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Abstract Ceriporia lacerata (CL) is a species of white rot

fungi. In this study, we have examined the beneficial effect

of CL on scopolamine-induced memory impairment in

mice. A freeze-dried CL mycelial culture broth was dis-

solved and orally administered to scopolamine-treated

C57BL/6J mice followed by behavioral tests using the

Y-maze, passive avoidance, and Morris water maze tasks.

CL administration at a daily dose of 200 mg/kg body

weight resulted in restoration of exploration reduction and

improvement of associative and spatial learning and

memory impairment in scopolamine-treated mice. Con-

comitantly, heme oxygenase-1 was highly expressed in the

hippocampal region of CL-administered mice. Moreover,

the ethanolic extract of CL significantly increased the

transcriptional activity of antioxidant response element and

attenuated the glutamate-induced cytotoxicity in HT22

mouse hippocampal neuronal cells. These findings suggest

that the CL intake can confer a beneficial effect on learning

and memory presumably through protecting hippocampal

neuronal cells from oxidative stress-induced damage.

Keywords Ceriporia lacerata � Neuroprotection �
Learning and memory � Hippocampal neuron � Heme

oxygenase-1

Introduction

Learning and memory decline are both linked to normal

aging and neurodegenerative disorders (Coyle and Putt-

farcken, 1993; Finkel and Holbrook, 2000; Morris et al.,

2006). It is generally accepted that oxidative stress is the

major cause of the cognitive deficits associated with aging

(Dey et al., 2017; Ghadrdoost et al., 2011; Logan et al.,

2019; Pedersen et al., 2001; Yehuda et al., 2002). In this

context, natural substances that upregulate cellular

antioxidant/defense enzymes, and thus promote neuronal
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cell survival in the brain, have been studied from diverse

sources, such as from a variety of vegetables and medicinal

plants or their secondary metabolites (Dey et al., 2017;

Dinkova-Kostova et al., 2018; Kanninen et al., 2009; Seo

et al., 2016).

The health-promoting benefits of certain mushrooms

and fungi are well-documented (Guo et al., 2012; Islam

et al., 2019; Ma et al., 2018; Murcia et al., 2002). Bioactive

components found in edible fungi include essential amino

acids, vitamins, minerals, polysaccharides, and phenolic

compounds (Heleno et al., 2015; Kozarski et al., 2014; Ma

et al., 2018). In particular, some fungal extracts were

reported to have neuroprotective effects while their active

components have antioxidative properties (Islam et al.,

2019; Lee et al., 2002; Phan et al., 2015; Salinaro et al.,

2018; Wang et al., 2012).

Ceriporia is a genus of Basidiomycetes, which are

wood-degrading fungi that cause white-rot (Jang et al.,

2012). Among more than 30 species belonging to this

genus, Ceriporia lacerata (CL) was first isolated from

rotten wood in Japan and characterized as a filamentous

fungus that produces white to buff, and dense nonsporu-

lating colonies (Suhara et al., 2003). Over the last decade,

CL has been studied from multiple perspectives, including

its clinical significance as a possible human pathogen

(Chowdhary et al., 2013, 2014; Singh et al., 2013a) and has

an environmentally significant potential because of its

wood-degrading, metal-adsorbing, and water-decolorizing

capabilities (Lee et al., 2007; Li et al., 2015; Lin et al.,

2011; Singh et al., 2013b; Wang et al., 2017). Recent

studies have demonstrated that a submerged CL culture

extract has the hyperglycemic effect in streptozotocin-in-

duced diabetic rats (Kim et al., 2012, 2013). In recognition

of its biological effectiveness, CL has been permitted as a

health functional food ingredient by the Korean Ministry of

Food and Drug Safety in 2018. In addition, a couple of

studies revealed that CL contains certain bioactive flavo-

noids and sesquiterpenoids (Wang et al., 2013; Ying et al.,

2013) which can strongly activate an nuclear factor E2-

related factor 2 (Nrf2), a key regulator of cellular antiox-

idant response.

