65; (B-E) Protein expressions of MyD88, JNK and mature IL-13 and nuclear NF-«B p65. All data were expressed as
mean =+ SE (n = 3). The different lowercase letters indicate significant differences (p < 0.05).

Expressions of B-defensin, mytimacin 6 and arginase-I in the digestive gland and gill
of abalone are given in Table 10. The levels of B-defensin and arginase-I in the digestive
gland were significantly increased after dietary AA (p < 0.05), whereas the expression of
mytimacin 6 was not affected by dietary AA (p > 0.05). In contrast, the mRNA levels of
B-defensin and arginase-1 in the gill were not significantly different, and the expression of
mytimacin 6 was significantly upregulated by dietary AA (p < 0.05).

Table 10. Expression levels of B-defensin, mytimacin 6 and arginase-I in the digestive gland and gill of abalones (Haliotis discus
hannai) after a 100-day feeding trial.

Gene AAO AAS50 AA100 AA200 AAS500 AA1000 AA5000
B-defensin 1.77 +£0.09¢ 20640075  210+£017% 2024019 251 +£022° 328 4+044° 313£0.10°
Digestive gland ’”V“;””Ci” 1.09 + 0.10 1.10 + 0.08 1.02 £ 0.10 1.14 £ 0.10 1.12 + 0.09 1.16 + 0.16 1.01 £ 0.10
arginase-l 134+ 0.10°¢ 199 £014% 2154021 2.0240.18" 325+£025%  267+£025% 260026
B-defensin 245 £ 0.11 237 £0.25 294 £ 0.22 2.92 £ 0.19 3.01£0.12 2.97 + 041 3.00 £ 0.29
Gill mytimacin— 79 4 gq3¢ 1944 0.15°¢ 188+019c  208+012b  269+021% 27540242 2.83 +0.36°
arginase-1 1.98 £ 0.19 1.89 + 0.14 1.87 +£0.19 1.81+0.16 1.85 £ 0.12 1.92 £0.19 1.87 + 0.14

All data expressed as mean + SE (n = 3). Different lowercase letters in each row indicate significant differences (p < 0.05).

3.6. Expressions of Immune-Related Genes in the Digestive Gland in Response to Vibrio
Parahaemolyticus

The expression levels of several critical genes in the TLR signaling pathway, con-
taining tlr4, myd88, tram, nf-xb, ap-1 and tnf-a in the digestive gland of abalone after V.
parahaemolyticus infection are presented in Figure 4. The mRNA expressions of tlr4, myd88,
tram, nf-xb, ap-1 and tnf-a were significantly upregulated after V. parahaemolyticus admin-
istration (p < 0.05). The fold change of t/r4 was highest in the AAQ group (10.24-fold) at
24 h post-infection, and subsequently, the highest level declined to 3.55-fold in the AA5000
group at 6 h. The mRNA level of myd88 was significantly upregulated at 12-72 h in the AAO
group (6.86-fold) and at 6-12 h in the AA5000 group (3.88-fold) after V. parahaemolyticus
infection. The expression of tram in the digestive gland of abalone after V. parahaemolyticus
infection was significantly increased from 12 h to 72 h in the AAO group and from 12 h to
24 h in the AA5000 group. The fold change of nf-kb reached its highest level at 48 h in the
AAO group (10.55-fold), followed by a decrease in the highest level at 12 h in the AA5000
group (3.93-fold change). The expression level of ap-1 was significantly upregulated from
6 h to 72 h in the AAO and AA50 group before recovering to normal level at 72 h after a
continuous AA supplementation. The fold change of tnf-a reached its peak at 24 h after V.
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parahaemolyticus infection in AA0, AA50, AA100, AA200 and AA500 groups, and had its
highest level at 12 h in the AA1000 and AA5000 groups.
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Figure 4. Expression levels of tlr4, myd88, tram, nf-xb, ap-1 and tnf-a in the digestive gland of abalone
(Haliotis discus hannai) in response to Vibrio Parahemolyticus after a 100-day feeding trial. (A) tir4:
toll-like receptor 4; (B) myd88: myeloid differentiation primary response gene 88; (C) tram: trif-related adaptor
molecule; (D) nf-xb: nuclear factor-xb; (E) ap-1: activator protein 1; (F) tnf-a: tumor necrosis factor «. Gene
expression levels are presented as the fold-change compared with the respective control group (AAQ)
(settol)atO0h,6h,12h,24 h, 48 h and 72 h post-infection. All data expressed as mean =+ SE (1 = 3).
The different lowercase letters indicate significant differences (p < 0.05).
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The results of the levels of B-defensin and mytimacin 6 in the digestive gland after
V. parahaemolyticus infection are shown in Figure 5. The expression levels of B-defensin
and mytimacin 6 in the digestive gland of abalone were significantly increased after V.
parahaemolyticus infection (p < 0.05). The mRNA level of B-defensin was significantly
increased in AAO, AA50, AA100 and AA200 groups at 12 h and 24 h, and reached their
apex at 12 h in AA200, AA500, AA1000 and AA5000 groups with 4.51-fold, 4.74-fold,
5.20-fold and 5.47-fold, respectively. The fold change of mytimacin 6 in the digestive gland
of abalone was significantly upregulated from 12 h to 24 h in the AAO0, AA50, AA100,
AA200 and AA500 groups, and from 6 h to 72 h in the AA1000 and AA5000 groups. The
highest expression level of mytimacin 6 was observed at 12 h in the AA5000 group with
5.82-fold.

