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Abstract: Solid-state fermentation (SSF) of Chinese jujube with Cordyceps militaris was performed
in the present study. The results revealed that the contents of total phenolic and flavonoid in rice
medium with 50% jujube content increased to 1.59 mg GAE/g d.w. and 0.46 mg RE/g, respectively.
The changes of phenolic acid composition showed a similar tendency, and three forms of individual
phenolic compounds, namely free phenol, free/conjugated phenol, and bound phenol increased
with the extension of the fermentation time. The determination of DPPH, ABTS, FRAP, and the
ferrous ion chelating capacity showed that the fermentation significantly enhanced the antioxidant
activity in vitro, and the protective functions against ethanol-induced oxidative stress in zebrafish
were also then investigated. SSF co-treatment with EtOH reduced MDA elevation and enhanced the
activities of SOD and GSH-Px, along with the T-AOC levels in a dose-dependent manner in adult
and larval zebrafish. Moreover, the qRT-PCR findings demonstrated that SSF-jujube was capable of
upregulating the mRNA expressions of Nrf2 and HO-1 and downregulated the levels of NF-κB in
zebrafish larvae. In conclusion, solid-state fermented Chinese jujube with C. militaris was an effective
process, exhibited a good antioxidant activity, and demonstrated a better protective effect against
ethanol-induced oxidative stress.

Keywords: solid-state fermentation; Chinese jujube; Cordyceps militaris; total phenolics; oxidative
stress; Nrf2; NF-κB

1. Introduction

Jujube (Ziziphus jujuba Mill.), belonging to the family Rhamnaceae and genus Ziziphus,
is well known as an important Zizyphus species [1]. Chinese jujube, also called red date
or Chinese date, is native to China with a history of more than 4000 years. There are over
400 cultivars available in the arid and semiarid temperate regions of China. As the country
of origin and the main producer, Jujube production of China was about 7.464 million tons
in 2019, accounting for 98% of the world [2]. According to the record of ‘Huangdi Neijing’
(475-221 BC) [3], a classic Chinese medical monograph, Chinese jujube, which has been
described as the “fruit of life”, has a long history of usage as a form of traditional Chinese
medicine and vital food. Due to its functional and nutritional properties, including their
high content of polysaccharides, minerals, vitamin C (VC), B1, and B2, phenol acids, and
flavonoids, Chinese jujube exhibited a variety of pharmacological activities, mainly for
hepatoprotective effects, but also including antitumor, antioxidant, anti-cardiovascular
disease, anti-inflammatory, and gastrointestinal-protective activities [4].

As the type species of the Cordyceps genus, which belongs to the class of Ascomycetes,
C. militaris has been used as traditional Chinese medicine for hundreds of years and was
authorized as a new resources food in 2009, and as a novel food source in 2014 by National
Health Commission of People’s Republic of China, respectively [5]. Active compounds of
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C. militaris (such as cordycepin, polysaccharides, cordycepic acid, and cordymin) exhibit a
wide range of pharmacological effects, including antitumor, antioxidant, anti-inflammatory,
immunomodulatory, and anti-microbial activities [6]. According to the traditional Chinese
medicine theory, C. militaris is able to regulate liver function, and many scientific studies
have also proven this multiple liver-protective activity, such as anti-HCV, anti-liver fibrosis,
and treatment of alcoholic and non-alcoholic fatty livers [7–9].

Solid-state fermentation (SSF) has been considered to be an effective fermentation
process for microorganisms using a solid substrate. Several advantages, such as having
a high reproducibility and product titers, minimal waste output, and absence of foam
formation, make SSF a convenient technology for secondary metabolites, and for enhancing
the important nutrient and functional component in food products [10]. Fungi themselves
can enormously participate in the process of fermentation by producing extracellular
enzymes, some of which are capable of degrading complex polymers, such as cellulase
or protease.

Zebrafish (Danio rerio) is an ideal model for assessing vertebrate biology with many
advantages, such as transparent embryos, easy maintenance, high reproductive rate, and
their genetic similarity to humans. It had been reported that the cardiovascular system,
immune system, nervous system, and especially the digestive system (such as the liver,
spleen, etc.) of zebrafish have a lot in common with the corresponding systems of other
vertebrates, as well as in humans [11]. In addition, the antioxidant defenses of zebrafish
was found to be similar to that of mammals, which suggested that fish and mammals
exhibit similar cellular responses to oxidative stress [12].

In this research, we focused on the solid-state fermentation of Chinese jujube with
C. militaris. C. militaris is an edible filamentous fungus which might be beneficial for the
SSF process, and to provide plentiful novel nutraceutical compounds. To the best of our
knowledge, no information is available regarding the influence of SSF with C. militaris
on the active ingredients and biological activity of jujube as the substrate. Therefore,
the objective of this study was to evaluate the effects of SSF-jujube by C. militaris on the
total phenolic and flavonoid content, the phenolic acid composition, and the antioxidant
potentiality of Chinese jujube. We hope to provide further understandings from this study
in whether SSF-jujube with C. militaris can be used as a potential medicinal and functional
food with broad application prospects.

