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Fungal immunomodulatory proteins (FIPs) are a class of small proteins that have been extensively studied for their
immunomodulatory activities. In this study, two novel FIPs from Lentinus tigrinus were identified and named Fip-lti1 and
Fip-lti2. The bioactive characteristics of Fip-lti1 and Fip-lti2 were compared to a well-known FIP (LZ-8 from Ganoderma
lucidum) to investigate the effect of Fip-lti1 and Fip-lti2 expression on concanavalin A- (Con A-) induced liver oxidative
injury. Both Fip-lti1 and Fip-lti2 protected the livers from Con A-induced necrosis, as evidenced by decreased serum
aminotransferase levels (AST, ALT) and relieved liver histology. Levels of proinflammatory cytokines (TNF-α, IL-1β, and IL-6)
and oxidative stress (SOD, MDA) were shown to be reduced by expressing Fip-lti1 and Fip-lti2. In addition, the
hepatoprotective effect of Fip-lti1, Fip-lti2, and LZ-8 correlated with ameliorating the imbalance of Th1/Th2 (IFN-γ/IL-4). The
observed liver protection of Fip-lti1 and Fip-lti2 was mechanistically explored. Treatments with Fip-lti1 and Fip-lti2 regulated
GATA3/T-bet expression, activated the decreased Nrf-2/HO-1 pathway, and countered the upregulated NLRP3/ASC/NF-κBp65
signaling in Con A-stimulated liver injury. Nrf2 activation was shown to be involved in the mechanisms underlying the
protection of Fip-lti by RNA interference. In conclusion, we identified two new fungal proteins (Fip-lti1 and Fip-lti2) that can
protect the liver from Con A-induced liver oxidative injury through the Nrf2/NF-κB/NLRP3/IL-1β pathway.

1. Introduction

Many bioactive components have been identified from
basidiomycete mushrooms; the identified molecules include
polysaccharides [1], triterpenes [2], and fungal immunomod-
ulatory proteins (FIPs) [3]. FIPs are a class of small proteins,
which have shown anticancer, antiallergy, and antianaphy-
laxis activity and stimulation of immune cells to produce
cytokines [4, 5]. Moreover, FIPs in pharmaceuticals or
functioning as vaccine adjuvants can harness benefits of
immune regulation [6, 7].

Lentinus tigrinus (L. tigrinus), a white-rot fungus that
grows naturally on rotten hardwood during spring and
summer in China [8], is an edible and medicinal mushroom

containing a valuable combination of nutrients including
high amino acid concentration and low sugar level [9].
Phenolics (one of the components isolated from this mush-
room) reportedly have antioxidative properties [10]. How-
ever, no FIP genes have been isolated and characterized
from L. tigrinus to date. Based on BLAST analysis, we
identified a novel gene encoding fungal immunomodulatory
protein in the L. tigrinus genome sequence (DOE Joint
Genome Institute, https://www.jgi.doe.gov/) and designated
it “Fip-lti.”

The liver, a vital organ for metabolism and detoxification,
is continuously exposed to toxicants including chemical,
biochemical, and biological insults [11]. Thus, the liver is at
high risk for injury either directly or indirectly through the
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immune response. Con A is known to induce liver injury;
hence, it has been utilized to generate the acute liver failure
model. Con A activates T cells and natural killer T (NKT)
cells, leading to hepatoinflammation or immune hepatitis.
In a murine model, Con A-induced hepatic injury is featured
with an abnormal immune response that mimics human T
cell-mediated liver disease [12]. Elevated production of
inflammatory cytokines—including tumor necrosis factor-
(TNF-) α, interleukin- (IL-) 1β, and IL-6—was associated
with the initiation of liver injury and rapid dysfunction
[13]. Additionally, oxidative stress is closely related to
inflammation as reactive oxygen species (ROS) are actively
recruited leading to the cellular damage and progression of
inflammatory disease [14].

So far, there have been no published systematic studies
assessing the expressions and activities of FIPs under liver
damage. Herein, we evaluated the protective effects of
Fip-lti1 and Fip-lti2 in both in vitro and in vivo models.
We further investigated the mechanisms of the hepato-
protective effect by Fip-lti1 and Fip-lti2 proteins and
indicated the therapeutic potential of Fip-lti1 and Fip-lti2
for immunity-mediated liver injury.

2. Materials and Methods

2.1. Reagents. Con A and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Sigma Chemical Company (St. Louis, MO, USA). IL-1β,
IL-6, and TNF-α ELISA kits were provided by Nanjing
KeyGen Biotech. Co. Ltd. (Nanjing, China). SOD and
MDA kits were obtained from Nanjing Jiangcheng Bioen-
gineering Institute (Nanjing, China). All antibodies were
provided by Cell Signaling Technology (Danvers, MA,
USA). The Lipofectamine® 3000 Reagent was obtained from
Invitrogen (California, USA). The SuperFectin™ II siRNA
transfection reagent was obtained from Pufei (Shanghai,
China). siRNA of Nrf2 was purchased from Gene Pharma
Co. (Shanghai, China).

2.2. Animals. Six-week-old male BALB/c mice (20 ± 2 g),
supplied by Jiangning Qinglongshan Animal Cultivation
Farm (Nanjing, China), were allowed to adapt to the animal
facility for 1 week prior to experimentation. Animals were
housed in an environmentally controlled room and given
free access to food and water. All the animal experimental
protocols were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Labora-
tory Animals [15] and were approved by our institute’s
ethics committee.

2.3. In Silico Analysis of Fip-lti1 and Fip-lti2. Fip-lti1 and
Fip-lti2 were identified by a homology-based BLAST
search using the amino acid sequence of LZ-8 in the L. tigri-
nus genome supplied by the DOE Joint Genome Institute
(https://www.jgi.doe.gov/). Primary structure analyses of
Fip-lti1 and Fip-lti2 were performed using the ProtParam
and ProtScale web server [16] to confirm the details of the
sequences, including molecular weight, theoretical isoelectric
point (pI), each amino acid residue, and total numbers of

negatively or positively charged residues of Fip-lti1 and
Fip-lti2. The multiple sequence alignment was carried out
using the ClustalW Program (https://www.ebi.ac.uk/Tools/
msa/clustalw2/), and the aligned sequences were used to gen-
erate phylogenetic relationship using MEGA5 software [17].
Signal peptides and subcellular localizations were predicted
by the SignalP (http://www.cbs.dtu.dk/services/SignalP/) [18]
and TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/)
[19] programs, respectively. The biologically significant
sites of Fip-lti1 and Fip-lti2 were scanned using the PRO-
SITE ExPASy proteomic tool (https://www.expasy.org/
prosite/) [20]. MODELLER program was used for protein
3D modeling with crystal structures of LZ-8 (PDBID:
3F3H), FIP-fve (1OSY), and FIP-gmi (3KCW) as templates.
The 3D structures were optimized by a 1000-step energy
minimization with the steepest descent method and eval-
uated using PROCHECK [21].

2.4. Protein Expression and Purification. The core cDNA
templates encoding the FIP-lti1/FIP-lti2/LZ-8—retrieved
from the L. tigrinus (FIP-lti1/FIP-lti2) and Ganoderma
lucidum (G. lucidum) (LZ-8) genomes—were synthesized
by Sangon Biotech (Shanghai, China).