(A)

£ wn (=3
1 1 L
&

e
1

-

a

ab

[ ]
1

=
—

AAD AAS0 AAT00 AA200 AAS00 AAT000 AASO00

-1
—_
L los)
-~
=
o

L I Y =)
[ 1 L 1

(=1
I

AAD AASO AATOO AA200 AASOO AATODO AASDOO

Expression levels of mytimacin 6 after infection  Expression levels of fi-defensin after infection

Figure 5. Expression levels of B-defensin and mytimacin 6 in the digestive gland of abalone (Haliotis
discus hannai) in response to Vibrio Parahemolyticus after a 100-day feeding trial. (A) B-defensin; (B)
mytimacin 6. Gene expression levels are presented as the fold-change compared with the respective
control group (AAOQ) (set to 1) at 0 h, 6 h, 12 h, 24 h, 48 h and 72 h post-infection. All data expressed
as mean £ SE (n = 3). The different lowercase letters indicate significant differences (p < 0.05).

3.7. Expressions of Anti-Oxidation-Related and Apoptosis-Related Genes and Proteins in Digestive
Gland and Gill

The mRNA levels of nf-e2-related factor-2 (nrf2), gpx, cat and cuznsod in the digestive
gland of abalone were significantly elevated with graded levels of dietary AA (p < 0.05)
(Table 11). In contrast, the mRNA and protein levels of Keap1 were significantly reduced
after dietary AA (p < 0.05) and the glutathione-s-transferase (gst) was not affected by AA
(Figure 6, Table 11) (p > 0.05). In the gill, the mRNA levels of nrf2 and gpx were significantly
increased by dietary AA (p < 0.05) (Table 11). However, the expressions of keap1, cat, gst and
cuznsod in the gill were not subject to graded levels of dietary AA (p > 0.05). No significant
effect of dietary AA on the protein expression of Keapl in the gill of abalone was observed
(p > 0.05) (Figure 6).
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Table 11. Expression levels of anti-oxidative-related genes in the digestive gland and gill of abalone (Haliotis discus hannai)
after a 100-day feeding trial.