2. Materials and Methods
2.1. Microorganism and Materials

The anamorph strain JY20 of C. militaris, originally isolated from fresh natural spec-
imens, was confirmed by the means of both morphological and molecular methods and
was conserved in a potato dextrose agar (PDA) slant. The spore suspension (approximately
108–109 spores/mL) was inoculated into 1000 mL of PDA liquid medium and was incu-
bated at 22 ◦C and 150 rpm for 6 days as seed culture broth. Chinese jujube was purchased
from the Inzone supermarket (Jinan, China), and was shattered to powder (60 mesh) for
further usage.

1,1-dipheny-l,2-picrylhydrazyl (DPPH), ferrozine, and tricaine were all purchased
from Sigma Chemicals Company (St. Louis, MO, USA). The commercial kits of total
antioxidant capacity (using the ABTS and FRAP methods), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), malondialdehyde (MDA), and total protein content were
bought from the Nanjing Jiancheng Institution of Biotechnology (Nanjing, China). All other
chemicals and solvents used were of analytical reagent grade, and were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Solid-State Fermentation and Biomass Measurements

Mixed dried jujube powder with rice in proportion and placed them in 500 mL glass
jars. The total weight of the mixture was 20 g, and the final concentrations of jujube were
10%, 30%, and 50%, respectively. The glass jar was then moistened with 40 mL of deionized
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water, sterilized, and inoculated with a 4 mL seed broth of C. militaris. The fermentation
procedure was incubated at 22 ◦C for 28 days, with the control rice medium without jujube.

The SSF biomass of C. militaris was indirectly estimated using the glucosamine content
method [13]. The glucosamine content was assayed spectrophotometrically with Ehrlich’s
reagent at 530 nm, using a standard curve of glucosamine in water (0.1–0.4 mg/mL).
The amount of glucosamine in the fermented jujube was subtracted from that of the
unfermented jujube, and the biomass of the fermented jujube was expressed as mg glu-
cosamine/g jujube in dry base.

2.3. Content of Total Phenolic and Flavonoids

The extraction of the lyophilized fermentation product (60 mesh) was performed three
times, each time with 10-fold volume of 80% ethanol under ultrasound at 45 ◦C for 20 min.
The extract was centrifuged at 5000 rpm for 15 min. The combined supernatants were
evaporated at 55 ◦C under reduced pressure, lyophilized, and then stored at −20 ◦C for
further analysis.

The above SSF extract (1 g) was redissolved with 5 mL of 80% ethanol, filtered through
0.22 µm filters, and then used for the analysis of phenolic and flavonoids. The total phenolic
content (TPC) was determined using the Folin–Ciocalteu method [14]. The absorbance
of the mixtures at 760 nm was recorded. A standard curve was plotted using gallic acid
(40–200 µg·mL−1) as the standard. The samples were independently analyzed in triplicate,
and their results were expressed as milligrams of gallic acid equivalents per gram of dry
weight (mg GAE/g d.w.).

Total flavonoid content (TFC) was measured referring to the method of Juan and
Chou [15]. The absorbance was measured at 510 nm after reaction for 15 min. Rutin was
used to calculate the total flavonoid content, and the determined results were expressed as
milligrams of rutin equivalent per gram of dry weight (mg RE/g d.w.).

2.4. Extraction of Free, Free/Conjugated, and Bound Phenolics

Phenolic acids are mainly present in three forms: soluble free, soluble conjugated,
and insoluble-bound states. Fermentation products (10 g, 60 mesh) were extracted with
100 mL of 80% ethanol three times, the supernatants were used to extract free phenolics
and free/conjugated phenolics [16], and the residues were digested with 4 M NaOH and
were used to extract bound phenolics as per the described method [17]. Samples were
determined in triplicate and were expressed as milligrams of gallic acid equivalents per
gram of dry weight (mg GAE/g d.w.).

2.5. Measurements of Antioxidant Activities In Vitro

One gram of SSF extract powder was redissolved with 30 mL of deionized water,
filtered through 0.22 µm filters, and were subsequently used for the determination of
the antioxidant activities. The DPPH free radical scavenging effect and the ferrous ion-
chelating activity of the extracts were estimated using the method of Xiao [18]. The ABTS
radical cation (ABTS+) scavenging activity and ferric-reducing power were evaluated
according to the protocol of the total antioxidant capacity assay kit (ABTS method and
FRAP method, respectively).