The synthesized products were cloned into the pUC57
vector and transformed into Escherichia coli (E. coli) DH5α
competent cells using a standard protocol. The resultant
construct was digested by the BamHI and XhoI enzymes at
37°C for 2 h. The released DNA fragments encoding the
FIP-lti1/FIP-lti2/LZ-8 of L. tigrinus were cloned into the
same enzyme-treated expression vector pET32a to generate
plasmid pET32a-lti1/ pET32a-lti2/ pET32a-lz8 including a
His-6 tag. The recombinant proteins were expressed in
Rosetta (DE3) cells (Promega, Madison, WI, USA). The
bacteria were cultured in Luria-Bertani liquid medium to a
0.3 optical density at 600 nm (OD600) at 37°C and then
induced with 1 mM IPTG at 25°C for 4 h with shaking.
The bacterial cells were then harvested and disrupted by
ultrasonic disruption. The soluble fraction was separated
by centrifugation at 15,000 rpm for 30 min at 4°C.

After centrifugation, the supernatant was loaded onto a
Ni-NTA agarose column (2 ml) for purification. The bac-
teria were suspended in Buffer A (20 mM Tris, 300 mM
NaCl, 10% glycerol, pH 8.0), and 2 mL Ni-NTA was
added to the supernatant. The mixture was incubated at
4°C for 1 h and loaded onto an empty column and the
elution was collected. Then, Buffer B (20 mM Tris, 300 mM
NaCl, 10% glycerol, 20 mM imidazole, pH 8.0) was used to
wash the column. Buffer C (20 mM Tris, 300 mM NaCl,
10% glycerol, 250 mM imidazole, pH 8.0) was used to elute
and the eluent was collected. All the eluted samples were
dialyzed into Buffer A (20 mMTris, 300 mMNaCl, 10% glyc-
erol, pH 8.0). The purified proteins were run on a 15%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and stained with Coomassie Brilliant Blue
R-250. The purified proteins were removed the salt ions
by dialysis and freeze-dried for standby application. Pro-
tein concentration was determined using the BCA Protein
Assay Kit with bovine serum albumin as per the manufac-
turer’s instructions.
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2.5. Drug Administration. The five experimental groups
comprised the (1) control group, (2) Con A group with
Con A challenge, (3) Con A+Fip-lti1 (20 and 40 μg/kg)
group, (4) Con A+Fip-lti2 (20 and 40 μg/kg) group, and
(5) Con A+LZ-8 (20 and 40 μg/kg) group. Protein LZ-8
served as a positive control. Protein Fip-lti1, Fip-lti2, and
LZ-8 were dissolved in saline and intraperitoneally admin-
istered into the mice. Con A (15 mg/kg of body weight)
was intravenously given 24 h after administration of Fip-
lti1, Fip-lti2, or LZ-8 protein. Serum, liver, and spleen
samples were collected 8 h after Con A injection.

2.6. Cell Culture and Treatment.Normal human liver cell L02
cell line was obtained from the Chinese Academy of Sciences
(Shanghai, China). Cells were maintained in RPMI-1640
medium (Gibco, Grand Island, NY, USA) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin
(Gibco) in a humidified incubator supplied with 5% CO2
at 37°C.

L02 cells were seeded into 96-well plates at a density of
5 × 104 cells/ml in 100 μl culture medium for 24 h. Then,
cells were divided into five groups: the (1) vehicle group
treated with PBS only, (2) Con A group treated with
Con A (15 μg/ml) dissolved in PBS, (3) Con A+Fip-lti1
(1, 10, and 100 pM) group, (4) Con A+Fip-lti2 (1, 10,
and 100 pM) group, and (5) Con A+LZ-8 (1, 10, and
100 pM) group. The cells were incubated, respectively,
with protein Fip-lti1, Fip-lti2, and LZ-8 at multiple con-
centrations for 1 h. In the meanwhile, the vehicle control
cells were incubated with the same volume of PBS.

2.7. MTT Assay. Cell viability was assessed using MTT
(Sigma). L02 cells were exposed to Fip-lti1, Fip-lti2, and
LZ-8 (1, 10, and 100 pM) for 1 h followed by incubation with
or without Con A for 24 h. Then, each well was added
with 20 μl of MTT (5 mg/ml) working solution and further
incubated at 37°C for a further 4 h. Following the removal
of culture medium, 150 μl dimethyl sulfoxide (DMSO) was
applied to dissolve the formazan crystals in each well. The
absorbance values were detected at 450 nm with a micro-
plate spectrophotometer (Tecan Group AG, Männedorf,
Switzerland). Results were presented as percentage of
average absorbance of control group MTT assay as per
the manufacturer’s instructions.

2.8. Serum Aminotransferase Levels. All the mice were
sacrificed after the 8-hour Con A treatment. Blood was col-
lected from the abdominal aorta. The serum was separated
via centrifugation at 5000 rpm for 10 min at 4°C and stored
at −80°C for further examination. Serum ALT and AST levels
were determined with commercial kits supplied by Nanjing
Jiancheng Bioengineering Institute. Briefly, 5 μl of each sam-
ple was mixed with 20 μl of matrix solution and kept mixing
in a water bath of 37°C for 30 min, followed by adding 20 μl
of 2,4-dinitrophenylhydrazine and kept mixing in the water
bath of 37°C for 30 min. Finally, 200 μl of 0.4 mol/l sodium
hydroxide was added and the reaction was read out at
510 nm after 15 min reaction.

2.9. Cytokine Assays. Serum or medium levels of IL-6, IL-1β,
and TNF-α were detected with ELISA kits (KeyGen Biotech
Co. Ltd., Nanjing, China). Absorbance was read at 450 nm
by microplate spectrophotometer. Briefly, 100 μl of samples
at 1 : 2 dilution or different concentrations of the standards
were pipetted into corresponding wells and incubated at
room temperature for 120 min. After 5 washes, 100 μl of
biotin-conjugated antibody was added to each well (note: this
biotin antibody has been pre-prepared without any further
dilution), and incubated for 60 min at room temperature.
After 5 washes, 100 μl horseradish peroxidase-labeled strep-
tavidin was added to each well and incubated for 20 min at
room temperature. Finally, 100 μl of chromogenic agent
TMB solution was added and incubated for 20 min for color
reaction, and then it was stopped with adding 50 μl terminat-
ing solution. The plates were read at 450 nm.

2.10. Oxidative Stress Assay. Indicators of lipid peroxidation
were used to investigate the antioxidative properties of Fip-
lti1 and Fip-lti2 in the liver injury. Levels of MDA, serum
SOD, and L02 cell supernatant were determined with the
commercial kits as per the manufacturer’s instructions
(Jiangcheng Institute of Biotechnology, Nanjing, China).

Briefly, 20 μl of each sample was mixed with 20 μl of
double distilled water and mixed homogenously in a 37°C
water bath for 30 min, and then 20 μl of enzyme working
solution was added and kept mixing in the 37 °C water bath
for 30 min. Add 20 μl of enzyme diluent and then 200 μl of
substrate working solution to react for 15 min and the signals
were read at 450 nm.