Herein, for the first time, we report the protective effect

of a freeze-dried culture broth of CL mycelia against

oxidative stress-induced cognitive impairment in mice.

Learning and memory damage was induced by intraperi-

toneal injection of scopolamine which antagonizes mus-

carinic acetylcholine receptor, elevates reactive oxygen

species in multiple regions of the brain (Budzynska et al.,

2015; El-Khadragy et al., 2014; El-Sherbiny et al., 2003;

Fan et al., 2005; Skalicka-Wozniak et al., 2018; Venkate-

san et al., 2016), and thus gives rise to memory loss in

animal models. In this study, mice were orally provided

with the freeze-dried CL powder two weeks before

scopolamine treatment and examined for their learning and

memory abilities.

Materials and methods

Preparation of a freeze-dried culture broth of C.

lacerata mycelia and its ethanolic extract

The mycelial culture of CL was harvested, freeze-dried,

and ground to a fine powder by Fugenbio Co., Ltd. (Seoul,

South Korea) and generously provided for a research pur-

pose. For the in vivo study, powdered CL was dissolved in

a vehicle containing 5% (v/v) Tween� 80 (Sigma-Aldrich,

St. Louis, MO, USA) in sterilized saline (sodium chloride

solution, Sigma-Aldrich) and administered to the mice. For

in vitro examinations, powdered CL was extracted using

various concentrations of ethanol (0%, 20%, 40%, 60%,

80%, and 100% (v/v) in deionized distilled water) at 25 �C
with shaking (250 rpm) for 16 h. The extracts were filtered,

rotary-evaporated, freeze-dried, and stored at –20 �C until

used.

Measurement of free radical scavenging activities

The free radical scavenging activity of each extract was

assessed by their capability to scavenge 2,2-diphenyl-1-

picrylhydrazyl (DPPH) or 2,2’-azino-bis(3-ethylbenzoth-

iazoline-6-sulfonic acid) (ABTS) radicals as previously

reported (Kedare and Singh, 2011; Kim et al., 2010).

Vitamin C was used as a positive control.

Cell culture

A murine hippocampal neuronal cell line, HT22, was

obtained from the Salk Institute (La Jolla, CA, USA) and

grown as previously described (Oh and Lee, 2017). Briefly,

the cells were maintained in Dulbecco’s Modified Eagle

Medium (DMEM; Welgene, Gyeongsan, South Korea)

supplemented with 10% fetal bovine serum (FBS; Gib-

coTM/Thermo Fisher Scientific, Waltham, MA, USA) and

1% penicillin–streptomycin (Welgene), and maintained in

a humidified CO2 incubator (Sanyo, Osaka, Japan). Cells

were subcultured by trypsinizing at about 70% confluency

with 0.05% trypsin-ethylene diamine tetraacetic acid

solution (Welgene).

The HT22 cells that were transfected with antioxidant

response element (ARE)-conjugated luciferase reporter

plasmid (referred to as HT22-ARE cells) were maintained

as previously described (Seo et al., 2016) and were used for

the ARE-luciferase reporter assay.
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Cell viability assay

HT22 cells were plated in a 96-well culture plate in the

maintenance medium at a density of 5 9 103 cells per well.

Cells were then treated with 5 mM glutamate in the

absence and presence of CL extracts for 24 h. Subse-

quently, the relative cell viability was measured using the

Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,

Kumamoto, Japan) as previously described (Oh et al.,

2015). Cell viability was presented as the relative survival

rate to the untreated control.