2.6. Measurements of the Antioxidant Responses In Vivo
2.6.1. Zebrafish Husbandry and Embryo Collection

The wild type (AB strain) zebrafish aged 4–5 months was provided by Eze-Rinka
Co., Ltd. (Nanjing, China). Adult zebrafish were cultured in an automated recirculating
system at 28.0 ± 0.5 ◦C with a 14 h light/10 h dark cycle, pH 7.0. The larval and adult fish
were fed with live brine shrimp twice a day until at the point of drug administration. The
suitable paired female and male fish according to a proportion of 1:2 were selected and
then transferred to spawning tanks for mating. The fertilized eggs were collected the next
day and raised in embryo medium (0.0001 g/L methyl blue)in an incubator at 28.0 ± 0.5 ◦C
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until 96 h post-fertilization (hpf). The dead embryos were timely removed during this
period, and the healthy and hatched zebrafish were subsequently selected.

2.6.2. Exposure and Antioxidant Responses of Adult Zebrafish

The adult male zebrafish were raised and housed in 171 mM ethanol (1% EtOH)
solution to investigate the liver injury caused by chronic alcohol exposure [19]. Seventy
five zebrafish were randomly distributed into five groups, including the blank control
treated with fish water only, the solvent control (1% EtOH), and three groups treated
with SSF-jujube extracts of different final concentrations (0.1 mg/mL, 0.2 mg/mL, and
0.5 mg/mL, respectively), and were fed twice per day for 3 weeks in independent and non-
circulating 2 L tanks continuously. The ethanol solutions were replaced every day to avoid
any decreases in the ethanol concentration due to evaporation, and to maintain a clean
housing environment. At the end of the 21 d exposure, the zebrafish were euthanized and
the SOD, MDA, GSH-Px, and T-AOC levels of zebrafish tissue were determined according
to the kit’s introductions.

2.6.3. Exposure and Antioxidant Responses of Zebrafish Larvae

Zebrafish larvae at 96 hpf were randomly assigned to 5 groups in a 24-well plate
(40 larvae per well): 1. control group sustained in filtered fish water, 2. ethanol group
exposed to 343 mM ethanol (2% EtOH) for 32 h [20], and 3. the SSF-jujube extracts group,
with the SSF extracts at the final concentrations of 10, 30, and 50 µg/mL, respectively, and
who were co-exposed to 2% EtOH for 32 h to verify the regulatory role in alcohol liver
disease (ALD). Three replicates at each group were performed. The exposure solutions
were changed every 12 h, and at the end of exposure, zebrafish larvae were anesthetized
with an ice bath and were sampled for the biochemical analysis of SOD, MDA, GSH-Px,
and T-AOC levels.

2.7. Quantitative Real-Time PCR (qRT-PCR) Analysis

Thirty zebrafish larvae after exposure in each group were collected, snap frozen in
1.5 mL microcentrifuge tubes with liquid nitrogen and stored at −80 ◦C until further
usage. Total RNA was extracted using the Trizol reagent (Takara, Dalian, China) following
the manufacturer’s protocol. The RNA content and purity were determined at OD260
and OD280, respectively, with the Nano DropTM 2000 Spectrophotometer (Thermo Fisher,
Waltham, MA, USA).

1 µg of total RNA was reverse-transcribed into complimentary DNA (cDNA) using
a First Strand cDNA Synthesis Kit (Servicebio, Wuhan, China). qRT-PCR was performed
with a 2 × SYBR Green qPCR Master Mix Kit (No ROX) (Servicebio, Wuhan, China) on a
CFX ConnectTM Real-Time PCR Detect System (Bio-rad, Hercules, CA, USA). The reaction
conditions were as follows: pre-denaturation for 10 min at 95 ◦C, followed by 40 cycles of
denaturation at 95 ◦C for 15 s, and annealing at 60 ◦C for 30 s. Ct values were obtained,
and the relative mRNA expressions of the target genes (NF-κB, Nrf2 and HO-1) were
normalized to that of β-actin, and was calculated using the 2−∆∆Ct method. The primer
sequences used for qRT-qPCR are listed in Table S1.

2.8. Ethics Statement

The experimental procedures involving zebrafish were performed under the approval
of the Ethics Committee of the School of Life Science, Shandong University (No.: SYDWLL-
2021-29). All surgery was performed under 0.03% tricaine anesthesia, and all efforts were
made to minimize suffering.

