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ABSTRACT

Objective. This study aimed to determine the effect of seven edible mushrooms in the regeneration rate of
planarian Dugesia hymanae (D. hymanae).

Methods. The ability of D. hymanae to regenerate was used to test extracts of seven mushrooms to reduce
regeneration time, using eyespot and tail formations as endpoints. The planarians were amputated and were allowed
to heal and regenerate in planarian water (control) and varying concentrations of Crude Ethanolic Extracts (CEE)
of the seven edible mushrooms. The CEE with the most significant effect in reducing the regeneration time will be
further sub-fractionated into hexane, ethyl acetate, and ethanol solvent extracts.

Results. In untreated planarian water, amputated planarians' eyespot and tail formations took 4.65 (SD 0.34) and 4.1
(SD 0.21) days, respectively. The CEE of four mushrooms (Shiitake var Benguet, Tea tree, Shiitake var flower, and Black
& White) significantly reduced the regeneration time, with Shiitake var Benguet extract reducing the regeneration
time the most at 2.56 (SD 0.30) days and 2.61 (SD 0.22) days for both eyespot and tail formations (P<.0001)
respectively. The solvent extracts of the Shiitake (Benguet variety) did not reduce the planarian regeneration time
relative to the control (P>.05).

Conclusion. Lentinula edodes (L. edodes) [Benguet variety CEE] had reduced the regeneration time most significantly
for both the eyespot and tail formations compared to the other six tested fungi extracts. The L. edodes (Benguet
variety) CEE may contain compounds that can hasten the regeneration of the planarian D. hymanae.
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INTRODUCTION

Edible mushrooms are widely consumed, particularly
in Asian countries like the Philippines, China, and
Japan.** Some edible mushrooms had been shown to
have pharmaco-medical importance due to their anti-
inflammatory, antioxidative, immunomodulatory, anti-tumor,
and anti-microbial effects.’*>® However, even if the medical
significance of mushrooms is extensively documented, natural
products from mushrooms are underexplored.* Interestingly,
tungal extracts have been shown to enhance wound healing
in mammalian models.”” Finding new treatments that can
potentially improve the wound healing rate for patients
with wound injury is essential to delimit exacerbation of
wound damage.
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appropriate screening model, the planarian regeneration
model.

Planarian is an established model for studies in rege-
neration and stem cell biology due to their remarkable ability
to regenerate because of the presence of the pluripotent stem
cells called neoblast."* Interestingly, gene expression of
pluripotency determinants, epigenetic regulations,and histone
modifications are conserved between planarian and human
stem cells, and thus planarians are an appropriate model
for humans to study wound healing and regeneration.?**

'This study aimed to determine the relative performance
of the CEE of seven common edible mushrooms on their
ability to reduce regeneration time in D. hymanae. The top-
ranking mushroom CEE that reduced the regeneration time
was identified and was separated using solvents (ethanol,
hexane, and ethyl acetate) of different polarities. Each of
these solvent extracts was tested in their regeneration and
wound healing properties in D. hymanae.

MATERIALS AND METHODS
Edible Mushrooms

Seven mushrooms were obtained, identified, and
verified to be the following: three Shiitake (Lentinula edodes)
varieties (flower, fragrant, and Benguet), Tea Tree (Agrocybe
cylindracea), Black and White (Auricularia auricula), White
Fungi (Tremella fuciformis), and Black Fungi (Auricularia
polytricha) as seen in Figure 1.'The identity of the mushrooms

used in this study was verified by Dr. Renato G. Reyes,
previous director of the Center for Tropical Mushroom
Research and Development of the Central Luzon State
University, Nueva Ecija, Philippines. The samples were
cleaned, dried, and homogenized to prepare a 70% ethanolic
solution for each extract. The ethanolic portion of the extracts
was removed by rotary evaporation (Biichi Rotavapor R-200,
Sigma-Aldrich, St.Louis, MO, USA), and the remaining
aqueous portion was lyophilized using a SpeedVac (Savant
DNA Speed Vac® DNA 110, Thermo Fisher Scientific,
Waltman, MA, USA). The lyophilized mushroom CEEs
were resuspended at varying concentrations using planarian
water. Sub-lethal concentrations of each fungal extract
to the planarians were determined using five planarians
per concentration. Planarian water contains different salts
(150.07 pmol NaCl, 6.04 pmol KCI, and 100.02 pmol
CaCl,) based on the planarian care instructions of the Levin
Lab of Tufts University, Massachusetts, USA.