2.11. Flow Cytometry. T cells were isolated from the murine
spleens and stained with fluorescence-conjugated antibodies
(Abs). For Th1 and Th2 intracellular staining, the cells were
prestimulated with cell stimulation cocktail at 37°C for 5 h
and then stained with FITC-anti-CD4 for 30 min followed
by fixation and permeabilization and finally exposed to PE-
anti-IFN-γ and APC-anti-IL-4 antibodies for 1 h. For Treg
staining, the cells were cultured with FITC-conjugated-
CD4 and PE-conjugated-CD25 for 30 min followed by
fixation and permeabilization and finally stained with
APC-conjugated-Foxp3 antibodies for 1 h. All flow cyto-
metric measurements were conducted using a FACSCali-
bur flow cytometer (BD Biosciences, San Jose, CA, USA).

2.12. Histopathological Evaluation. The livers were autopsied
and fixed with 10% neutral formalin for 24 h. Briefly, the
samples were dehydrated in graded alcohol, embedded in
paraffin, and sectioned at 5 μm thickness. Then, liver sections
were stained with hematoxylin and eosin (H&E). Histology
was evaluated by two pathologists using the histological
scoring system [22].

2.13. Western Blot Analysis. Liver tissues and L02 cells were
used to determine protein expression levels by Western blot.
The samples were homogenized in lysis buffer (Sigma, St.
Louis, MO, USA). After the homogenates were centrifuged
at 12,000g for 15 min at 4°C, protein levels in the superna-
tants were determined using a bicinchoninic acid assay
(BCA) kit (Beyotime). Proteins (40 μg/lane) were separated
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in SDS-PAGE and transferred to polyvinylidene fluoride
membranes (Millipore Corporation, Boston, MA, USA).
The membranes were blocked for 2 h in 5% nonfat dry
milk-TBS-0.1% Tween 20 for 2 h. The blots were then
incubated with primary antibodies at 4°C overnight followed
by a 2 h incubation with a horseradish peroxidase-conjugated
secondary anti-rabbit antibody at room temperature and
visualized by ECL KeyGen system (KeyGen Biotech. Co.
Ltd.). Protein band density was scanned by a gel imaging
system (ChemiScope 2850; Clinx Science Instruments Co.
Ltd., Shanghai, China) and quantitatively analyzed (Chemi-
Scope analysis program). Finally, the results were normalized
to GAPDH in the samples.

2.14. Nrf2 siRNA Silencing. L02 cells in 6-well culture plates
were grown to 70 % confluence for transfection with Lipofec-
tamine™ 3000 as per the manufacturer’s instructions.
Specific siRNA for Nrf2 a (GGGUAAGUCGAGAAGU
GUUTT) and b (AACACUUCUCGACUUACCCTT) iso-
forms and scrambled control siRNAs were designed by Gene
Pharma Co. (Shanghai, China). Five microliters of siRNA,
5 μl Lipofectamine™ 3000, and 95 μl serum-free cultural
medium (Opti-MEM, Invitrogen) were mixed and incubated
at room temperature for 20 min. Then, 800 μl of Opti-MEM
medium was dropwise added to each well. The siRNA mix-
ture was then added to the L02 cells. The siRNA transfection
medium was replaced 6 hours later, and cells were then
further incubated for 24 h before exposed to Fip-lti1,
Fip-lti2, and Con A. The knockdown efficiency was vali-
dated by analysis of myocardial injury markers and Western
blotting. Then, transfected cells were divided into 8 groups:
(a) control, (b) Con A-induced L02 cells, (c) Con A+Fip-
lti1 (100 pM) group, (d) Co nA-induced siRNANrf-2 L02
cells+Fip-lti1 (100 pM) group, (e) Con A+Fip-lti2 (100 pM)
group, (f) Con A-induced siRNANrf-2 L02 cells+Fip-lti2
(100 pM) group, (g) Con A+LZ-8 (100 pM) group,
and (h) Con A-induced siRNANrf-2 L02 cells+LZ-8
(100 pM) group.

2.15. Nrf-2 Activation Experiment. L02 cells were grown to
70% confluence. Then, cells were divided into 8 groups:
(a) control, (b) Fip-lti1 (100 pM), (c) Fip-lti2 (100 pM),
(d) LZ-8 (100 pM), (e) BW1263W94 (Nrf-2 agonist,
100 pM), (f) Fip-lti1 (100 pM)+BW1263W94 (100 pM),
(g) Fip-lti2 (100 pM)+BW1263W94 (100 pM), and (h) LZ-8
(100 pM)+BW1263W94 (100 pM). The cells were then
treated as indicated for each group for 24 hours and were then
collected to detect the expression of Nrf-2 andHO-1 proteins.

2.16. Quantitative Real-Time RT-PCR Analysis. L02 cells
were seeded into six-well culture dishes and treated with
substances as indicated. Thereafter, the cells were lysed and
total RNA was isolated using a commercial kit, and quantita-
tive PCR (qPCR) was performed as described previously. The
primer sequences are listed below: HO-1: F: 5′-TGTATC
CGCTATGGTTACAC-3′, R: 5′-GGTGGCACTGGCAA
TGTTGG-3′ and GAPDH: F: 5′-GTCATCCATGACAACT
TTGG-3′, R: 5′-GAGCTTGACAAAGTGGTCGT-3′.

2.17. Statistical Analysis.Quantitative variables are presented
as mean values ± SDs. Differences between groups were
analyzed by one-way analysis of variance (ANOVA) with
GraphPad Prism. P < 0 05 was considered statistically
significant.

3. Results

3.1. Two Novel FIPs: Fip-lti1 and Fip-lti2. The nucleotide
sequence that encodes for Fip-lti1 and Fip-lti2 consists of
339 and 345 base pairs (bp) or 113 and 115 amino acids
(aa), respectively. The calculated molecular weights are
12.61 kDa and 12.80 kDa. The peptide sequence of Fip-lti1
consists of 13 strongly basic (+) amino acids (Arg, Lys) and
11 strongly acidic (−) amino acids (Asp, Glu), resulting in
an 8.66 pI value (alkaline). In contrast, Fip-lti2 consists of
10 strongly basic (+) amino acids (Arg, Lys) and 12 strongly
acidic (−) amino acids (Asp, Glu), leading to a 5.49 pI value
(acidic). Both Fip-lti1 and Fip-lti2 do not carry signal peptide
and transmembrane helices.

As shown in Figure 1(a), the phylogenetic relationship
among the identified FIPs reveals that Fip-lti1 and Fip-lti2
form a unique separate branch, indicating a substantial diver-
gence from all FIPs, but Fip-nha. Amino acid modification
feature scan suggested that Fip-lti1 contains five putative
N-myristoylation sites, four putative protein kinase C
phosphorylation sites, one casein kinase II phosphorylation
site, and one putative N-glycosylation site; G61 and G86 of
putative N-myristoylation sites, T39 and T45 of putative
protein kinase C phosphorylation sites, and one putative
N-glycosylation site are shared by both Fip-lti1 and
Fip-lti2 (Figure 1(b)).