3. Results
3.1. Biomass and Content of Total Phenolic and Flavonoids

The determination of fungal biomass is hard and extremely complicated because of
the difficulty in separating the fungal hyphae from the substrates. As a reducing sugar
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produced by enzymatic hydrolysis, the glucosamine in the solid substrate was measured
and recalculated to a dry biomass concentration. The growth of C. militaris under different
proportions of jujube medium for 28 days was conducted, and the rice medium without
jujube was used as the control. The content changes of glucosamine, and the total phenolic
and flavonoids during the fermentation are shown in Table 1. All jujube media of SSF
represented the similar elevated trends in biomass formation with the extension of the
fermentation time. After 28 days of fermentation, glucosamine in the control medium (only
rice), and the jujube medium (10%, 30%, and 50% addition amount, respectively) ranged
from 7.07 to 50.85, 8.06 to 40.45, 8.97 to 36.42, and 9.97 to 33.79 mg/g, respectively. The
net increment of the TPC was about 0.84, 0.90, 1.40, and 1.59 mg GAE/g d.w., while the
TFC was 0.70, 0.57, 0.51, and 0.46 mg RE/g, respectively. The TPC content of each jujube
group was found to be much higher than that of the control group. The TPC of the 50%
jujube medium reached the highest content of approximately 1.59 mg GAE/g d.w., and
interestingly, on the contrary, its biomass was determined to be the lowest. The above
results suggested that the addition of jujube would promote the synthesis of phenolics in a
dose-dependent manner.

Table 1. The content of glucosamine, TPC, TFC, and phenolic fractions of SSF-jujube by C. militaris
during the fermentation. Values are means ± SD (n = 3). NT—represented not tested.

Content
Fermentation
Time (days)

Fermentation Product of Jujube Medium

0% (Control, CFR) 10% 30% 50% (CFJ)

Glucosamine (mg/g d.w.)

0 7.07 ± 0.21 8.06 ± 0.16 8.97 ± 0.06 9.97 ± 0.32
14 34.13 ± 0.07 32.15 ± 0.64 30.37 ± 0.16 27.17 ± 0.35
21 39.07 ± 0.10 37.58 ± 0.51 36.23 ± 0.54 33.25 ± 0.11
28 50.85 ± 0.38 40.45 ± 0.32 36.42 ± 0.06 33.79 ± 0.06

TPC (mg GAE/g d.w.)

0 0.27 ± 0.01 0.85 ± 0.03 2.35 ± 0.13 3.31 ± 0.12
14 0.66 ± 0.03 1.34 ± 0.04 3.30 ± 0.09 4.33 ± 0.12
21 0.74 ± 0.07 1.55 ± 0.02 3.45 ± 0.09 4.70 ± 0.15
28 1.11 ± 0.07 1.75 ± 0.02 3.75 ± 0.21 4.90 ± 0.05

TFC (mg RE/g d.w.)

0 0.14 ± 0.02 0.28 ± 0.02 0.49 ± 0.01 0.74 ± 0.02
14 0.42 ± 0.03 0.62 ± 0.03 0.77 ± 0.03 0.94 ± 0.02
21 0.55 ± 0.01 0.74 ± 0.01 0.94 ± 0.03 1.02 ± 0.04
28 0.84 ± 0.03 0.85 ± 0.02 1.00 ± 0.06 1.20 ± 0.04

Free phenolics
(mg GAE/g d.w.)

0 0.081 ± 0.004 NT NT 0.330 ± 0.002
14 0.086 ± 0.002 0.374 ± 0.001
21 0.096 ± 0.003 0.389 ± 0.013
28 0.133 ± 0.003 0.476 ± 0.020

Free/conjugated phenolics
(mg GAE /g d.w.)

0 0.044 ± 0.002 NT NT 0.183 ± 0.005
14 0.096 ± 0.001 0.220 ± 0.002
21 0.126 ± 0.001 0.262 ± 0.002
28 0.113 ± 0.002 0.227 ± 0.006

Bound phenolics
(mg GAE/g d.w.)

0 0.111 ± 0.001 NT NT 0.154 ± 0.002
14 0.159 ± 0.002 0.192 ± 0.002
21 0.119 ± 0.001 0.286 ± 0.002
28 0.156 ± 0.002 0.326 ± 0.004

3.2. Measurement of Free, Free/Conjugated, and Bound Phenolics

The three forms of phenolic acids of 50% jujube medium with C. militaris (CFJ)
were measured and are also shown in Table 1. The content of soluble free acids, solu-
ble free/conjugated, and insoluble-bound states ranged from 0.330 to 0.476, 0.183 to 0.227,
and 0.154 to 0.326 GAE/g d.w., respectively. Compared with the control rice medium (CFR,
0% jujube), all forms of the individual phenolic compounds increased with the time of
fermentation during fungal bioprocessing. The microorganism-derived enzymes played an
important role in the mobilization of the phenolic compounds. The present results proved
the proteolytic activity of C. militaris contributing to the release of the bonds to free the
TPC, and SSF served as a good strategy to assist in this conversion [21].
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3.3. Antioxidant Activities In Vitro
3.3.1. Scavenging Activity on DPPH and ABTS Radicals