Gene AA0 AA50 AA100 AA200 AA500 AA1000 AA5000
nrf2 0.92 4 0.09 4 111 £0.11< 1.58 4 0.17 bc 1.96 + 0.25 % 2134 0.242 221 +0.16° 23640202
keap1 1.03 £ 0.09 1.03 + 0.07 @ 1.06 + 0.08 @ 0.88 +£0.11 2 0.77 #+ 0.05 % 0.59 +0.08° 0.62 +0.06°
Digestive gland gpx 1.04+0.15¢ 1.07 £ 0.13¢ 1.11 +£0.09¢ 1.4140.12b¢ 1.64 + 0.12 20 1.91+0.182 1.99 +0.20 @
cat 1.07 £ 0.11°¢ 1.06 £ 0.09 1.29 +0.07°¢ 1.51 +0.19 b¢ 1.89 4+ 0.17 % 2.04+0.20° 2.01 0232
gst 1.26 4 0.09 1.08 4+ 0.02 1.08 +0.14 1.20 & 0.06 1.07 +0.12 1.15 + 0.11 1.15 4 0.10
cuznsod 1.18 +0.05° 117 +0.10° 1.14 4+ 0.04® 1.10 £ 0.02° 1.26 +0.14 % 1.514+0.112 1.37 4 0.05 2
nrf2 1.08 + 0.06 ® 1.00 £0.11° 1.05 4+ 0.10° 1.01 +0.02° 1.25 4 0.20 % 1.54 4+ 0.162 15440172
keap1 1.05 + 0.04 1.08 + 0.09 0.99 + 0.08 0.98 = 0.08 0.93 + 0.14 0.78 & 0.04 0.76 = 0.06
Gill gpx 1.01 +0.15° 0.99 +0.14 " 113 +£0.10° 1.12 +0.08° 1.44 4+ 0.22 % 1.854+0.102 1.89 +0.19°
cat 1.14 4+ 0.06 115+ 0.17 1.15 4+ 0.05 1.2240.18 1.25 4+ 0.08 1.49 +0.08 1.33 4+ 0.11
gst 1.04 £ 0.15 1.04 + 0.08 1.19 + 0.09 1.18 + 0.07 1.16 + 0.05 1.40 +0.19 1.21 4+ 0.04
cuznsod 1.07 + 0.05 1.27 £0.12 1.27 + 0.06 1.24 + 0.08 1.20 + 0.05 1.13 £ 0.09 1.16 + 0.08

All data are expressed as mean =+ SE (n = 3). nrf2: nf-e2-related factor-2; keap1: kelch-like ech-associating protein 1; gpx: glutathione peroxidase; cat:
catalase; gst: glutathione-s-transferase; cuznsod: copper-zinc-superoxide dismutase. The different lowercase letters in each row indicate significant
differences (p < 0.05).
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Figure 6. Protein expressions of Keapl and cleaved-caspase3 in the digestive gland and gill of
abalone (Haliotis discus hannai) after a 100-day feeding trial. (A) Protein expressions of Keap1 in the
digestive gland of abalone. (B) Protein expressions of Keap1 in abalone gill. (C) Protein expressions
of cleaved-caspase3 in the digestive gland of abalone. (D) Protein expressions of cleaved-caspase3
in abalone gill. All data expressed as mean =+ SE (n = 3). The different lowercase letters indicate
significant differences (p < 0.05).

What stands out in Table 12 is that the expression levels of bax and caspase3 in the
digestive gland of abalone were significantly decreased after graded levels of dietary AA
(p < 0.05). Meanwhile, the mRINA level of bcl-2 was significantly upregulated (p < 0.05).
However, the expression of caspase7 was not affected by dietary AA (p > 0.05). The cleaved-
caspase3 protein in the digestive gland was significantly reduced after supplementation of
AA (p <0.05) (Figure 6). In the gill, the mRNA levels of caspase7 and bcl-2 were significantly
decreased and increased, respectively, after dietary AA (p < 0.05) (Table 12). Nevertheless,
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the expressions of bax and caspase3 were not significantly different among all the treatments
(p > 0.05). In addition, the protein expression of cleaved-caspase3 in the gill of abalone was
not affected by graded levels of dietary AA (p > 0.05) (Figure 6).

Table 12. Expression levels of apoptosis-related genes in the digestive gland and gill of abalone (Haliotis discus hannai) after

a 100-day feeding trial.

Gene AA0 AA50 AA100 AA200 AA500 AA1000 AA5000

bax 1.03 +0.062 0.92 +0.122 0.95 + 0.01 2 0.85 = 0.10 2b¢ 0.68 %+ 0.06 0.66 & 0.04 ¢ 0.74 + 0.04 be