After testing for the effect of the different mushroom
extracts, the CEE with the highest wound healing and
regeneration activity was further characterized by extracting
the CEE into three solvents (70% ethanol, 99% ethyl acetate,
and 99% hexane) of different polarities. A separatory funnel
was used to separate the solutions of extracted components
from each of the other solvent extracts. The extracting solvents
were removed from each of the extracted components by
rotary evaporation, and each of the remaining portions was
resuspended at varying concentrations using planarian water.

)

Tea Tree Mushroom
Agrocybe cylindracea

White Fungi
Tremella fuciformis

Shiitake Mushroom
Flower variety
Lentinula edodes

Auricularia polytricha

1o
Shiitake Mushroom
Benguet variety
Lentinula edodes

Black Fungi

Black & White Fungi
Auricularia auricula

'

Shiitake Mushroom
Fragrant variety
Lentinula edodes

Figure 1. The seven edible fungi were tested for their regeneration properties. The bar scale below each image indicates 1 cm.
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Test Animals

Planarians (D. Aymanae) were collected from a
stream in Bucal, Calamba City, Laguna, Philippines
(14°11'07.7"N,121°10'19.7"E). The identity of the planarians
was previously verified by the Laboratory of Molecular
Developmental Biology of Kyoto University in Japan and
by available scientific literature.”?* All planarians were
acclimatized in a temperature-controlled condition (24°C)
for two weeks and were fed with yolk from hard-boiled eggs
every day. In each fungal set-up, the collected planarians
were distributed into six groups (one control group at 0 pg/
mL of the extract and five treatment groups at 5, 50, 100,
250, and 500 pg/mL of the extract). Each group consisted
of 10 biological replicates of the planarians (#=10). The same
number of planarians was used for the regeneration assays
using the solvent extracts. Overall, 600 planarians were
used in the regeneration assays.

Regeneration Assay

In each concentration of the fungal CEE, ten biological
replicates of the planarians (7=10) were transversely cut at
the midsection and were exposed to each of the sub-lethal
concentrations of each fungus. The planarians were allowed
to heal and regenerate in planarian water at a temperature-
controlled condition (24°C) and observed every 12-hr
until the regeneration endpoint. We used the following
regeneration endpoint criteria as follows: (1) appearance
of eyespots in the anterior, and (2) appearance of tapered
(V-shaped) tail in the posterior.”® The fungal CEE that
reduced regeneration time of amputated planarians the
most was determined (Figure 2). This fungal CEE was sub-
fractionated using hexane, ethyl acetate, and ethanol to make
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hexane, ethyl acetate, and ethanol solvent extracts of the
fungal CEE. These three solvent extracts were also tested
for the planarian regeneration assay.

Statistical Analysis

"The mean time for each planarian to form the regeneration
endpoints was determined for each concentration of the
different fungal extracts. The mean regeneration time for
each experimental set-up was compared to the control. The
difference was considered significant when the P<.05 using
the independent t-test of the Open Epi statistical software.?