The stoichiometric analysis of DPPH radical bleaching was conducted, and the antiox-
idant activities of SSF-jujube with C. militaris after 28 days of fermentation are presented
in Figure 1. The scavenging effect increased with the increasing fermentation time, and
ranged approximately from 30.09% to 86.36%, and from 17.61% to 73.10% in the extracts of
CFJ and CFR, respectively (Figure 1(A-1)). The solid-state ferments of the 28th day were
collected and extracted using deionized water to detect the DPPH activity at different final
concentrations (0.25, 0.5, 1.25, 2.5, and 5 mg/mL, respectively). As the results shown in
Figure 1(A-2), all SSF samples showed a good scavenging effect against DPPH radicals in a
dose-dependent manner at each concentration level. The scavenging ratios at 5 mg/mL,
the highest test concentration of CFJ and CFR, were 95.17% and 77.17%, respectively. Fur-
thermore, the DPPH activity of CFJ at 5 mg/mL was almost close to that of the positive
control VC (≈98.59%). The water extracts of CFJ for DPPH radical scavenging effects were
significantly higher than that of CFR, suggesting that the addition of jujube in the culture
medium was helpful to improve the antioxidant activity of SSF-jujube with C. militaris.
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The antioxidant activities of SSF were detected using the ABTS method and are de-
picted in Figure 1B. It was found that ABTS+ scavenging activity of CFJ and CFR increased
with the extension of fermentation time, and the activities of CFJ were significantly higher
than that of CFR (Figure 1(B-1)). Scavenging abilities for the ABTS+ of CFJ at 0 d, 14 d,
21 d, and 28 d were 0.36, 0.43, 0.64, and 0.77, respectively. The Trolox-equivalent antiox-
idant capacity (TEAC) of CFJ was approximately 3.27, 2.15, 1.60, and 1.43-fold higher,
respectively, compared with those of CFR. At the final concentrations of 0.25–5 mg/mL,
the scavenging abilities of CFJ and CFR on ABTS radicals increased from 0.23–0.51, and
0.18–0.29 TEAC, respectively (Figure 1(B-2)). In comparison, the scavenging ability of
the commercial antioxidant vitamin E (VE) was about 0.986 TEAC on average. The water
extracts of the SSF-jujube showed a fair ability to scavenge free radicals, thereby preventing
lipid oxidation via a chain-breaking reaction.

3.3.2. Ferric Reducing Antioxidant Power (FRAP) and Ferrous Ion-Chelating Ability

The antioxidant potential of the SSF extracts was estimated from the ability to reduce
TPTZ-Fe (III) to a TPTZ-Fe (II) complex. The blue color formed by the reduction was
measured at 593 nm, with the color intensity representing the corresponding ferric reducing
power. As shown in Figure 2(A-1)), similar to the results obtained from the DPPH and ABTS
assays, the absorbance clearly increased due to formation of the Fe2+-TPTZ complex with
the increased fermentation time, meaning that it is evident that solid-state fermentation
potentially enhanced the ferric-reducing capacity of the cordyceps cultures of the two
media. The higher reducing activity was found for the water extract of CFJ as compared to
CFR. Figure 2(A-2) presented a steady increase in the reduction capacity of the SSF extract
which was dose-dependent, and the maximum ferric-reducing capacity of CFJ in terms of
the Fe (II) concentrations (0.764 mM) was achieved at 5 mg/mL, with statistical differences
with CFR and control VC (0.600 and 0.988 mM), respectively.

The transition metal ions of iron were considered as important catalysts for the gen-
eration of free radicals, which initiate the radical chain reaction or radical-mediated lipid
peroxidation [22]. Ferrous ions could chelate with ferrozine and result in a red color
complex formation. The chelating agents or antioxidants may disrupt the ferrozine-Fe2+

complex, thus decreasing the red color. The measurement at 562 nm of the rate of color
reduction, therefore, allows for the estimation of the chelating activity. A lower absorbance
indicates a higher chelating ability. The trends for the chelating ability of the SSF-jujube
extracts were elevated. On the 28th day of fermentation, the ferrous ion-chelating power
of CFJ and CFR was 43.63% and 33.73%, respectively (Figure 2(B-1)). Figure 2(B-2) re-
veals the dose–response curves for the chelating ability. It is evident that the chelating
actions of SSF-jujube on the ferrous ions due to the formation of the ferrozine–Fe2+ complex
with increasing concentrations, but the difference between CFJ and CFR was not found to
be significant.
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Figure 2. Evaluation of FRAP and ferrous ion-chelating ability of SSF-jujube with Cordyceps militaris.
(A-1) FRAP assay with different fermentation times. (A-2) FRAP assay with different concentrations.
(B-1) Fe2+ chelating ability with different fermentation times. (B-2) Fe2+ chelating ability with
different concentrations. Values are means ± SD (n = 3).