Digestive caspase3 1.27 £ 0.06 2 1.06 4 0.08 2 1.17 £ 0.08 @ 1.00 + 0.05 2be 0.76 & 0.14 b¢ 0.64 & 0.09 © 0.65 +0.14 ¢
gland caspase7 1.23 4+ 0.08 1.18 + 0.09 1.23 +0.11 1.17 + 0.09 1.18 £ 0.13 1.09 + 0.10 1.24 + 0.04
bel-2 0.59 4 0.09 ¢ 0.64 +0.13 <4 0.81 £ 0.05 <4 1.17 £ 0.07 be 1.71 £ 0.16 20 1.75 £ 0.132 1.50 £ 0.13 2P

bax 0.95 + 0.07 0.83 & 0.05 0.90 =+ 0.05 0.91 £ 0.05 0.94 + 0.09 0.73 & 0.07 0.76 =+ 0.05

Gill caspase3 1.30 4 0.06 1.32 4+ 0.03 1.32 4 0.05 1.23 +0.11 1.17 £ 0.09 1.08 + 0.07 1.11 + 0.06

1 caspase7 1.08 £0.112 0.97 +0.10 % 0.94 + 0.09 b 0.69 = 0.06 0.74 + 0.07 be 0.59 & 0.05 ¢ 0.63 4 0.05¢
bel-2 1.00 £ 0.10 b¢ 0.90 £ 0.09 © 1.04 + 0.06 b¢ 0.99 £+ 0.08 ¢ 1.06 =+ 0.07 be 1.44 +0.13 2> 151 +£0.112

All data are expressed as mean =+ SE (1 = 3). bax: bcl2-associated x; caspase-3: apoptosis-related cysteine peptidase 3; caspase-7: apoptosis-related
cysteine peptidase 7; bcl-2: apoptosis regulator bcl-2. The different lowercase in each row indicate significant differences (p < 0.05).

4. Discussion
4.1. Ascorbic Acid Content in Different Tissues

In the present study, the AA contents in the muscle, gill and digestive gland increased
with increasing dietary AA levels. A similar result was also found in Vundu (Heterobranchus
longifilis), Japanese eel and Chu's croaker (Nibea coibor) [27,56,57]. The AA content was
highest in the gill, followed by the digestive gland of the abalone. However, the AA
contents in the gill, digestive gland and muscle of abalone did not reach their saturation
after 4821.17 mg/kg of dietary AA. In the Chinese sucker (Myxocyprinus asiaticus), the
AA content in the liver was significantly increased by dietary AA [58]. The increased
AA content in the liver of the Chinese sucker after dietary AA was correlated with liver
health. In grass carp, the AA contents in the head kidney, spleen and skin were significantly
elevated with the increasing dietary AA supplementation [35]. The head kidney, spleen
and skin are the important immune organs in aquatic animals [59-61]. These results
demonstrate that the increased AA content in the digestive gland and gill of abalone were
closely related to the health of abalone after dietary AA and that AA accumulation clearly
reflects the levels of dietary AA exposure.

4.2. Role of Ascorbic Acid in the Regulation of Immunity of Abalone

Hemocytes, as versatile cellular components of hemolymph in mollusks, are responsi-
ble for many aspects of molluscan life, such as immune response, biomineralization, cell-cell
communication and regeneration [62,63]. Therefore, THC, RB and PA of hemolymph can
directly reflect the immunity of the organism. AA was closely associated with THC, RB
and PA of hemocytes, resulting in activation of the adaptive immune system [64,65].

In the present study, the THC, RB and PA in the hemolymph of abalone were signifi-
cantly increased by dietary AA. It is indicated that graded levels of dietary AA succeeded
in enhancing the immune function in abalone. Similar results were observed in Nile tilapia
and grass shrimp (Penaeus monodon) [64,66]. The RB in serum of red swamp crayfish (Pro-
cambarus clarkii) and PA in serum of hybrid sorubim catfish (Pseudoplatystoma reticulatum x
P. corruscans) were significantly decreased after a high level of dietary AA supplementation
(321.38 mg/kg and 850 mg/kg, respectively) [67,68]. However, no significant decline in
THC, RB and PA in the hemolymph of abalone was observed in the treatment with high
levels of dietary AA supplementation (4821.17 mg/kg).

