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Abstract: Osteoarthritis (OA) is an age-related disorder that affects the joints and causes functional
disability. Hericium erinaceus is a large edible mushroom with several known medicinal functions.
However, the therapeutic effects of H. erinaceus in OA are unknown. In this study, data from Sprague-
Dawley rats with knee OA induced by anterior cruciate ligament transection (ACLT) indicated that H.
erinaceus mycelium improves ACLT-induced weight-bearing asymmetry and minimizes pain. ACLT-
induced increases in articular cartilage degradation and bone erosion were significantly reduced by
treatment with H. erinaceus mycelium. In addition, H. erinaceus mycelium reduced the synthesis of
proinflammatory cytokines interleukin-1 and tumor necrosis factor-oc in OA cartilage and synovium.
H. erinaceus mycelium shows promise as a functional food in the treatment of OA.

Keywords: osteoarthritis; Hericium erinaceus; mycelium; anterior cruciate ligament transection;
interleukin 1 beta; tumor necrosis factor-alpha
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1. Introduction

Osteoarthritis (OA) is an age-related disorder that affects the joints and causes func-
tional disability [1]. During OA development, low-grade inflammatory reactions progres-
sively degrade the joints [2]. Typical OA symptoms include joint swelling and deformities
that are associated with constant pain and consequent interference with normal daily life
activities [2]. Around 80% of OA patients face movement disorders, 20% cannot perform
basic activities and 10% require daily care [3]. The ever-growing numbers of elderly people
worldwide are confounding the already large healthcare and economic burdens imposed
by patients with OA [2,4].

Two major proinflammatory cytokines, interleukin 1 beta (IL-1f3) and tumor necrosis
factor-alpha (TNF-«), facilitate the development of OA by increasing catabolic enzyme
formation that degrades the cartilage extracellular matrix [5,6]. Levels of IL-13 and TNF-
o expression are higher in human OA serum and synovial fluid than in samples from
healthy individuals [7,8], and they are targeted by therapies such as the anti-IL-13 antibody
canakinumab and the TNF-a-blocking agent adalimumab [7]. Inhibiting proinflammatory
cytokine expression successfully inhibits OA progression [5,9].

Nonsteroidal anti-inflammatory drugs (NSAIDs) and corticosteroids are commonly
applied to inhibit ongoing inflammation and reduce the pain associated with OA [10,11].
However, the undesirable side effects of these synthetic agents make the discovery of anti-
OA ingredients from natural products an attractive proposition. Hericium erinaceus is a large
edible mushroom that is popularly consumed in Asian countries and is accepted as a dietary
supplement or functional food [12,13]. H. erinaceus is rich in bioactive compounds including
glycoproteins, polysaccharides and ketones [14]. In addition, the mushroom fruiting bodies,
mycelium and bioactive pure compounds of H. erinaceus exhibit several medicinal functions
including antitumor, anti-inflammatory, nephroprotective, neuroprotective effects, antimi-
crobial, antioxidant, immunomodulatory and antihyperglycemic properties [12,15-20]. A
standardized extract containing H. erinaceus (Bull.) Persoon, Kalopanax pictus Castor-Aralia
and Astragalus membranaceus Schischkin has shown in vitro and in vivo chondroprotective
effects in OA models [21]. However, the therapeutic effects of H. erinaceus in human OA
remain unknown. Here, we found that H. erinaceus mycelium prevents disease progres-
sion in an anterior cruciate ligament transection (ACLT) model of OA, suggesting that H.
erinaceus mycelium has therapeutic utility for OA.