3.4. Antioxidant Activities In Vivo
3.4.1. Protective Effects of SSF-Jujube in Ethanol-Induced Adult Zebrafish

During the metabolism of ethanol, hepatocytes generate a mass of reactive oxygen
species (ROS), such as OH−, superoxide anion (O2

−), and H2O2, which need to be removed
through the hepatic antioxidative defense system, which includes hepatic antioxidant
enzymes (SOD, CAT, and GSH-Px) and non-enzymatic antioxidants (GSH, VE, and VC via
food intake) [23].

Simultaneously, the T-AOC content following toxin exposure expresses the total
antioxidant capacity originating from the enzymatic and non-enzymatic systems. T-AOC is
one of the important indexes to reflect the total antioxidant capacity of the body [24]. The
levels of ROS and T-AOC are widely acknowledged as two indicators of oxidative stress
following exposure to toxicants [25]. SOD was considered to be the first defense line of the
antioxidant system against oxidative stress [26]. CAT and GSH-PX are common antioxidant
enzymes responsible for preventing harm from H2O2 [27]. SOD is able to convert O2

− into
H2O2, which is then detoxified to H2O and O2 either by CAT or GSH-Px. SOD could also
terminate the chain reaction of lipid peroxidation. Lipid peroxidation is a chain reaction
between polyunsaturated fatty acids and ROS, producing lipid peroxides and hydrocarbon
polymers that are highly toxic to the cell. As the end product of lipid peroxidation caused
by redundant ROS, MDA provides an indicator of lipid peroxidation [28].

The levels of MDA and T-AOC, and the antioxidant enzyme activities of SOD and
GSH-Px in the zebrafish tissue homogenate had been measured to evaluate the oxidative
stress effects. As shown in Figure 3, at the end of the 28 day exposure, treatment with
ethanol significantly decreased the activities of SOD, GSH-Px (Figure 3A,D), and the
levels of T-AOC (Figure 3C), and significantly increased the levels of MDA (Figure 3B)
compared to those in the control group. According to previous studies on oxidative stress
and inflammation related to liver injury [29], the above data signified that ethanol could
remarkably aggravate the degree of oxidative stress in adult zebrafish, which further
demonstrates that the zebrafish liver would be damaged by ethanol toxicity. Whereas,
after the challenge treatment with different concentrations of the SSF-jujube extract, the
antioxidant enzymes activities (SOD and GSH-Px) in adult zebrafish tissues significantly
increased, while the content of MDA decreased, and the T-AOC levels increased when
compared to the ethanol treatment group. The antioxidant activity of the high concentration
water extract (WE-H + E group) in adult fish was the most significant in a dose-dependent
manner. The results indicated that the aqueous extract of the culture obtained by adding
50% Chinese jujube in the culture medium had a certain alleviating effect on the oxidation
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reaction in adult zebrafish caused by ethanol and could protect the adult fish from alcoholic
liver damage to some extent.

Fermentation 2023, 9, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 3. The effect on oxidative stress in adult zebrafish of SSF-jujube with Cordyceps militaris. (A) 
SOD, (B) MDA, (C) T-AOC, and (D) GSH-Px. Ethanol represented the 1% ethanol group; WE-L + E 
represented the 0.1 mg/mL water extracts +1% ethanol group; WE-M + E: 0.2 mg/mL water extracts 
+1% ethanol group; and WE-H+E: 0.5 mg/mL water extracts +1% ethanol group. Values are means ± 
SD (n = 3). * p < 0.05, ** p < 0.01 vs. the 1% ethanol group. 

3.4.2. Protective Effect of SSF-Jujube in Ethanol-Induced Larval Zebrafish 
Due to the lower levels of lethality for zebrafish larvae, a 2% ethanol concentration 

was selected to evaluate the effects of SSF-jujube under acute ethanol exposure. The 
zebrafish larvae in the ethanol group showed signs of lethargy and slow swimming, with 
most of them rolling over and sinking at the bottom of the 24-well plate, while most of the 
larvae in each treatment group generally presented a slow-moving state and drowsiness, 
and only a few larvae overturned or sank at the bottom of the well. The mortality rates of 
the zebrafish larvae were determined and are shown in Table S2. Initially, there were 40 
larvae per group, and each treatment group had three replicates. Note that while 3.3% of 
the total 120 larvae in the blank group could not survive after 32 h of exposure, the survival 
rate was extremely good, which is typical for zebrafish under normal conditions, indicat-
ing that there was nothing unusual about the rearing conditions in the study. Compared 
with the blank group, the exposure of larvae to ethanol resulted in an increased mortality, 
and upon the 32 h exposure to ethanol, there was a 10% mortality rate observed. The rates 
were 6.7%, 5.0%, and 5.0% at the SSF-jujube final concentrations of 10, 30, and 50 µg/mL, 
respectively. These results clearly indicated the efficient protective effect of SSF-jujube 
against the ethanol-induced larvae death. The EtOH exposure in the zebrafish larvae was 
found to be acutely toxic, and produced a wide range of phenotypic effects, including 

Figure 3. The effect on oxidative stress in adult zebrafish of SSF-jujube with Cordyceps militaris.
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Values are means ± SD (n = 3). * p < 0.05, ** p < 0.01 vs. the 1% ethanol group.