RESULTS

Shiitake L. edodes (Benguet variety) CEE reduces
planarian regeneration time most significantly
After transverse amputation of the planarians at
their midsections, complete regeneration was considered
accomplished upon the appearance of eyespots or the
formation of V-shaped tails (Figure 2). Among the seven
tested fungal CEE (Figures 1, 3, and 4), the Shiitake
Lentinula edodes (Benguet variety) reduced the regeneration
time of planarians most significantly for both eyespot
appearance (P<.0001) and tail formation (P<.0001). The time
for eyespot appearance was shortest at 500 pg/mL with a
mean regeneration time of 2.56 (SD 0.34) days (Figure 4A).
This means the regeneration time point was significantly
faster than the regeneration of untreated planarians, which
was 4.65 (SD 0.34) days (P<.0001). However, it has to
be noted that a significant reduction in the regeneration
time of CEE-treated planarians relative to the untreated
planarians was already demonstrated starting at 5 pg/mL.

Dugesia
hymanae

Tail regeneration endpoint:
V-shape tail formation

(broken lines)

Head regeneration
endpoint: Eyespot
formation (arrows)#i 8

S

Figure 2. lllustration of the Regeneration Endpoints of Planarians (D. hymanae). After amputation at the
midsection, the planarians were exposed to different concentrations of each fungal extract. They were
observed to form the regeneration endpoints (i.e., V-shape tail and eyespot formation formations).
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Figure 3. Mean Regeneration Time of D. hymanae Exposed to Different Crude Ethanolic Extracts

(CEE) of Edible Mushrooms.

The left column (blue bar graphs) shows the eyespot regeneration data, while the right column (orange
bar graphs) shows the tail regeneration data. The number of tested planarians for each set-up is indicated
by n. The surviving planarians at the experiment's end are the numerator and the total number of tested
planarians as the denominator. Error bars indicate the standard deviation of the mean regeneration time.
Each extract was compared to the control and significant difference were determined at *P-value <.05,
**P-value <.01, ***P value<.001, and ****P value <.0001.

On the other hand, the shortest time for regenerating
the V-shaped tails was observed at 250 and 500 pg/mL of
Shiitake Benguet variety CEE, with both concentrations
exhibiting a mean regeneration time of 2.61 (SD 0.22) days
with P<.0001 (Figure 4B). This means the regeneration
time point was significantly lower than the regeneration
of untreated planarians, which was 4.10 (SD 0.33) days.
Similarly, as observed in the eyespot appearance described

above, the study showed that the minimum concentration of
Shiitake (Benguet variety) CEE for significantly reducing the
regeneration of the tail was at 5 pg/mL. This concentration
is similar to the minimum CEE concentration at which
the regeneration time of the eyespot was reduced. Similarly,
both the eyespot and tail regenerations showed a dose-
dependent reduction in the regeneration time, but they seem
to plateau at specific concentrations (Figure 4A-B).
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Figure 3. Mean Regeneration Time of D. hymanae Exposed to Different Crude Ethanolic Extracts

(CEE) of Edible Mushroomes. (continued)

The left column (blue bar graphs) shows the eyespot regeneration data, while the right column (orange
bar graphs) shows the tail regeneration data. The number of tested planarians for each set-up is indicated
by n. The surviving planarians at the experiment's end are the numerator and the total number of tested
planarians as the denominator. Error bars indicate the standard deviation of the mean regeneration time.
Each extract was compared to the control and significant difference were determined at *P-value <.05,
“*P-value <.01, ***P value<.001, and ****P value <.0001.

Solvent Extracts of Shiitake L. edodes (Benguet
variety) did not reduce the regeneration time

The Shiitake (Benguet variety) CEE reduced the
regeneration time of D. Aymanae most significantly
compared to six other mushroom CEEs (Figures 3 and 4).
The Shiitake (Benguet variety) CEE was extracted using

different solvents — ethanol (aqueous), ethyl acetate, and

hexane, further to characterize the regenerative properties of
the solvent extracts. The planarian regeneration assays using
the solvent extracts of Shiitake (Benguet variety) showed
the mean regeneration time was not significantly different
from that of the control with a mean eyespot and tail
regeneration time of 3.00 (SD 0.27) and 3.15 days (SD 0.34),
respectively (Figure 4C-F).
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Figure 4. D. hymanae Mean Regeneration Time in the Solvent Extracts (ethyl alcohol, ethyl acetate,
hexane) of the Crude Ethanolic Extract of Shiitake Lentinula edodes (Benguet variety).