2. Materials and Methods
2.1. Preparation of Hericium erinaceus Mycelium

The Bioresource Collection and Research Center (BCRC, Food Industry Research and
Development Institute, Hsinchu, Taiwan) supplied H. erinaceus mycelium (BCRC strain no.
35669) [22]. The strain was first grown in a potato dextrose agar plate at 25 °C for 15 days.
The H. erinaceus mycelium cultures were transferred to 1.3 L of liquid medium in 2 L flasks
and cultured for five days at 25 °C in a shaking incubator at 120 rpm. The cultures were
scaled-up to a 500-L bioreactor for a further five days, then to a 20-ton fermenter for 12 days,
under the same conditions described above. The culture liquid medium used for scaling-up
was adjusted to pH 4.5 and contained 4.5% glucose, 0.5% soybean powder, 0.25% yeast
extract, 0.25% peptone and 0.05% MgSQO;. Finally, H. erinaceus mycelium from the 20-ton
fermentation process were harvested, lyophilized and ground into powder. The dosage
of H. erinaceus mycelium applied in the OA animal model was equivalent to a 60 kg adult
consuming 1 g of H. erinaceus powder daily.

2.2. Anterior Cruciate Ligament Transection (ACLT) Animal Model

Male Sprague-Dawley (SD) rats (eight weeks of age; 300-350 g) were purchased from
the National Laboratory Animal Center (Taipei, Taiwan) and randomly divided into three
groups: sham surgery (controls), ACLT only and ACLT with H. erinaceus (100 mg/kg).
ACLT surgery was performed according to the procedure mentioned in our previous
reports [6,23]. Briefly, the rats were anesthetized and underwent arthrotomy to expose the
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right knee joint, and the ACL was severed. Controls underwent arthrotomy only. Two
days after surgery, the rats started to receive H. erinaceus mycelium. The static weight-
bearing incapacitance test (Bioseb, Paris, France) evaluated spontaneous pain after ACLT,
as previously described [24]. The left and right hind limbs were placed on separate sensor
plates to measure between-limb differences in dynamic weight bearing (expressed as g)
over a 10-s period. The mean score of three consecutive measurements was recorded for
each animal on every test day.

2.3. Micro-Computed Tomography (u-CT) Measurements

Micro-CT analysis was performed at six weeks after ACLT surgery. The rats were
sacrificed and the right knee joints were collected and fixed in 4% formaldehyde and then
70% ethanol at room temperature, as previously described [17,25]. The knee joints were
scanned by a SkyScan 2211 micro-CT system (Bruker, Kontich, Belgium), using a voxel
resolution of 10.5 um over 180° of rotation, a voltage of 70 kVp, a current of 290 pA and
a 0.5-mm aluminum filter to prevent beam-hardening artifacts. Image reconstruction of
coronal and transverse images used InstaRecon® software (Bruker micro-CT, Kontich,
Belgium). Reconstructed cross-sections were reorientated and 59 slices (0.5 mm) were
selected, then manual regions of interest (ROI) were drawn. Bone mineral density (BMD),
bone mineral content (BMC), bone volume/total volume (BV/TV), bone surface/total
volume (BS/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular
separation (Tb.Sp) were analyzed by Bruker micro-CT software (CTAn, version 1.7.1, Bruker,
Kontich, Belgium), as previously detailed [26,27].

2.4. Immunohistochemistry (IHC)

The right knee joints were decalcified in 10% EDTA of phosphate-buffered saline for
two weeks after u-CT scanning. The knee samples were then dehydrated with ethanol
(from 70% to 100%) and embedded in paraffin blocks to prepare slices of 5-um thicknesses.
Hematoxylin & Eosin (H&E) and Safranin-O/Fast Green staining enabled us to analyze
histopathological changes under an optical microscope, as previously described [27,28].
For analysis of IL-13 and TNF-« expression, the tissue sections were stained with primary
antibodies against IL-13 or TNF-« (GeneTex; Hsinchu, Taiwan) at 4 °C overnight, followed
by incubation with secondary antibody (1:200) at room temperature for 1 h. The sections
were stained with diaminobenzidine and observed under a light microscope, as previously
described [29,30]. The sum of the intensity and percentage scores was used as the final
staining score [25].