Crystal structures of LZ-8, Fip-fve, and Fip-gmi were
used as templates to build the homology model of Fip-lti1/
Fip-lti2, which was further refined by energy minimization.
The predicted 3D structure of Fip-lti1/Fip-lti2 shows no
residue in disallowed region of the Ramachandran plot. As
shown in Figure 1(c), the predicted 3D structure of Fip-lti1/
Fip-lti2 resembles the FIP typical structure with a fibronectin
type III (FNIII) folder, which represents a transition between
the seven β-stranded s-type and the eight β-stranded h-type
topologies. The predicted structures of Fip-lti1 and Fip-lti2
can be superimposed except for the N-terminal α-helix,
loop1, β1, and β2 regions. The N-terminal α-helix and loop1
regions could affect the formation of homodimer and perfor-
mance of FIP [23].

The DNA fragments encoding FIPs of L. tigrinus were
cloned and FIPs were expressed as a His-fusion protein in
E. coli. The two FIPs of L. tigrinus migrated at the same
position as LZ-8, a known 13 kDa protein in Tris-glycine
SDS-PAGE, as suggested by the theoretical calculations
(Figure 1(d)). And the lipopolysaccharides (LPS) had been
removed, and the concentration of LPS was less than 5 EU/μg
proteins (data not shown). According to Xu’s report, LPS at
this concentration in the culture media has obvious effects
on neither the growth nor morphology of the cell [24].

3.2. Effects of Fip-lti1 and Fip-lti2 on Hepatic Necrosis.
Protective function of Fip-lti1 and Fip-lti2 in mice with
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Figure 1: Phylogenetic and structural features and expression of Fip-lti1 and Fip-lti2. (a) Phylogenetic analysis of FIPs. (b) Sequence
alignment of Fip-lti1 and Fip-lti2. Specific posttranslational modification sites are indicated as colored amino acids: myristoylation (red),
casein kinase II phosphorylation (blue), protein kinase C phosphorylation (green), and N-glycosylation (yellow). (c) Superposition of the
main chain backbone of Fip-lti1 (green) with Fip-lti2 (blue). (d) SDS-PAGE analysis of purified FIPs.
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Con A-induced hepatic necrosis was assessed by histology
(Figure 2(a)). Liver sections from the control group showed
normal liver architecture and cell morphology. Con A
administration led to remarkable histological changes
including extensive vacuolization and necrosis with inflam-
matory cell infiltration in vast areas. However, the pretreat-
ment with Fip-lti1 or Fip-lti2 at 20 and 40 μg/kg mitigated
liver injury to some extent. To investigate protective concen-
trations of Fip-lti1 and Fip-lti2, an in vitro experiment with
L02 cells that were analyzed by MTT assay was performed.
After Con A was included, the viability of L02 cells was
significantly lower compared with the control group. How-
ever, treatments with different concentrations of Fip-lti1 or
Fip-lti2 (1, 10, and 100 pM) effectively stabilized the cell
viability in a dose-dependent manner (Figure 2(b)).

Serum AST and ALT levels were determined to assess
extents of acute liver injury. Both serum AST and ALT levels
in the control group remained normal. Administration of
Con A in mice significantly resulted in higher levels of both
AST and ALT compared with the control group. However,
both ALT and AST levels in mice pretreated with Fip-lti1
or Fip-lti2 were significantly lower than those in mice
without treatment after Con A administration (Figure 2(c)).

3.3. Effect of Fip-lti1 and Fip-lti2 on the Regulation of T cells.
To determine how the liver protective function of Fip-lti1
and Fip-lti2 was mediated, we investigated fractions of Th1,
Th2, and Treg cells in the murine spleens. A lower ratio of
IFN-γ/IL-4 in the Con A-treated mice was seen compared
to the normal mice, and there were a significantly low
number of CD4+CD25+ T cells. However, the number of
CD4+CD25+ T cells and the ratio of IFN-γ/IL-4 in mice
treated with Fip-lti1, Fip-lti2, or LZ-8 were significantly
higher compared to no FIP treatment (Figures 3(a) and
3(b)). Consistent with that, the Western blot analysis of
Th1, Th2, and Treg-specific protein in liver tissues showed
that Con A treatment decreased the expression of T-bet
and Foxp3 and increased GATA3. However, pretreatment
of Fip-lti1 and Fip-lti2 blocked the function of Con A
(Figure 3(c)).

3.4. Effects of Fip-lti1 and Fip-lti2 on Antioxidative Defense.
The expressed SOD and MDA activity in both in vivo and
in vitro experiments was assayed to determine the biologic
function of Fip-lti1 and Fip-lti2 on oxidative stress. Con A
administration significantly downregulated SOD activity
and upregulated MDA level in serum compared to the
control group. Conversely, the treatments with Fip-lti1,
Fip-lti2, or LZ-8 (20 and 40 μg/kg) significantly blunted the
extent of changes in the serum levels of SOD and MDA.
Similarly, the oxidative stress reached a higher level in L02
cell supernatant in response to Con A exposure compared
to the control group. Notably, the treatments with Fip-lti1
or Fip-lti2 (1, 10, and 100 pM) retarded changes in the levels
of SOD and MDA (Figures 4(a) and 4(b)).

3.5. Effects of Fip-lti1 and Fip-lti2 on Inflammatory Pathway.
Proinflammatory cytokines IL-6, IL-1β, and TNF-α were
measured using ELISA kits to determine the in vivo and

in vitro inflammatory responses. Following exposure to
Con A, higher serum IL-1β, IL-6, and TNF-α levels were
detected compared to the control group. However, an inclu-
sion of Fip-lti1, Fip-lti2, or LZ-8 (20 and 40 μg/kg) led to
lower serum levels of IL-1β, IL-6, and TNF-α. Similar effects
of Fip-lti1, Fip-lti2, or LZ-8 were also observed in L02 cells
following the exposure to Con A (Figures 5(a) and 5(b)).

NLRP3 is the most definitive inflammasome that con-
sists of NLRP3, ASC, and caspase-1. After exogenous stim-
ulation, NLRP3 inflammatory corpuscles are activated to
form the NLRP3/caspase-1 signaling pathway. As shown
in Figures 5(c) and 5(d), Con A treatment increased the
expression of NLRP3, ASC, caspase-1, and the downstream
IL-1β both in liver tissues and in L02 cells. Moreover, the
regulation of protein expression was all restored by Fip-lti1
and Fip-lti2.

3.6. Effect of Fip-lti1 and Fip-lti2 on Expressing Components
of the Signaling Pathway. It was proposed that immunity,
oxidation, and inflammation are involved in the pathogenesis
of liver injury induced by Con A. Protein levels of compo-
nents in the signaling pathway were determined with West-
ern blot. As shown in Figures 6(a) and 6(b), the expression
levels of p-NF-κBp65 and p-IκBα were higher while levels
of Nrf-2 and HO-1 were lower in the livers exposed to Con
A. Pretreatments with Fip-lti1, Fip-lti2, or LZ-8 (40 μg/kg)
effectively retarded the changes in the expression of these
proteins in the livers. Additionally, the results from L02 cells
suggested that Fip-lti1 and Fip-lti2 pretreatments retarded
the decreased Nrf-2/HO-1 pathway as well as the upregulated
NF-κBp65 signaling in Con A-stimulated L02 cells.