Animal experiment

The animal study was conducted in accordance with the

guidelines of the Institutional Animal Care and Use
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Fig. 1 CL administration improved scopolamine-induced learning

and memory impairment. Freeze-dried CL powder was dissolved in a

vehicle (5% (v/v) Tween 80 in sterilized saline) and orally

administered to C57BL/6J mice at designated doses. Scopolamine

was intraperitoneally injected at 1 mg/kg BW/day 30 min after CL

administration to induce memory impairment. (A–C) Memory

improvement was assessed by the Y-maze task (A), passive avoidance
task (B), and Morris water maze task (C). Values presented are

means ± standard deviation (SD) from eight individual animals

(n = 8) for (A) and n = 6 after the removal of outliers for (B–C).
(D) Cytoplasmic HO-1 and nuclear Nrf2 protein levels were

examined in the hippocampal tissue homogenates. Donepezil (5 mg/

kg BW/day) was used as positive control. Sco, scopolamine; Done,

donepezil; CL, Ceriporia lacerata; HO-1, heme oxygenase-1; Nrf2,

nuclear factor E2-related factor 2. Values are means ± SD (n = 5).

Different letters on the bars (a–b) denote statistically significant

differences (p\ 0.05). NS indicates no statistically significant

difference among experimental groups
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Committee of the Kyungpook National University (ap-

proval number: KNU-2019-0097).

Forty-eight C57BL/6J male mice (5-week old) were

purchased from Daehan Biolink (Seoul, South Korea).

Mice were maintained under a standard laboratory condi-

tion (temperature of 22 ± 2 �C, humidity 50 ± 5%, 12 h

light–dark cycle with free access to tap water and chow).

After a week of adaptation, mice with a body weight (BW)

of 20 ± 2 g were subjected to behavioral tests, including

the Y-maze, passive avoidance, and Morris water maze

tasks as previously described (Kim et al., 2019; Seo et al.,

2016).

A total of 48 mice were randomly assigned into six

groups (8 mice per group). Each group was subjected to

one of the following treatments: (1) oral administration of a

vehicle only and no scopolamine injected; (2) oral

administration with a vehicle and i.p. injection of scopo-

lamine at 1 mg/kg BW/day; (3) oral administration of

donepezil (Sigma-Aldrich) at 5 mg/kg BW/day and i.p.

injection of scopolamine; (4) oral administration of CL at

200 mg/kg BW/day and i.p. injection of scopolamine; (5)

oral administration of CL at 500 mg/kg BW/day and i.p.

injection of scopolamine; or (6) oral administration of CL

at 800 mg/kg BW/day and i.p. injection of scopolamine.

Mice were received the treatment every day for two

weeks. Donepezil and freeze-dried CL powder were dis-

solved in a vehicle consisting of 5% (v/v) Tween-80 in

isotonic saline and orally administered using an oral gav-

age needle. Mice were given either CL preparation or

donepezil 1 h prior to performing a daily behavioral task.

Scopolamine was intraperitoneally injected 30 min before

the test session (Fig. S1A).

Fecal materials that were either present in the rectum or

were excreted were collected from mice administered with

dissolved CL preparation only at different dosages for two

weeks and pooled in each group for further assay. The

microbial DNA was extracted from the fecal samples using

a FastDNA Spin kit for Soil (MP Biomedicals; Irvine, CA,

USA) according to the manufacturer’s instructions. The

fecal microbiota composition was analyzed using 16S

ribosomal RNA gene sequencing which was conducted at

ChunLab, Inc. (Seoul, South Korea) using an Illumina

MiSeq sequencing system (San Diego, CA, USA).

Western blot analysis

Hippocampal tissues were removed from the sacrificed

mice and homogenated for western blot analysis to detect

the relative protein quantities of cytoplasmic heme oxy-

genase-1 (HO-1) and nuclear Nrf2 (Kim et al., 2019; Seo

et al., 2016; Woo et al., 2017). The primary antibodies used

in this study were rabbit anti-HO-1 (Abcam, Cambridge,

UK), mouse anti-b-actin (Santa Cruz Biotechnology, Inc.,

Dallas, TX, USA), rabbit anti-Nrf2 (Abcam), and mouse

anti-Lamin B (Santa Cruz Biotechnology). The secondary

antibodies were anti-rabbit immunoglobulin G (IgG) or

anti-mouse IgG (Santa Cruz Biotechnology) conjugated to

horseradish peroxidase.