2.5. Statistical Analysis

All values are given as the mean =+ standard deviation (SD). The statistical calculations
were analyzed by using PRISM 5.0 software (GraphPad, San Diego, CA, USA). The paired
sample t-test was selected to compare results from two groups. One-way ANOVA followed
by Bonferroni post-hoc testing for multiple comparisons was used to analyze more than
two groups. Student’s t-test assessed between-group differences. A p-value of <0.05 was
considered statistically significant.

3. Results
3.1. H. erinaceus Mycelium Reduces ACLT-Induced Weight-Bearing Asymmetry and Pain

We examined the effects of H. erinaceus mycelium in a rat model of ACLT [6,23].
As shown in Figure 1, no changes in body weight were observed in the ACLT-only and
ACLT + H. erinaceus groups. At six weeks, rats fed with H. erinaceus mycelium exhibited
significant improvements in ACLT-induced weight-bearing asymmetry and pain compared
to the ACLT-only group (Figure 2).
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Figure 1. Body weight gain during the experimental period. Body weight was measured during the
experimental period. (1 = 6 for each group).
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Figure 2. H. erinaceus mycelium improves ACLT-induced weight-bearing asymmetry. Deficits in
weight-bearing forces were examined every week by weight-bearing behavioral testing (n = 6 for
each group). * p < 0.05 compared to the control group; # p < 0.05 compared to the ACLT-only group.

3.2. H. erinaceus Mycelium Improves Bone and Cartilage Architecture in ACLT Rats

Next, we used p-CT to analyze in detail the changes in bone and cartilage architecture
after H. erinaceus mycelium application. Marked improvements were seen in bone mineral
density (BMD), bone mineral content (BMC), bone volume/tissue volume (BV/TV), bone
surface/TV (BS/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N) and trabecular
separation (Tb.Sp), compared to the ACLT-only group (Figure 3).
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Figure 3. Micro-CT analysis of the effects of H. erinaceus mycelium on the ACLT bone architecture.
(A) Representative micro-CT images from knee subchondral bone. Quantitative analyses of (B) BMD,
(C) BMC, (D) BV/TV, (E) BS/TV, (F) Tb.Th, (G) Tb.N and (H) Tb.Sp (1 = for each group). * p < 0.05
compared to the control group; # p < 0.05 compared to the ACLT-only group.

H&E and Safranin-O staining revealed that H. erinaceus mycelium dramatically pre-
vented ACLT-induced increases in Osteoarthritis Research Society International (OARSI)
scores, cartilage and synovium scores and cartilage damage (Figure 4).
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Figure 4. H. erinaceus mycelium ameliorates ACLT-induced cartilage degradation and synovial
inflammation. (A) Histological sections from knees stained with H&E and Safranin-O. (B) OARSI
scores, (C) cartilage scores and (D) synovium scores (1 = 6 for each group). * p < 0.05 compared to the
control group; # p < 0.05 compared to the ACLT-only group.
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3.3. H. erinaceus Mycelium Suppresses Proinflammatory Cytokine Upregulation

IL-1B and TNF-« are critical proinflammatory cytokines during OA progression [5,6].
IHC staining revealed that while IL-13 and TNF-o synthesis was significantly elevated in
the cartilage and synovium of the ACLT-only group, the expression of both cytokines in
both tissues was lowered by H. erinaceus mycelium (Figures 5 and 6).
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Figure 5. H. erinaceus mycelium suppresses IL-13 and TNF-x expression in the cartilage.
(A,C) Representative images of IL-13 and TNF-« staining. (B,D) Quantification of IHC scores (n = 6
for each group). * p < 0.05 compared to the control group; # p < 0.05 compared to the ACLT-only group.
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Figure 6. H. erinaceus mycelium inhibits IL-13 and TNF-x expression in synovial tissue.
(A,C) Representative images of IL-13 and TNF-« staining. (B,D) Quantification of IHC scores (n = 6
for each group). * p < 0.05 compared to the control group; # p < 0.05 compared to the ACLT-only group.
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4. Discussion