Silencing Nrf2 with siRNA was used to confirm the
potential effect of Nrf2 on the protection of Fip-lti in Con
A-induced dysfunction. As shown in Figure 6(c), Nrf2
knockdown mitigated the effects of Fip-lti1, Fip-lti2, or
LZ-8 on the NF-κB pathway, showing that Nrf-2 is
required for the functions of Fip-lti1, Fip-lti2, or LZ-8 in
L02 cells. And in Figures 6(d) and 6(e), Nrf2 knockdown
inhibited the restoration of the expression of antioxidant
enzymes HO-1 by Fip-lti and abolished the effect of Fip-lti
in IL-1β secretion.

In Nrf-2 activation experiment (Figure 6(f)), we found
that Fip-lti1, Fip-lti2, or LZ-8 significantly increased
Nrf-2 and HO-1 protein expression in normal L0 cells.
BW1263W94 (Nrf-2 agonist) also significantly increased
Nrf-2 and HO-1 protein expression. Next, BW1263W94
and Fip-lti1, Fip-lti2, or LZ-8 were added to normal L02 cells
at the same time. We found that Fip-lti1, Fip-lti2, or LZ-8 can
increase the expression of Nrf-2 and HO-2 in conjunction
with BW1263W94. This result shows that Fip-lti1, Fip-lti2,
or LZ-8 can effectively activate the expression of Nrf-2
and HO-1.

4. Discussion

Fungal immunomodulatory protein, isolated from higher
basidiomycetes, is a class of small molecule protein with
immunomodulatory activity. Purification of FIPs from wild
or cultivated mushrooms remains low yielded, complicated,

6 Oxidative Medicine and Cellular Longevity



Control Con A (15 mg/kg)
Fip-lti1 (20 �휇g/kg)
+Con A (15 mg/kg)

Fip-lti1 (40 �휇g/kg)
+Con A (15 mg/kg)

Fip-lti2 (20 �휇g/kg)
+Con A (15 mg/kg)

Fip-lti2 (40 �휇g/kg)
+Con A (15 mg/kg)

LZ-8 (20 �휇g/kg)
+Con A (15 mg/kg)

LZ-8 (40 �휇g/kg)
+Con A (15 mg/kg)

(a)

0.0

Ve
hi

cle

C
on

 A

Fi
p-

lti
1 

(1
 p

M
)

Fi
p-

lti
1 

(1
00

 p
M

)

Fi
p-

lti
2 

(1
 p

M
)

Fi
p-

lti
2 

(1
0 

pM
)

Fi
p-

lti
2 

(1
00

 p
M

)

LZ
-8

 (1
 p

M
)

LZ
-8

 (1
0 

pM
)

LZ
-8

 (1
00

 p
M

)

Fi
p-

lti
1 

(1
0 

pM
)

0.5

1.0

##

1.5

C
el

l v
ia

bi
lit

y 
(%

)

Con A (15 �휇g/mL)

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

(b)

0

50

100

A
LT

 (U
/L

)

150
##

C
on

tro
l

C
on

 A

Fi
p-

lti
1 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
1 

(1
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(4
0 
�휇

g/
kg

)

LZ
-8

 (2
0 
�휇

g/
kg

)

LZ
-8

 (4
0 
�휇

g/
kg

)

Con A (15 mg/kg)

⁎⁎

⁎⁎

⁎⁎

⁎⁎

⁎⁎

0

50

100

A
LT

 (U
/L

)

150
##

C
on

tro
l

C
on

 A

Fi
p-

lti
1 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
1 

(1
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(4
0 
�휇

g/
kg

)

LZ
-8

 (2
0 
�휇

g/
kg

)

LZ
-8

 (4
0 
�휇

g/
kg

)

Con A (15 mg/kg)

⁎⁎

⁎⁎

⁎⁎

⁎⁎

⁎⁎

⁎⁎⁎⁎

(c)

Figure 2: Protection of Con A-induced liver injury by Fip-lti1 and Fip-lti2. (a) Liver histology of different groups and sections was stained by
H&E. (b) Differences in L02 cell viability among different groups. (c) Serum AST and ALT levels among different groups. Each experiment
was repeated at least three times and a representative one is shown. ## and ∗∗ indicate P < 0 01; ### and ∗∗∗ indicate P < 0 001.
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time-consuming, and costly. Such effort is now focused on
identifying new FIPs by other molecular methods and
characterizing their expression. To obtain sufficient FIPs for
practical applications, many genetic engineering approaches
have been performed to improve the yields of FIPs. So far,
the most effective system to express new FIPs is DNA recom-
bination. However, the expression systems are faced with the

disadvantages of long growth cycle, high cost, and compli-
cated purification procedure. In this article, for the first time,
we tried to isolate new FIP genes from genomic DNA data
and express them to obtain Fip-lti1 and Fip-lti2. This
bioinformatics approach is time-saving and efficient. Fur-
thermore, we identified the immunomodulatory activity of
Fip-lti1 and Fip-lti2.
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Figure 3: Fip-lti1, Fip-lti2, and LZ-8 mitigated the liver injury in Con A mice by regulating T cells. (a) Fip-lti1, Fip-lti2, and LZ-8
restored the balance between Th1 and Th2 cells in the murine spleens. (b) Fip-lti1, Fip-lti2, and LZ-8 upregulated Treg cells in the
spleens. (c) T cell-related protein expression levels in the livers. Each experiment was repeated at least three times and a representative one
is shown. ∗ indicates P < 0 05, ∗∗ indicates P < 0 01, and ### and ∗∗∗ indicate P < 0 001.
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In this study, normal human hepatic L02 cells and mice
were utilized as models to investigate the protective function
of Fip-lti1 and Fip-lti2 and the potential molecular mecha-
nisms in Con A-induced liver injury. We demonstrated
(in vitro and in vivo) that Fip-lti1 and Fip-lti2 protected liver
cells against Con A-induced injury. Both Fip-lti1 and Fip-lti2
can retard proinflammation cytokine production and
exert antioxidative activity. Autoimmune hepatitis is a
liver inflammatory disease with increasing incidence. No
effective treatment is available because of a lack of mechanis-
tic understanding of this disease [25]. Con A-induced liver
injury is a well-established model to investigate mechanisms

of immunity-associated liver diseases [26] and we used this
model to elucidate the beneficial functions of Fip-lti1 and
Fip-lti2.

Furthermore, we showed that the protective effect of
Fip-lti1 and Fip-lti2 was likely mediated through modulat-
ing the GATA3/T-bet pathway-mediated restoration of
Th1/Th2 balance. CD4+ Th cells consist of three populations;
each demonstrates a distinctive pattern of major cytokine
production: IFN-γ-producing CD4+ T cells (Th1), IL-4-
producing CD4+ T cells (Th2), and IL-17-producing CD4+

T cells (Th17). Since the discovery of the importance of
Th1-Th2 balance in mice in 1986, many studies have shown
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Figure 4: Fip-lti1 and Fip-lti2 retarded the changes in serum/medium levels of SOD and MDA induced by Con A. (a) Serum SOD and MDA
levels. (b) Medium SOD and MDA levels in L02 cells. Each experiment was repeated at least three times and a representative one is
shown. ∗ indicates P < 0 05, ∗∗ indicates P < 0 01, and ### and ∗∗∗ indicate P < 0 001.