Lysozyme, C3 and C4 play pivotal roles in innate immunity and protect animals from
pathological infection [69-71]. In the present study, the LZM in the CFH of abalone was
significantly increased after graded levels of dietary AA. This was similar to the results of
previous studies in cobia (Rachycentron canadum), Korean rockfish (Sebastes schlegelii) and
grouper (Epinephelus malabaricus) [29,72,73]. AA deficiency decreased C3 and C4 contents
in grass carp, and dietary AA could significantly enhance immune parameters such as C3
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and C4 in largemouth bass [35,74]. In the present study, however, the C4 content in the
CFH of abalone was not influenced by dietary AA levels. There was an increasing trend of
C3 content in the CFH of abalone, although the C3 content was not significantly improved
by dietary AA. These results revealed that dietary supplementation of AA could enhance
the ability to eliminate infection of pathogens by LZM and C3, not C4, to improve immune
barriers of abalone.

Innate immunity is vital for abalone because of the absence of adaptive immunity
in invertebrates [43,49]. TLRs play vital roles in the innate immune system against var-
ious microbes [75]. PAMP-activated TLRs recruit specific adaptor molecules to activate
transcription factors, such as NF-kB and AP-1, which determine the outcome of the innate
immune response [76]. TLR signaling is classified into two distinct pathways: MyD88-
dependent and MyD88-independent, which induce various cytokines such as TNF-oc and
IL-1B in mammals and other aquatic animals [77,78]. In the MyD88-dependent pathway,
MyDS88 interacts with IRAK4 and then interacts with TRAF6 [79]. TRAF6 can activate TGF-
-activated kinase 1 (TAK1) and TAK1-binding proteins (TABs) [80]. The TAK1 activates
the IKK complex, which can phosphorylate IkBe that binds to NF-kB subunits (consist
of p50 and p65) and phosphorylates MAPKs and JNK, which promote the translocation
of AP-1 into the nucleus [81]. The destruction of IkB facilitates the nuclear translocation
of NF-«B [82]. The nuclear NF-«kB and AP-1 target the transcription of cytokines, such as
TNF-« and IL-13, which are well recognized as pro-inflammatory mediators that promoted
inflammation [76,77,83]. In the MyD88-independent pathway, the TRAM is required and
occupies a pivotal role in this pathway [84]. The intracellular components downstream
of the TLR signaling pathway are commonly and highly conserved between vertebrates
and invertebrates [60,85]. The intrahepatic expression of TLR4 was downregulated in AA-
administrated mice (Mus musculus) [86]. AA exerted beneficial hepatoprotection against
concanavalin A-induced immunological hepatic injury in mice by inhibition of NF-«B
signal pathway [87,88]. Thus, it could be inferred from these results that AA can affect
the TLR signaling pathway. However, it remains unknown how AA regulates the TLR
signaling pathway in aquatic animals, especially in mollusks.

In the present study, the mRNA levels of t/r2 and tir4 in the digestive gland were
significantly downregulated by graded levels of dietary AA. It is suggested that the TLR
signaling pathway was triggered by AA in the digestive gland of abalone (Figure 7). The
tlr-a and tlr-b had broader pattern recognition capacity and were involved in antibacterial
and antiviral immunity of abalone [89]; however, the underlying mechanism of tlr-a/b is
still unknown. However, the level of t/r-b was not affected by dietary AA, and tlr-a was
significantly upregulated by AA in the present study. Further investigations are needed.
The expressions of myd§8§, irak4 and traf6, and the protein expression of MyD88, in the
digestive gland of abalone were downregulated by supplementation of AA, and the level
of traf4 was not influenced by dietary AA. The TRAF4 acts as a silencer in TLR-mediated
signaling by suppressing TRAF6 [90]. It is indicated that the inhibition of the TLR pathway
by dietary AA was not mediated through the traf4 in the digestive gland of abalone. The
mRNA level of ixba in the digestive gland was not influenced by AA. However, the NF-«B
can be transferred to the nucleus only after IkBx phosphate degradation [91]. The mRNA
expressions of nf-xb and protein expression of nuclear NF-«kB p65 in the digestive gland
were significantly downregulated by dietary AA. These results suggested that AA might
suppress the phosphorylation of IkBx protein to reduce the nuclear NF-kB. IKK( can
activate NF-«kB p65 to trigger the NF-kB canonical pathway, and IKK« can activate NF-«B
p52 to trigger the NF-kB non-canonical pathway [92]. It is indicated that dietary AA could
activate the NF-«B canonical pathway in the digestive gland of abalone. Furthermore, the
mRNA expressions of tram, p38 mapk, jnk, ap-1 and tnf-x, and the protein level of mature IL-
1 were significantly reduced by dietary AA. These results suggest that dietary AA could
inhibit the TLR signaling pathway through the Myd88-dependent pathway via NF-«B, p38
mapk/ap-1 and JNK/ap-1, and Myd88-independent pathways to alleviate inflammation
in the digestive gland of abalone. In the gill, AA also affected the TLR signaling pathway
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(Figure 7). However, the mRNA levels of tram, p38 mapk and jnk, and protein expression
of mature IL-13 were not significantly different. These results indicated that dietary AA
could suppress the TLR signaling pathway through the Myd88-dependent pathway, not
the MyD88-independent. The inhibited TLR pathway alleviated inflammation in the gill
of abalone via NF-«B and p38 mapk/ap-1 pathway, not the JNK/ap-1 pathway. Dietary
AA had a stronger effect on the TLR pathway in the digestive gland than that in the gill
of abalone.
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Figure 7. The potential TLR signaling pathway in the digestive gland and gill of abalone (Haliotis
discus hannai) after a 100-day feeding trial. The upregulated and downregulated genes are marked by
flammulated up-triangle (digestive gland) or up-arrow (gill), and down-triangle (digestive gland)
or down-arrow (gill), respectively. The green up-triangle (digestive gland) or up-arrow (gill) and
down-triangle (digestive gland) or down-arrow (gill) indicate the increasing and decreasing trend
of the genes, but their expression levels were not significant. The signaling pathway of TLR-A and
TLR-B is unclear in the recent study and marked by “?”.