Statistical analysis

Significant differences among data sets were evaluated by

one-way analysis of variance with Duncan’s multiple range

post hoc test using SPSS software (SPSS Inc., Chicago, IL,

USA). Statistical differences were considered significant

when the p-value was less than 0.05. Values are presented

as means ± standard deviation (SD). Significant differ-

ences among means are indicated by different alphabetical

letters.

Results and discussion

C57BL/6J mice were treated with powdered CL (at 200,

500, or 800 mg/kg BW/day) or donepezil (at 5 mg/kg

BW/day, positive control) by oral administration on a daily

basis for two weeks. Learning and memory damage was

induced by intraperitoneal injection of scopolamine to

mice. Scopolamine is a muscarinic cholinergic receptor

antagonist that has been widely used to induce memory

impairments in animal models (Ebert and Kirch, 1998;

Klinkenberg and Blokland, 2010). Multiple studies have

demonstrated that scopolamine treatment can produce

reactive oxygen species, lower the activities of antioxidant

enzymes, and induce lipid peroxidation, and thereby

increase oxidative stress in the cerebral cortex and hip-

pocampus in mice (Budzynska et al., 2015; El-Khadragy

et al., 2014; El-Sherbiny et al., 2003; Fan et al., 2005;

Skalicka-Wozniak et al., 2018; Venkatesan et al., 2016). In

the present study, mice that received scopolamine treat-

ment decreased spontaneous alternation in the Y-maze test

(Fig. 1A), decreased latency time by staying in a bright

chamber in the passive avoidance test (Fig. 1B), and

bFig. 2 CL extracts possessed antioxidant and neuroprotective capa-

bilities. (A) HT22-ARE cells were treated with CL extracts in various

concentrations of ethanol (0%, 20%, 40%, 60%, 80%, and 100% (v/v)

in water) at 100 lg/mL for 24 h. The activation of ARE was

measured using a luciferase reporter assay. SFN, sulforaphane.

(B 2 C) Radical scavenging capability was determined by DPPH

(B) and ABTS? assays (C). (D) HT22 cells were treated with the

extracts of CL in various concentrations of ethanol at designated

concentrations for 24 h followed by the treatment with 5 mM

glutamate for an additional 24 h. Cell viability was measured by a

CCK-8 assay. Values are presented as means ± SD (n = 3). Statis-

tically significant differences are indicated by different alphabetical

letters (p\ 0.05)
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increased the arrival time to the platform in the Morris

water maze test (Fig. 1C). These findings suggest that

scopolamine treatment induced impairment of working

memory and also affected associative and spatial learning

and memory in mice.

Donepezil is one of four US FDA-approved acetyl-

cholinesterase (AChE) inhibitors and is commonly used for

the management of Alzheimer’s disease (Shin et al., 2018;

Zemek et al., 2014). Multiple studies have revealed that

donepezil also causes suppression of oxidative stress in the

brain (Saxena et al., 2008; Umukoro et al., 2014). Thus, we

used donepezil as a positive control in a scopolamine-in-

duced memory deficit mouse model. The behavioral tests

demonstrated that the oral administration of powdered CL,

even at the lowest dose, restored working memory per-

formance (Fig. 1A), increased associative learning in the

passive avoidance test (Fig. 1B), and enhanced spatial

learning and memory in the Morris water maze test

(Fig. 1C), with no significant differences in BW change

among the experimental groups (Fig. S1B). The attenuation

of scopolamine-induced cognitive impairment by pow-

dered CL administration was comparable to the efficacy of

donepezil, although a dose-dependent relationship was not

clearly observed.