9Oxidative Medicine and Cellular Longevity



0

20

30

10

IL
-1
�훽

 in
 se

ru
m

 (p
g/

m
L)

50 ##

40

Co
nt

ro
l

Co
n 

A

Fi
p-

lti
1 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
1 

(4
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(4
0 
�휇

g/
kg

)

LZ
-8

 (2
0 
�휇

g/
kg

)

LZ
-8

 (4
0 
�휇

g/
kg

)

Con A (15 mg/kg)

⁎⁎
⁎⁎

⁎
⁎⁎

⁎
⁎⁎

0

20

40

IL
-6

 in
 se

ru
m

 (p
g/

m
L)

80 ##

60

Co
nt

ro
l

Co
n 

A

Fi
p-

lti
1 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
1 

(4
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(4
0 
�휇

g/
kg

)

LZ
-8

 (2
0 
�휇

g/
kg

)

LZ
-8

 (4
0 
�휇

g/
kg

)

Con A (15 mg/kg)

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

0

50

100

TN
F-
�훼

 in
 se

ru
m

 (p
g/

m
L)

200
##

150

Co
nt

ro
l

Co
n 

A

Fi
p-

lti
1 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
1 

(4
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(2
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(4
0 
�휇

g/
kg

)

LZ
-8

 (2
0 
�휇

g/
kg

)

LZ
-8

 (4
0 
�휇

g/
kg

)

Con A (15 mg/kg)

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

(a)

0

V
eh

ic
le

Co
n 

A
Fi

p-
lti

1 
(1

 p
M

)

Fi
p-

lti
1 

(1
00

 p
M

)
Fi

p-
lti

2 
(1

 p
M

)
Fi

p-
lti

2 
(1

0 
pM

)
Fi

p-
lti

2 
(1

00
 p

M
)

LZ
-8

 (1
 p

M
)

LZ
-8

 (1
0 

pM
)

LZ
-8

 (1
00

 p
M

)

Fi
p-

lti
1 

(1
0 

pM
)

10

20

##

30

40

IL
-1
�훽

 (p
g/

m
L)

Con A (15 �휇g/mL)

⁎⁎
⁎⁎⁎

⁎⁎⁎
⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

0

V
eh

ic
le

Co
n 

A
Fi

p-
lti

1 
(1

 p
M

)

Fi
p-

lti
1 

(1
00

 p
M

)
Fi

p-
lti

2 
(1

 p
M

)
Fi

p-
lti

2 
(1

0 
pM

)
Fi

p-
lti

2 
(1

00
 p

M
)

LZ
-8

 (1
 p

M
)

LZ
-8

 (1
0 

pM
)

LZ
-8

 (1
00

 p
M

)

Fi
p-

lti
1 

(1
0 

pM
)

10

20

##

30

40

50

IL
-6

 (p
g/

m
L)

Con A (15 �휇g/mL)

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

##

⁎

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎
⁎⁎⁎

0

V
eh

ic
le

Co
n 

A
Fi

p-
lti

1 
(1

 p
M

)

Fi
p-

lti
1 

(1
00

 p
M

)
Fi

p-
lti

2 
(1

 p
M

)
Fi

p-
lti

2 
(1

0 
pM

)
Fi

p-
lti

2 
(1

00
 p

M
)

LZ
-8

 (1
 p

M
)

LZ
-8

 (1
0 

pM
)

LZ
-8

 (1
00

 p
M

)

Fi
p-

lti
1 

(1
0 

pM
)

20

40

60

80

TN
F-
�훼

 (p
g/

m
L)

Con A (15 �휇g/mL)

(b)

Con A (15 mg/kg)

Co
nt

ro
l

Co
n 

A

Fi
p-

lti
1 

(4
0 
�휇

g/
kg

)

Fi
p-

lti
2 

(4
0 
�휇

g/
kg

)

LZ
-8

 (4
0 
�휇

g/
kg

)

GAPDH

Caspase-1
ASC

NLRP3

IL-1�훽

(c)

Figure 5: Continued.

10 Oxidative Medicine and Cellular Longevity



how imbalanced Th1-Th2 functions may upset immune
homeostasis and cause liver injury [27]. We found that the
hepatoprotective effect of Fip-lti1, Fip-lti2, and LZ-8 simi-
larly correlated with ameliorating the imbalanced Th1/Th2
(IFN-γ/IL-4) function, which was likely mediated through
modulating the expression of GATA3 and T-bet in the
spleen. In addition, the loss of functional Tregs was attrib-
uted to the abnormal inflammatory and immune response
detected in liver injury and sufficient expression of cell
surface markers CD4 and CD25 and the transcription factor
FoxP3 is indispensable for Tregs functions [28]. We showed
that a supplement of regulatory T cells contributed to the
recovery of liver Con A-induced injury.

The immune response process can facilitate the oxidative
and inflammatory reaction [29]. MDA is a reliable index
reflecting the extent of cell injury. SOD indicates a cellular
capacity to scavenge excessive ROS. It has been suggested
that an imbalanced SOD and MDA level was involved in
the pathogenesis of liver injury [30]. Inflammatory cytokines
including TNF-α, IL-1β, and IL-6 are involved in initiating
and aggravating the inflammation. Our results showed that
the levels of TNF-α, IL-1β, IL-6, and MDA were significantly
higher, and the SOD activity was lower (both in vivo and
in vitro), with Con A treatment compared to the control
group. However, such proinflammatory cytokine production
and oxidative markers were effectively retarded by admin-
istering Fip-lti1, Fip-lti2, or LZ-8. The results suggest that
Fip-lti1 and Fip-lti2 possess anti-inflammatory and anti-
oxidative properties as demonstrated in Con A-induced
liver injury.

The results were shown that Fip-lti1 and Fip-lti2 could
effectively regulate the level of IL-1β. In order to understand
the role of NLRP3 inflammatory complexes in the Fip-lti1-
and Fip-lti2-decreased IL-1β production, the expression of
NLRP3, ASC, and caspase-1 of inflammatory body compo-
nents was analyzed, and the results showed that Fip-lti1
and Fip-lti2 could inhibit the expression of NLRP3, ASC,
and caspase-1 induced by Con A.

Earlier studies suggested that NF-κB was critical in the
liver injury [31]. NF-κB is activated by various stimuli [32].

Clearly, NF-κB initiates and regulates the inflammatory
process and is responsible for the generation of proinflam-
matory cytokines. As an inhibitor of NF-κBp65, IκBα is gov-
erned by IκB kinases (IKKs) [33]. IKK complex consists of
IKK-α and IKK-β. NF-κB subunit p65 is activated via the
phosphorylation and degradation of the IκBα. Our results
showed that the levels of p-IκBα and p-NF-κBp65 in Con
A-induced livers and L02 cells were significantly lower
following Fip-lti1 or Fip-lti2 treatment, suggesting the anti-
inflammatory properties of Fip-lti1 and Fip-lti2 are mediated
through regulating the NF-κB pathway. Activation of
the NF-κB signaling pathway only induced the produc-
tion of pro-IL-1β, and the maturation of IL-1b requires
the activation of NLRP3 inflammasomes and further cleav-
age by caspase-1.