OA causes great physical disability [31]. Much remains unknown about the patho-
genesis of OA, although synovial inflammation is a well-recognized factor [32], so treating
synovial inflammation is favored as an effective means of inhibiting the progression of
OA [33,34]. Elevated levels of proinflammatory cytokine expression are found in OA
joints [35]. The ACLT animal model for surgical initiation of OA erodes the knee joint
cartilage, leading to OA-like disease [6,23]. Here, we found that H. erinaceus mycelium
antagonized ACLT-induced promotion of weight-bearing asymmetry, bone loss, synovial
inflammation and degradation of articular cartilage. In addition, H. erinaceus mycelium
effectively reduced IL-13 and TNF-« levels in cartilage and synovial tissue, suggesting
promising therapeutic effects for OA.

Numerous proinflammatory mediators are produced during the progression of OA,
including IL-1f3 and TNF-«, leading to the activation of catabolic factors, resulting in carti-
lage degradation and bone erosion [36,37]. The levels of IL-13 and TNF-« expression in
serum and synovial tissue are associated with the pathological process of OA [38,39]. Our
ACLT-induced OA model demonstrated that ACLT surgery mimics clinical features, in-
creasing IL-13 and TNF-« synthesis in cartilage and synovial tissue. H. erinaceus mycelium
administration clearly downregulated the IL-13 and TNF-« expression in both cartilage
and synovial tissues. The anti-OA effects of H. erinaceus mycelium are due to its ability to
inhibit IL-13 and TNF-« production.

Nonsurgical treatment OARSI guidelines issued in 2019 suggest that exercises such
as balance training and muscle strengthening are important components in the control
of OA [4]. In regard to pharmacological therapy, the OARSI guidelines strongly recom-
mend (Level 1A evidence) topical NSAIDs for patients with knee OA, while intra-articular
hyaluronic acid or intra-articular corticosteroids are recommended (Level 1B/Level 2)
treatments for knee OA dependent on comorbidities. Oral NSAIDs are conditionally not
recommended (Levels 4A and 4B) and oral or transdermal opioids are strongly not rec-
ommended (Level 5) [4]. Although NSAIDs are commonly used for OA patients, these
agents have unwanted side effects including substantial damage to the gastrointestinal
and cardiovascular systems [40]. Our results indicate that H. erinaceus mycelium prevents
cartilage damage by inhibiting ACLT-facilitated promotion of OARSI, cartilage and syn-
ovium scores. Our study data show that OA-induced damage to bone microarchitectural
parameters BMD, BMC, BV/TV, BS/TV, Tb.Th and Tb.N was rescued by treatment with
H. erinaceus mycelium. Thus, H. erinaceus mycelium protects against cartilage degradation
and bone erosion.

Natural products have been used to remedy human disorders for millennia, and
H. erinaceus is a well-known component of traditional Chinese medicine [41,42]. The con-
stituents of H. erinaceus have been examined, and their functions have been documented
for different body systems, particularly the nervous system [43,44]. H. erinaceus contains
many bioactive components such as polysaccharides, secondary metabolites and nutritional
components [45]. Several important polyphenol oxidase inhibitors (adenosine, ergosterol,
ergothioneine and glutathione) have been found in H. erinaceus mycelium [46]. Other re-
search has also identified that the diterpenoids Erinacine A and Erinacine S show high levels
of bioactivity in H. erinaceus extract, after analysis by HPLC and LC-MS methods [47-50].
However, whether any of these bioactive compounds possess anti-arthritic functions re-
mains to be investigated. We have identified a novel function for H. erinaceus mycelium
as an effective inhibitor of ACLT-induced facilitation of weight-bearing asymmetry and
pain, cartilage degradation, bone erosion and proinflammatory cytokine production. Thus,
H. erinaceus mycelium may serve as a functional food that is beneficial in OA therapy.
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