3.4.2. Protective Effect of SSF-Jujube in Ethanol-Induced Larval Zebrafish

Due to the lower levels of lethality for zebrafish larvae, a 2% ethanol concentration was
selected to evaluate the effects of SSF-jujube under acute ethanol exposure. The zebrafish
larvae in the ethanol group showed signs of lethargy and slow swimming, with most of
them rolling over and sinking at the bottom of the 24-well plate, while most of the larvae
in each treatment group generally presented a slow-moving state and drowsiness, and
only a few larvae overturned or sank at the bottom of the well. The mortality rates of the
zebrafish larvae were determined and are shown in Table S2. Initially, there were 40 larvae
per group, and each treatment group had three replicates. Note that while 3.3% of the total
120 larvae in the blank group could not survive after 32 h of exposure, the survival rate
was extremely good, which is typical for zebrafish under normal conditions, indicating
that there was nothing unusual about the rearing conditions in the study. Compared
with the blank group, the exposure of larvae to ethanol resulted in an increased mortality,
and upon the 32 h exposure to ethanol, there was a 10% mortality rate observed. The
rates were 6.7%, 5.0%, and 5.0% at the SSF-jujube final concentrations of 10, 30, and
50 µg/mL, respectively. These results clearly indicated the efficient protective effect of
SSF-jujube against the ethanol-induced larvae death. The EtOH exposure in the zebrafish
larvae was found to be acutely toxic, and produced a wide range of phenotypic effects,
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including morphological defects [30]. After 32 h of treatment with 2% ethanol, the observed
malformations were found in both the EtOH and EtOH+SSF groups, including a decreased
body length, pericardial edema, yolk sac edema, spinal curvature, and delayed swim
bladder inflation (Figure S1 shows the effects of EtOH on the phenotype of zebrafish
larvae). Of the larvae that survived exposure to 2% EtOH + SSF of different concentrations
beginning at 96 hpf displayed at least one of these phenotypes at 128 hpf. SSF co-treatment
with EtOH reduced the proportion of affected zebrafish larvae but did not eliminate them.

To confirm the antioxidative effects of SSF-jujube, we further assessed SSF-jujube on
ethanol induced larval zebrafish injury model in vivo. Four biomarkers (SOD, GSH-Px,
T-AOC, and MDA) in zebrafish larvae were measured after 32 h exposure to EtOH or
EtOH + SSF. The results in Figure 4 indicated that the treatment with EtOH evidently
increased the MDA content (Figure 4B), while it decreased the activities of SOD (Figure 4A)
and GSH-Px (Figure 4D), and the levels of T-AOC (Figure 4C). However, SSF co-treatment
with EtOH reduced MDA elevation and enhanced the activities of SOD and GSH-Px, and
the T-AOC levels in a dose-dependent manner in zebrafish larvae. Both 30 µg/mL and
50 µg/mL SSF-jujube significantly increased the levels of T-AOC and GSH-Px, with the
50 µg/mL SSF-jujube even found to significantly improve the activities of SOD and decrease
the MDA content (p < 0.01). Meanwhile 10 µg/mL SSF-jujube showed no significant
difference (p > 0.05). Even so, these biomarkers were not restored to control levels after the
co-treatment at the current experimental concentrations. The above results showed that
the extract of SSF-jujube had a certain alleviating effect on the level of oxidative stress in
zebrafish larvae caused by ethanol and could protect zebrafish larvae from alcoholic liver
toxicity to a certain extent.
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Figure 4. Effect on oxidative stress in zebrafish larvae of SSF-jujube with Cordyceps militaris. (A) SOD;
(B) MDA; (C) T-AOC; and (D) GSH-Px. Ethanol represented the 2% ethanol group; WE-L + E
represented 10 µg/mL water extracts +2% ethanol group; WE-M + E: 30 µg/mL water extracts +2%
ethanol group; and WE-H + E: 50 µg/mL water extracts +2% ethanol group. Values are means ± SD
(n = 3). * p < 0.05, ** p < 0.01 vs. the 2% ethanol group.
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3.5. Gene Expression

Oxidative stress arises due to disequilibrium between reactive oxygen species (ROS)
generation and antioxidant defenses [31]. Unhealthy lifestyle and metabolism are closely
related to the production of ROS. Oxidative stress has been implicated in the pathological
processes of most human diseases. As the primary organ responsible for detoxification and
exogenous substance metabolism, the liver represents a central link in the development
of oxidative stress [32]. Due to the direct hepatotoxicity of ROS generated from ethanol
metabolism, the liver is considered as a major victim of ethanol abuse, and further devel-
opment leads to ALD, which is one of the most prevalent type of chronic liver diseases
worldwide [33]. Other numerous liver disorders, including non-alcoholic fat liver disease,
hepatic encephalopathy, hepatic fibroproliferative diseases, and so on, have also been
considered to be induced by the overproduction of ROS [34].