In response to oxidative stress, cells upregulate transcrip-
tion factor nuclear factor erythroid 2-related factor 2 (Nrf2).
Nrf2 translocates into the nucleus and binds to antioxidant
response element (ARE) and regulates heme oxygenase-1
(HO-1) [34]. HO-1 can regulate the oxidative reaction and
control ROS levels. In this study, both Nrf2 and HO-1
expressions were downregulated in the Con A-treated group.
Such downregulations can be blunted with the Fip-lti1, Fip-
lti2, or LZ-8 treatment, suggesting that Fip-lti1 and Fip-lti2
might relieve the oxidative stress through the Nrf2/HO-1
pathway. We hypothesized that increased Nrf2 activation
by Fip-lti1 and Fip-lti2 will prevent NF-κB activation and
result in lower inflammation in Con A-challenged cells.
And the result has shown that siRNA of Nrf2 prevented the
secretion of IL-1β, which was activated by the NF-κB/NLRP3
pathway; in addition, it mitigated the effect on the NF-κB
pathway. The differentiation of T helper (Th) cells is critically
dependent on cytokine milieu. The innate immune mono-
cytes produce IL-1β which can affect the development of
Th cells. A possible mechanism of action of Fip-lti is
illustrated in Figure 7.

This study mainly focused on investigating the protective
effect of Fip-lti1 and Fip-lti2 in hepatic injury models and the
underling pathway.We note the differences in both β1and β2
regions between Fip-lti1 and Fip-lti2. Both β1and β2 regions
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are located in the FNIII fold, which is considered important
for different immunomodulatory functions [35]. Our
structural comparative analysis indicates that Fip-lti1 and
Fip-lti2 may possess different immunomodulatory functions,
which we will elucidate in our future experiments.

In conclusion, Fip-lti1 and Fip-lti2 effectively attenuated
the Con A-induced liver oxidative injury in vivo and
in vitro via the Nrf2/NF-κB/NLRP3/IL-1β-mediated path-
way, which restored the Th1/Th2 balance. Further studies
are warranted to investigate the effects of Fip-lti1 and
Fip-lti2 in clinical applications.

Data Availability

All the data used to support the findings of this study are
included in the article.

Disclosure

An earlier version of this manuscript has been presented
as conference abstract (The 9th Meeting of Asia for
Mushroom Science).

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

Yingnyu Gao and Ying Wáng contributed equally to
this work.

Acknowledgments

This study was supported by the Shanghai Municipal
Agricultural Commission, PR China (Hu nong qing zi
(2017) no. 1-14) and the Young Elite Scientists Sponsorship
Program by CAST (2017QNRC001). The authors also thank
Dr. David Hibbett as well as staff at the Fungal Genome
Program of the Joint Genome Institute for sharing the
unpublished L. tigrinus genome sequences.

References

[1] M. Zhang, S. W. Cui, P. C. K. Cheung, and Q. Wang, “Anti-
tumor polysaccharides from mushrooms: a review on their
isolation process, structural characteristics and antitumor
activity,” Trends in Food Science & Technology, vol. 18,
no. 1, pp. 4–19, 2007.

[2] S. Dudhgaonkar, A. Thyagarajan, and D. Sliva, “Suppression of
the inflammatory response by triterpenes isolated from the
mushroom Ganoderma lucidum,” International Immunophar-
macology, vol. 9, no. 11, pp. 1272–1280, 2009.

[3] V. Pushparajah, A. Fatima, C. H. Chong et al., “Characterisa-
tion of a new fungal immunomodulatory protein from tiger
milk mushroom, Lignosus rhinocerotis,” Scientific Reports,
vol. 6, no. 1, article 30010, 2016.

[4] Q. Z. Li, X. F. Wang, and X. W. Zhou, “Recent status and
prospects of the fungal immunomodulatory protein family,”
Critical Reviews in Biotechnology, vol. 31, no. 4, pp. 365–
375, 2011.

[5] Q. Z. Li, Y. Z. Zheng, and X. W. Zhou, “Fungal immunomod-
ulatory proteins: characteristic, potential antitumor activities
and their molecular mechanisms,” Drug Discovery Today,
vol. 24, no. 1, pp. 307–314, 2019.

[6] H. Ong, K. I-Chun, and H. Chiung-Hui, “An adjuvant,
fungal immunomodulatory protein (FIP)-fve, potentiates
the immune response by engaging the co-stimulatory mole-
cules, CD27 and CD134 (OX-40),” Frontiers in Immunology,
vol. 4, pp. 29733–29745, 2013.

[7] Q. Xue, Y. Ding, C. Shang, C. Jiang, and M. Zhao, “Functional
expression of LZ-8, a fungal immunomodulatory protein from
Ganoderma lucidium in Pichia pastoris,” The Journal of
General and Applied Microbiology, vol. 54, no. 6, pp. 393–
398, 2008.

[8] P. He, S. Wu, L. Pan, S. Sun, D. Mao, and C. Xu, “Effect of
Tween 80 and acetone on the secretion, structure and antioxi-
dant activities of exopolysaccharides from Lentinus tigrinus,”
Food Technology and Biotechnology, vol. 54, no. 3, pp. 290–
295, 2016.

[9] B. E. Lechner and V. L. Papinutti, “Production of lignocellu-
losic enzymes during growth and fruiting of the edible fungus
Lentinus tigrinus on wheat straw,” Process Biochemistry,
vol. 41, no. 3, pp. 594–598, 2006.

[10] F. S. Reis, E. Pereira, L. Barros, M. J. Sousa, A. Martins, and
I. C. F. R. Ferreira, “Biomolecule profiles in inedible wild
mushrooms with antioxidant value,” Molecules, vol. 16, no. 6,
pp. 4328–4338, 2011.

[11] J. Tan, Z. Lai, L. Liu et al., “ONTD induces apoptosis of human
hepatoma Bel-7402 cells via a MAPK-dependent mitochon-
drial pathway and the depletion of intracellular glutathione,”
The International Journal of Biochemistry & Cell Biology,
vol. 45, no. 11, pp. 2632–2642, 2013.

[12] Y. Yoshizumi, H. Yukawa, R. Iwaki et al., “Immunomodula-
tory effects of adipose tissue-derived stem cells on concanava-
lin A-induced acute liver injury in mice,” Cell Medicine, vol. 9,
no. 1-2, pp. 21–33, 2017.

[13] D. H. Lee, D. J. Son, M. H. Park, D. Y. Yoon, S. B. Han,
and J. T. Hong, “Glutathione peroxidase 1 deficiency atten-
uates concanavalin A-induced hepatic injury by modulation
of T-cell activation,” Cell Death & Disease, vol. 7, no. 4,
pp. e2208–e2217, 2016.

[14] Q. Wang, R. Wen, Q. Lin, N. Wang, P. Lu, and X. Zhu,
“Wogonoside shows antifibrotic effects in an experimental
regression model of hepatic fibrosis,” Digestive Diseases and
Sciences, vol. 60, no. 11, pp. 3329–3339, 2015.

[15] H. G. Vogel, W. H. Vogel, B. A. Schölkens, J. Sandow, P. G.
Müller, and W. F. Vogel, “Guidelines for the care and use
of laboratory animals,” in Drug Discovery and Evaluation,
pp. 2023–2037, Springer, 2002.