The left column shows the eyespot regeneration data (blue), while the right column shows the tail
regeneration data (orange). The number of tested planarians for each set-up was indicated by n. The
surviving planarians at the experiment's end are the numerator and the total number of tested planarians as
the denominator. Error bars indicate the standard deviation of the mean regeneration time. Abbreviation:
EtOH, ethyl alcohol; EtOAc, ethyl acetate. P-value: *P<.05, **P<.01, ***P<.001, ****P value <.0001.
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DISCUSSION

Relationship of Planarian Regeneration and the
Concentration of L. edodes (Benguet) CEE

This is an exploratory type of research of discovering
potential new sources of regenerative compounds for
speeding up or decreasing the time for wound healing.
Among the tested fungal CEEs in this study, the Shiitake
(Benguet variety) showed the most significant reduction
in regeneration time, which translates to faster wound
healing and regeneration rates (Figures 3 and 4). All
Shiitake (Benguet variety) CEE concentrations showed a
remarkable increase (P<.0001) in the speed of eyespot and tail
regenerations compared to the negative control. Figures 4A
and 4B also show that there seemed to be a dose-dependent
reduction of regeneration time for both the eyespot and tail
regeneration assays. To determine whether there was a dose-
dependent reduction of regeneration time, further statistical
comparisons were made amongst the significant CEE
concentrations.

In the eyespot regeneration assay, statistical analysis
showed that there was no significant difference between
the 50, 100, 250, and 500 pg/mL, but when these higher
concentrations were compared to the 5 pg/mL, significant
differences were noted at P=.0177, P=.0003, P=.0003 and
P=.0001 respectively. Thus, this suggests that the minimum
concentration of Shiitake (Benguet variety) CEE for
significantly reducing the regeneration of eyespots was at
5 pg/mL and may begin to plateau at 50 pg/mL. The same
statistical comparison was also made on the concentrations
that significantly reduced the tail regeneration time.
Results showed that comparing the tail regeneration rates
of planarians exposed to the 5 pg/mL; the 50 pg/mL
(P=.2954) was not significantly faster. In contrast, the 100,
250, and 500 pg/mL were significantly faster in increasing
the speed of tail regeneration with P=.0202, P=.0017, and
P=.0017, respectively. Further analysis also revealed that tail
regeneration at the 250 pg/mL (P=.0264) and 500 pg/mL
(P=.0264) was significantly faster compared with the 50 pg/
mL but not with the 100 pg/mL (P=.6371). Thus, this suggests
that the minimum concentration of Shiitake (Benguet
variety) CEE for significantly reducing the regeneration of
tails was at 5 pg/mL and may begin to plateau at 100 pg/mL.

These observed effects may then provide a possible
optimal range of the Shiitake (Benguet) CEE concentrations
to speed planarian regeneration. Based on the study results,
the tested Shiitake (Benguet variety) CEE concentrations
hasten the regenerate rate of D. hymanae starting at 5 ug/
mL and even significantly faster at higher concentrations.
Based on published literature, no data explained why there
were observed differences in the L. edodes CEE concentration
and the speed of planarian regeneration. We may speculate
that, like any other intervention or exposure, the effect
of the tested extract will eventually reach its maximum

Mushrooms for Reduction of Regeneration Time

concentration where it can exert its optimal effect. Beyond
this optimal range of concentrations, the result of the
extract on the planarian regeneration rate may be saturated
already. Increasing the concentration may not provide
further regenerative effects and may potentially be toxic to
the tested animals. As demonstrated by our study, both the
eyespot and tail regeneration rates seemed to plateau at a
specific concentration as there were no significant differences
among the top four (50, 100, 250, and 500 pg/mL) and top
three (100, 250 and 500 pg/mL) concentrations for the
eyespot and tail regeneration assays respectively. Toxicity
was not observed in this extract because the concentrations
tested were supposedly sub-lethal to the planarians. We did
sub-lethal concentration assays to extrapolate proper CEE
concentrations of each extract.