Antimicrobial peptides (AMPs) from fish and invertebrates exhibit broad-spectrum
antimicrobial activity in vitro and in vivo [93,94]. Arginase can be reduced by AP-1 and
plays an essential role in the anti-inflammatory process [95,96]. In the present study, the
mRNA levels of B-defensin and arginase-I were significantly increased, and dietary AA did
not influence the mytimacin 6 level in the digestive gland. In contrast, the mRNA expression
of mytimacin 6 was significantly increased, and the B-defensin and arginase-I levels in the gill
were not affected by dietary AA. However, the B-defensin mRNA level in the gill of grass
carp was upregulated with dietary AA levels [36]. Thus, it is illustrated that the role of
dietary AA in the regulation of immunity was species-specific. These results suggest that
dietary AA could induce expression levels of AMPs to enhance the innate immunity of
abalone with distinct strategies in the gill and digestive gland. The enhancement of innate
immunity by dietary AA in the digestive gland was superior to that in the gill.

Vibrio parahaemolyticus, a kind of gram-negative bacteria, was reported to cause out-
breaks of vibriosis in farmed abalone [41,42]. The expressions of immune-related genes
in the digestive gland were analyzed after V. parahaemolyticus infection. In the present
study, the mRNA expressions of tir4, myd88, tram, nf-xb, ap-1 and tnf-a were significantly
upregulated, illustrating that the MyD88-dependent and MyD88-independent pathways of
TLR signaling in abalone were triggered by V. parahaemolyticus. The highest fold change of
these genes was decreased, and the immune response of abalone was more prompt with
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the increase of AA supplementation. These results suggest that graded levels of dietary
AA could reduce inflammation in abalone. In addition, the mRNA levels of B-defensin
and mytimacin 6 were significantly upregulated after V. parahaemolyticus infection. The
highest fold changes of B-defensin and mytimacin 6 were increased, and the duration of the
significantly increased fold change of B-defensin and mytimacin 6 was prolonged with the
increase of dietary AA. These results suggest that dietary AA could improve the resistance
of abalone to pathogens. AA can alleviate inflammation induced by chlorpyrifos in Nile
tilapia [66]. Xu et al. reported that the mRNA levels of tnf-a and nf-xb in grass carp were
downregulated with increased dietary AA after Aeromonas hydrophila infection, and the
SR was increased after infection [35]. In zebrafish, the molecular hydrogen increased the
SR after A. hydrophila infection, and the pro-inflammatory immune response genes, such
as NF-kB, were also downregulated [97]. These results suggest that a decrease in the
expression of pro-inflammatory cytokines could improve the SR for aquatic animals. The
present study demonstrated that dietary AA could alleviate inflammation and increase the
survival of abalone after V. parahaemolyticus infection in a dose-dependent manner. These
results suggested that dietary AA could improve the innate immunity of abalone against
pathogenic microbes and promote stress resistance capacity.