Based on the cellular protective effect, nuclear factor E2-related factor 2 (Nrf2) is the pri-
mary regulator of cell antioxidant responses to oxidative stress. The Nrf2 signaling pathway
has become one of the vital targets for regulating antioxidant gene expression, inhibiting the
progression of inflammation [35], and treating oxidative stress-linked hepatic diseases [36].
Under stress, Nrf2 may dissociate from its inhibitor Kelch-like ECH-associated protein 1
(Keap1) and translocate into the cellular nucleus, thereby starting the transcriptional activa-
tion pathways of the cell defense genes, such as the Nrf2 downstream target gene heme
oxygenase 1 (HO-1), which performs antioxidant and anti-inflammation functions [37].

The transcription factor nuclear factor kappa-B (NF-κB) plays a critical role in the
regulation of inflammatory cytokines, chemokines, and adhesion molecules [38]. Activation
of NF-κB is a seminal upstream trigger of the pro-inflammatory signal. NF-κB is also
regulated by oxidative stress. Previous investigations have proved that NF-κB signaling is
activated by oxidants, and scavenging oxygen free radicals can inhibit the NF-κB pathway
in the presence of antioxidants [39]. The inhibitory action was originally ascribed to its
antioxidant actions. Given the opposing property of the two redox-sensitive pathways,
new evidence has revealed the complex interplay between Nrf2 and NF-κB, involving the
interaction of multiple regulatory mechanisms, such as extensive crosstalks between almost
every level of Nrf2 and NF-κB regulation [40].

Ethanol induces oxidative stress in cells and further induces cell inflammation and
apoptosis. To further investigate the potential mechanisms underlying the protection of
SSF-jujube exposure, the mRNA levels of genes related to oxidative stress and inflammatory
were evaluated using qRT-PCR on zebrafish larval. As shown in Figure 5, compared with
the normal group, the mRNA expression levels of NF-κB was significantly elevated in
the ethanol-treated group, but reversed upon the administration of SSF-jujube in a dose-
dependent manner. The expression levels of NF-κB in 10 µg/mL (p < 0.05), 30 µg/mL,
and 50 µg/mL SSF (p < 0.01) groups decreased further compared with the ethanol group
(Figure 5A). Notably, treatment with ethanol markedly reduced the mRNA levels of Nrf2
and HO-1, and in contrast, the SSF-jujube-treated group upregulated Nrf2 and HO-1 mRNA
expression in a dose-dependent manner at each concentration level. Compared with the
ethanol group, the expression levels of Nrf2 and HO-1 in 10 µg/mL (p < 0.05), 30 µg/mL,
and 50 µg/mL SSF-jujube (p < 0.01) groups all increased significantly (Figure 5B, C). The
results indicated that SSF-jujube dose-dependently inhibited the ethanol-induced NF-κB
activation and promoted the activation of Nrf2 and HO-1. More studies have confirmed
that exogenous substances can activate the expression of antioxidant genes and play an
anti-inflammatory and antioxidant role. This research showed that the SSF-jujube extract
indeed protected the organism from oxidative stress, resulting in the maximum reduction
in liver injury.
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4. Conclusions

The present study showed that the enrichment of Chinese jujube with phenolic antiox-
idants can be performed by SSF using the C. militaris fungal strain. The total phenolic and
flavonoid contents increased to 1.59 mg GAE/g d.w. and 0.46 mg RE/g, respectively, in
the rice medium with 50% jujube addition. The phenolic acid composition showed similar
tendencies to the total phenolic and flavonoid contents, and three forms of individual
phenolic compounds increased with the time of fermentation during fungal bioprocessing,
proving that SSF served as a good strategy to assist in the conversion of phenolic acids [41].

The antioxidant potential in vitro determined using DPPH, ABTS, FRAP, and fer-
rous ion-chelating ability also increased significantly over the course of SSF-jujube with
C. militaris. Moreover, the antioxidant potentiality and protective function against ethanol-
induced oxidative stress had been studied in zebrafish. SSF co-treatment with EtOH
reduced MDA elevation and enhanced the activities of SOD, GSH-Px, and the T-AOC levels
in a dose-dependent manner in adult and larval zebrafish. These results also indicated that
SSF-jujube was capable of upregulating the mRNA expressions of Nrf2, and HO-1, and
downregulated the levels of NF-κB in zebrafish larvae.

So far, this is the first report about the solid-state fermentation of Chinese jujube with
C. militaris to our knowledge. These results provide a theoretical basis and experimen-
tal evidence for the further medicinal and functional food application of SSF-jujube by
C. militaris.
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