Comparison of the effect of the Shiitake (Benguet
variety) on the regeneration of planarian eyespots
and tails

'This study showed that both planarian eyespot and tail
regenerations exhibited a similar minimum concentration
(i.e., 5 pg/mL) of L. edodes CEE, which significantly sped
up the regeneration time. All the tested L. edodes CEE
concentrations showed a remarkable increase in regenerate
rates (P<.0001) as discussed above relative to the negative
control. It was also observed that the L. edodes Benguet CEE
seemed to reach its estimated maximal effect on the eyespot
and tail regeneration times starting at 50 and 100 pg/mL,
respectively. Based on these results, we may infer that the
extract could have differential effects on the eyespot and
the tail regeneration processes.

These data suggest that eyespot regeneration requires a
lesser concentration of the Shiitake (Benguet) CEE to reach
its potential optimal regenerative effect. Since both eyespot
and tail regeneration assays showed significant regeneration
activities starting at 5 pg/mL, it can be inferred that the
approximate ranges of the lower limit of the regenerative
activities of the L. edodes Benguet variety are 5-50 pg/mL
for the eyespot regeneration and 5-100 pg/mL for the tail
regeneration set-up. Above the respective concentrations,
there was no further significant increase in the speed of
planarian regeneration as described above. Furthermore,
these data also provide us insight into how the L. edodes
CEE may exert more effect/s on the eyespot regeneration
than tail regeneration because eyespot regeneration only
required a lower concentration for the amputated planarians
to reach the optimal eyespot regenerative effect. Hence, the
study showed a more potent effect in increasing eyespot
regeneration speed than tail regeneration. To our knowledge,
this is the first time that L. edodes CEE demonstrated
regenerative properties in D. hymanae, which was more
apparent in speeding up eyespot regeneration compared to
tail regeneration. Furthermore, no published literature readily
compared the speeds of eyespot versus tail regenerations.
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Basics of planarian regeneration biology

The regenerative ability of planarians can be explained
by abundant pluripotent stem cells called the neoblast.”
Neoblasts, particularly clonogenic or cNeoblasts, can develop
into all adult planarian cell types, which is the functional
definition of pluripotency.® In fact, neoblasts are the only
source of new cells in planarians, and depletion of neoblasts
by irradiation blocks regeneration completely.’3* Any
wounding event will activate the neoblast proliferation,
particularly at the wound site called a blastema.”* In our
regeneration study, we observed blastema formation and
rapid migration of the neoblast near the wound site after
transverse amputation.

There are cellular and molecular differences in how
the planarian maintains the integrity of its eyespot and tail
regeneration processes. The leading proposed mechanism as
to how neoblasts are regulated to regenerate the anterior and
posterior portions of planarians is through the Waz pathway.
The conserved Wnt signaling was shown to promote tail
regeneration processes, such that inhibition of this pathway
will transform the existing tail into a head or reprogram
a tail blastema into head development in a regenerating
planarian.***¢ The opposite phenotype has been observed
when the Wnt signaling pathway was activated.’**% In
our study, since there was a more potent effect in increasing
the speed of eyespot regeneration, we may speculate that
the L. edodes Benguet CEE may potentially promote the
inhibition of the Wns pathway. However, further studies
should be done to validate this hypothesis.