The results also implied that the effect of oral CL

administration was likely related to the protection and/or

restoration of hippocampal damage induced by scopo-

lamine treatment. To address this possibility, hippocampal

tissues were collected from mice after finishing behavioral

examinations and analyzed for the expression levels of

Nrf2 and HO-1 antioxidant proteins. Western blot analysis

showed that the oral administration of powdered CL sig-

nificantly increased the expression of cytoplasmic HO-1

with a slight but insignificant increase in nuclear Nrf2 level

in the hippocampi of scopolamine-treated mice (Fig. 1D).

This observation suggests that powdered CL intake may

have a significant impact on HO-1-associated antioxidant

and defense response in the hippocampal region and can

result in subsequent improvements in terms of cognition-

related behavioral performance.

Nrf2 is a redox-regulating transcription factor that

activates cellular antioxidant response, induces various

antioxidant enzymes, and thus protects cells from intrinsic

or extrinsic oxidative stressors (Itoh et al., 1997; Kensler

et al., 2007). Considering the pro-oxidative feature of

scopolamine in the mammalian brain (El-Sherbiny et al.,

2003; Fan et al., 2005), it was conceivable that the alle-

viation of cognitive impairment by the intake of CL pow-

der could be due to the restoration of the redox balance by

antioxidant enzymes, including HO-1, in the hippocampal

area. This theory was supported by observation from the

ARE-luciferase reporter assay using the mouse hip-

pocampal neuronal HT22 cells (Fig. 2A). Treatment with

CL ethanol extracts resulted in an approximately two-fold

activation of ARE where Nrf2 binds to initiate transcription

of a group of genes involved in cellular antioxidant/defense

response. In particular, 100% ethanol extract of CL was

more potent for inducing ARE-luciferase activity com-

pared to other extracts.

The antioxidant effect of 100% ethanol extract of CL

was emphasized by its radical scavenging capabilities in a

concentration-dependent manner (Fig. 2B–C) and through

its cytoprotective effect against glutamate-induced cyto-

toxicity in HT22 cells (Fig. 2D). Glutamate, an excitatory

neurotransmitter, can cause excitotoxicity and oxidative

stress (Behl et al., 1997; Sagara and Schubert, 1998;

Tobaben et al., 2011). As HT22 cells do not express

functional ionotropic glutamate receptors (He et al., 2019),

the neurotoxicity of glutamate in HT22 cells is presumably

attributed to oxidative stress (Fukui et al., 2009). Thus, the

results demonstrated that the CL ethanol extract possessed

radical scavenging and ARE-activating activities. It sug-

gests that CL extract can activate Nrf2/ARE/HO-1 axis and

subsequently lower the intracellular oxidative stress in

hippocampal neurons. However, the detailed molecular

mechanisms of action and active compounds need to be

elucidated.

Interestingly, CL extract obtained from extraction with

pure water exhibited the highest radical scavenging capa-

bility and significant ARE-inducing activity, despite of

little protective effect against glutamate-induced HT22

cytotoxicity. In addition, our unpublished data showed that

donepezil, at a concentration of 10 lg/mL, inhibited the

AChE activity by about 65% and CL water extract at

200 lg/mL inhibited it by about 18%, while other extracts

failed to affect its activity (data not shown). This implies

that water extract may contain antioxidative and AChE

inhibitory components. Thus, further studies to clarify

these active components are warranted.

Certain flavonoids (such as dimethylchalcone) and

tremulane sesquiterpenoids (such as ceriponols) were iso-

lated from CL and determined to be potent bioactive

components (Shan et al., 2012; Ying et al., 2013). How-

ever, the biological functions of these flavonoids and

sesquiterpenoids in vivo are yet to be investigated.