[16] J. Kyte and R. F. Doolittle, “A simple method for displaying
the hydropathic character of a protein,” Journal of Molecular
Biology, vol. 157, no. 1, pp. 105–132, 1982.

[17] K. Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, and
S. Kumar, “MEGA5: molecular evolutionary genetics analysis
using maximum likelihood, evolutionary distance, and maxi-
mum parsimony methods,” Molecular Biology and Evolution,
vol. 28, no. 10, pp. 2731–2739, 2011.

[18] T. N. Petersen, S. Brunak, G. von Heijne, and H. Nielsen,
“SignalP 4.0: discriminating signal peptides from trans-
membrane regions,” Nature Methods, vol. 8, no. 10,
pp. 785-786, 2011.

14 Oxidative Medicine and Cellular Longevity



[19] Y. Chen, P. Yu, J. Luo, and Y. Jiang, “Secreted protein
prediction system combining CJ-SPHMM, TMHMM, and
PSORT,” Mammalian Genome, vol. 14, no. 12, pp. 859–
865, 2003.

[20] C. J. A. Sigrist, E. de Castro, L. Cerutti et al., “New and continu-
ing developments at PROSITE,” Nucleic Acids Research,
vol. 41, pp. D344–D347, 2012.

[21] R. A. Laskowski, M. W. Macarthur, D. S. Moss, and J. M.
Thornton, “PROCHECK: a program to check the stereochem-
ical quality of protein structures,” Journal of Applied Crystal-
lography, vol. 26, no. 2, pp. 283–291, 1993.

[22] C. G. Li, L. Yan, Y. Y. Jing et al., “Berberine augments
ATP-induced inflammasome activation in macrophages by
enhancing AMPK signaling,” Oncotarget, vol. 8, no. 1,
pp. 95–109, 2017.

[23] Y. Wang, Y. Wang, Y. Gao et al., “Discovery and characteriza-
tion of the highly active fungal immunomodulatory protein
Fip-vvo82,” Journal of Chemical Information and Modeling,
vol. 56, no. 10, pp. 2103–2114, 2016.

[24] H. Xu, Y.-Y. Kong, X. Chen et al., “Recombinant FIP-gat, a
fungal immunomodulatory protein from Ganoderma atrum,
induces growth inhibition and cell death in breast cancer
cells,” Journal of Agricultural and Food Chemistry, vol. 64,
no. 13, pp. 2690–2698, 2016.

[25] T. Liu, Y. J. Xia, J. J. Li et al., “Shikonin attenuates concanavalin
A-induced acute liver injury in mice via inhibition of the JNK
pathway,” Mediators of Inflammation, vol. 2016, Article ID
2748367, 14 pages, 2016.

[26] T. H. Huang, C. C. Chen, H. M. Liu, T. Y. Lee, and S. H. Shieh,
“Resveratrol pretreatment attenuates concanavalin A-induced
hepatitis through reverse of aberration in the immune
response and regenerative capacity in aged mice,” Scientific
Reports, vol. 7, no. 1, pp. 2705–2715, 2017.

[27] X. Weng, Y. He, L. Visvabharathy et al., “Crosstalk between
type II NKT cells and T cells leads to spontaneous chronic
inflammatory liver disease,” Journal of Hepatology, vol. 67,
no. 4, pp. 791–800, 2017.

[28] X. Yuan, B. Tong, Y. Dou, X. Wu, Z. Wei, and Y. Dai,
“Tetrandrine ameliorates collagen-induced arthritis in mice
by restoring the balance between Th17 and Treg cells via the
aryl hydrocarbon receptor,” Biochemical Pharmacology,
vol. 101, pp. 87–99, 2016.

[29] J. B. Buchanan, N. L. Sparkman, and R. W. Johnson, “A
neurotoxic regimen of methamphetamine exacerbates the
febrile and neuroinflammatory response to a subsequent
peripheral immune stimulus,” Journal of Neuroinflammation,
vol. 7, no. 1, pp. 82–89, 2010.

[30] W. J. Jiang, R. Zhou, P. J. Li et al., “Protective effect of
chrysophanol on LPS/D-GalN-induced hepatic injury through
the RIP140/NF-κB pathway,” RSC Advances, vol. 6, no. 44,
pp. 38192–38200, 2016.

[31] T. Chen, J. Gao, P. J. Xiang et al., “Protective effect of
platycodin D on liver injury in alloxan-induced diabetic mice
via regulation of Treg/Th17 balance,” International Immuno-
pharmacology, vol. 26, no. 2, pp. 338–348, 2015.

[32] L. P. Zhu, T. Chen, X. Chang et al., “Salidroside ameliorates
arthritis-induced brain cognition deficits by regulating
Rho/ROCK/NF-κB pathway,” Neuropharmacology, vol. 103,
pp. 134–142, 2016.

[33] T. Chen, R. N. Wang, W. J. Jiang et al., “Protective effect of
astragaloside IV against paraquat-induced lung injury in mice

by suppressing Rho signaling,” Inflammation, vol. 39, no. 1,
pp. 483–492, 2016.

[34] W. J. Jiang, F. Luo, Q. F. Lu et al., “The protective effect of
Trillin LPS-induced acute lung injury by the regulations of
inflammation and oxidative state,” Chemico-Biological Inter-
actions, vol. 243, pp. 127–134, 2016.

[35] S. Y. Li, L. J. Shi, Y. Ding, Y. Nie, and X. M. Tang, “Identifica-
tion and functional characterization of a novel fungal
immunomodulatory protein from Postia placenta,” Food and
Chemical Toxicology, vol. 78, pp. 64–70, 2015.

15Oxidative Medicine and Cellular Longevity


	Protective Function of Novel Fungal Immunomodulatory Proteins Fip-lti1 and Fip-lti2 from Lentinus tigrinus in Concanavalin A-Induced Liver Oxidative Injury
	1. Introduction
	2. Materials and Methods
	2.1. Reagents
	2.2. Animals
	2.3. In Silico Analysis of Fip-lti1 and Fip-lti2
	2.4. Protein Expression and Purification
	2.5. Drug Administration
	2.6. Cell Culture and Treatment
	2.7. MTT Assay
	2.8. Serum Aminotransferase Levels
	2.9. Cytokine Assays
	2.10. Oxidative Stress Assay
	2.11. Flow Cytometry
	2.12. Histopathological Evaluation
	2.13. Western Blot Analysis
	2.14. Nrf2 siRNA Silencing
	2.15. Nrf-2 Activation Experiment
	2.16. Quantitative Real-Time RT-PCR Analysis
	2.17. Statistical Analysis

	3. Results
	3.1. Two Novel FIPs: Fip-lti1 and Fip-lti2
	3.2. Effects of Fip-lti1 and Fip-lti2 on Hepatic Necrosis
	3.3. Effect of Fip-lti1 and Fip-lti2 on the Regulation of T cells
	3.4. Effects of Fip-lti1 and Fip-lti2 on Antioxidative Defense
	3.5. Effects of Fip-lti1 and Fip-lti2 on Inflammatory Pathway
	3.6. Effect of Fip-lti1 and Fip-lti2 on Expressing Components of the Signaling Pathway

	4. Discussion
	Data Availability
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