4.3. Role of Ascorbic Acid in the Regulation of Anti-oxidative Capacity of Abalone

AA serves as an anti-oxidant and prevents other compounds from being oxidized [98].
The SOD, CAT and GPX activities and T-AOC and content of GSH were involved in the
anti-oxidative defense mechanism [99]. The SOD, CAT and GPX activities and T-AOC and
content of GSH were significantly upregulated in the present study. The MDA content in the
CFH of abalone was significantly reduced by dietary AA. Similar results were also observed in
the serum of largemouth bass and yellow catfish (Pelteobagrus fulvidraco) [100,101]. However,
in largemouth bass, SOD activity in muscle showed an opposite pattern of change to that in
the liver after dietary AA [100]. It is suggested that there are differences in the function of AA
upon accumulation in different tissues. These results suggested that supplementation of AA in
the diet could improve the anti-oxidative capacity of abalone. Under normal conditions, Nrf2
is inhibited by Keap1 [102]. The Nrf2 can activate the transcription of anti-oxidative response
element (AREs) genes. The anti-oxidative gene expressions and protein levels revealed that
dietary AA could trigger the Keap1-Nrf2-AREs pathway to enhance the anti-oxidative capacity
of abalone (Figure 8).
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Figure 8. The potential pathway of apoptosis and anti-oxidation in the digestive gland and gill of
abalone (Haliotis discus hannai) after a 100-day feeding trial. The upregulated and downregulated
genes are marked by flammulated up-triangle and down-triangle, respectively. The green up-
triangle and green down-triangle indicate the increasing and decreasing trend of the genes, but their
expression levels were not significant.
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4.4. Role of Ascorbic Acid in the Regulation of Apoptosis of Abalone

The activation of the JNK signaling cascade can reduce the expression of Bcl-2 and
increase the level of Bax, thereby causing apoptosis [103,104]. Bcl-2, an anti-apoptotic
protein, can reduce the levels of caspase-3 and caspase-7, which are executioner caspases
and share a common role in apoptosis [105]. In contrast, the Bax can activate caspase-3
and caspase-7 [106]. In the present study, mRNA levels of bax and caspase3 and the protein
expression of cleaved-caspase3 in the digestive gland were significantly decreased after
dietary AA. The mRNA level of Bcl-2 was significantly upregulated by dietary AA. In
the gill, mRNA levels of caspase7 and bcl-2 were significantly decreased and increased,
respectively, by dietary AA. Dietary AA supplementation can attenuate low temperature-
induced cell apoptosis in pufferfish (Takifugu obscurus) [107]. Similar results were also
observed in grass carp and mussels (Mytilus galloprovincialis) [35,36,108]. The present study
indicated that the JNK-Bcl-2/Bax pathway in abalone was suppressed by dietary AA to
enhance its anti-apoptosis capacity (Figure 8).

5. Conclusions

In summary, the TLR-MyD88-dependent and TLR-MyD88-independent signaling
pathways in the digestive gland of abalone were suppressed by 919.99 mg/kg and 4821.17
mg/kg of dietary AA. Meanwhile, only the TLR-MyD88-dependent pathway in the gill
of abalone was depressed by 919.99 mg/kg and 4821.17 mg/kg of dietary AA to reduce
the inflammation in abalone. The supplementation of 919.99 mg/kg and 4821.17 mg/kg
of dietary AA could enhance the anti-oxidative capacity by triggering the Keap1-Nrf2-
AREs pathway. They could improve the anti-apoptosis ability via the JNK-Bcl-2/Bax
signaling cascade. Supplementation of 919.99 mg/kg of dietary AA was adequate for
abalone with excellent immunity, anti-oxidative capacity and anti-apoptosis ability. These
findings provided the theoretical basis and reference data for the diet formulation and
health regulation of abalone.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10091449/s1, Supplementary Figure S1: Retention efficiency of dietary ascorbic acid in
experimental diets at different intervals immersed in seawater, Supplementary Table S1: Primer used
in this study for qPCR.
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