Based on our current understanding of the interrela-

tionship between cognitive function and gut microbial

community (Magnusson et al., 2015; Mahowald et al.,

2009; Proctor et al., 2017), we examined microbial com-

position in the excreted and rectal fecal samples obtained

from powdered CL-administered mice. Consistent with

published reports (Kang et al., 2014; Liu et al., 2019), it

was found that three Phyla, including Bacteroidetes, Fir-

micutes, and Proteobacteria, were dominant (Fig. S2) in

both rectal and excreted feces. However, excreted feces

contained these Phyla at a concentration of about 38-fold
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Fig. 3 CL administration caused alteration of fecal microbiota

compositions. Excreted or rectal feces were collected from the mice

administered with powdered CL only at the designated doses. The

fecal microbiota compositions were analyzed through 16S ribosomal

RNA gene sequencing. (A) The number of microbial species in the

fecal samples was identified. OTUs, operational taxonomic units.

(B - D) Microbial diversity are presented as Shannon’s index (B),
Simpson’s index (C), and Chao1 index (D). (E) The ratio of

Firmicutes to Bacteroidetes was calculated. Con, control; CL,

Ceriporia Lacerata. Values are presented as means ± SD from

duplicated experimental batches. Statistically comparison was sepa-

rately performed for the two fecal sample groups. Statistically

significant differences are indicated by different alphabetical letters

above each bar (p\ 0.05). Capital case (A–B) and lower case (a–b)

denote a statistical difference from each other within a set of rectal

and excreted fecal sample groups, respectively
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higher than in rectal feces (data not shown). The identified

bacterial counts were about three-fold higher than in rectal

feces (Fig. 3A), resulting in a higher Chao 1 index com-

pared to rectal feces (Fig. 3B). These findings indicated

that the majority of microbiota were excreted. Specifically,

the proportions of the major Phyla were comparable

between the two fecal samples (Fig. S2A–B). The Simpson

and Shannon indices revealed that the diversity of micro-

bial composition was slightly, but insignificantly, increased

by administration of freeze-dried CL preparation (Fig. 3C–

D).

Moreover, powdered CL administration considerably

reduced Bacteroidetes and increased Firmicutes in the

excreted feces, compared to the controls, while it rarely

affected the abundance of Phyla in rectal feces (Figs. 3E

and S2C–D). According to numerous reports, the ratio of

Firmicutes to Bacteroidetes (F/B ratio) is linked to various

health conditions, including obesity, diabetes, inflamma-

tion, and cognitive dysfunction (Liu et al., 2019; Mag-

nusson et al., 2015; Mariat et al., 2009). Considering that

the intake of energy nutrients, such as fat and sucrose, can

increase the F/B ratio in fecal microbial composition (Kang

et al., 2014; Magnusson et al., 2015), it is speculated that

the elevated F/B ratio in excreted fecal samples from CL-

administered mice compared to the control group may be

attributed to the extra supply of energy and nutrients con-

tained in the CL preparation. In addition, multiple studies

have shown that a decrease in the F/B ratio in intestinal

microbiota is associated with aging, cognitive decline, and

Alzheimer’s disease (Liu et al., 2019; Mariat et al., 2009;

Saji et al., 2019; Vogt et al., 2017).

Interestingly, powdered CL administration significantly

increased the richness, diversity, and F/B ratio from

excreted fecal microbiota; however, rectal microbiota

exhibited only a subtle alteration in the control group. The

microbiome in excreted feces is solely and partially cor-

related with that found in the gut mucosa and also the

indigenous gut microbiome resists to reset their coloniza-

tion (Suez et al., 2018; Zmora et al., 2018). In this context,

powdered CL intake was unlikely to have a substantial

impact on gut microbial community. Thus, the cognitive-

improving effect of CL powder would presumably not be

associated with specific changes in gut microbial compo-

sition and diversity. Further systemic and metabolomic

analyses may aid in understanding how CL administration

leads to cognitive enhancement.

In conclusion, the oral administration of a freeze-dried

preparation of CL mycelial culture improved cognitive

function in scopolamine-induced learning and memory

impairment in a mouse model, and its extract exerted

neuroprotective effects on hippocampal-derived neuronal

cells. Further studies are required for identifying the CL-

derived bioactive components responsible for cognitive

enhancement.
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