Anti-oxidants in L. edodes (Benguet variety)
may scavenge wound-induced Reactive Oxygen
Species (ROS), promoting faster regeneration

It has been illustrated that there is an active cell division
at the wound site of the planarians after any injury because
the cNeoblasts will try to replace or repair the missing
structures.”?? With an increased rate of cell division,
there is also an increased amount of reactive oxygen species
(ROS) that may inhibit the wound healing and regeneration
process.’®#! Hence, the presence of an antioxidant compound,
which can scavenge these ROS, may translate to faster
wound healing and regeneration, which were observed mainly
in L. edodes (Benguet variety) CEE.#0#2

Some studies have shown that a similar ethanolic extract
of L. edodes contain the following anti-oxidative compounds:
phenols (25.5 ug/mg), ascorbic acid (1.9 ug/mg), flavonoids
(2 ug/mg), beta-carotene (0.015 ug/mg), lycopene (0.01
ug/mg). The phenols and flavonoids were demonstrated to
have good antioxidant properties and free scavenging power
through different in vitro anti-oxidant assays like the DPPH
(2,2-diphenyl-1-picrylhydrazyls) radical scavenging assay,
reducing power assay, and superoxide radical scavenging
assay.®* Although these antioxidant capacity assays were
not done in our study, it can be suggested that these similar
compounds may be responsible for the observed increased

regeneration activity in the test animals by preventing
regenerating planarian cells from further oxidative stress.
We may need further studies to confirm whether these
metabolites in L. edodes are responsible for increasing the
regeneration rates in planarians.

It has also been demonstrated that wound-induced
ROS in planarians acts as upstream regulators of tissue
regeneration.* Interestingly, it has been suggested that
early inhibition of ROS burst may impede the regeneration
process, which is indirectly in contrast with the results of our
study.*” However, it should be noted that the temporal effect
of ROS scavengers and their molecular effects in planarian
regeneration is not yet fully elucidated.** Furthermore,
there are no published studies yet on comparing the temporal
effect of anti-oxidants, that is, comparing early versus late
inhibition of the ROS oxidative bursts in planarian wound-
induced ROS. Although more studies need to be done, it
can be inferred that the active compounds found in the L.
edodes extract in our study may exert their effect in the later
stage of planarian wound-induced ROS because of the
fungi-planarian regeneration assay results showed that there
were increased regeneration rates. These data may provide
further studies in the timing (early versus late) of exposure
to extracts, other interventions or both, in other wound
repair and regeneration models.

L. edodes (Benguet variety) Solvent Extracts and
planarian regeneration

To characterize the possible active metabolites in L.
edodes CEE further, the mushroom extract was further
subjected to separation through solvent extraction using
solvents of decreasing polarity — ethanol, ethyl acetate, and
hexane. Results showed that all the solvent extracts did not
significantly reduce the regeneration time of the planarians
(P>.05). It was also observed that not all planarians survived,
particularly in the highly non-polar solvent extracts (Figure
4E-H). However, the number of planarian deaths was not
correlated to the concentration of the ethanol and ethyl
acetate solvent extracts. On the other hand, more planarian
deaths were noted at the higher concentrations of the
hexane solvent extracts,

The differential response of the planarians to the
environment they are exposed to, like the different types of
solvent extracts,may be attributed to the polarity of the solvents
used. In the more polar solvent extracts like ethanol and ethyl
acetate,some planarians could tolerate the concentrations they
were exposed to. Although some planarians in these solvent
extracts regenerated, some planarians died. Meanwhile, the
hexane solvent extracts' highly non-polar or hydrophobic
properties may explain higher deaths observed in such
types of solvent extracts. The highly non-polar property of
the hexane molecules can readily interfere with the wound
repair processes of the newly exposed planarian wound.
Since the nature of the regeneration assay is to amputate
the planarians and expose them to the extracts transversely,
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the fragile wound sites are readily exposed to the extracts.
'These non-polar hexane molecules can then solubilize and
easily damage the compromised hydrophobic lipid bilayer of
the planarian cell membrane. Consequently, normal wound
repair and regeneration will be impaired, and in the worst-
case scenario, these planarians may die.

In the solvent extracts set-up of the eyespot regeneration
assay, one planarian died at zero concentration. Nonetheless,
the surviving nine planarians regenerated completely with
no defects. There is always a risk of an animal dying from
unknown causes in any animal study, which may also occur
even in the control group. All planarians were acclimatized
to our experimental conditions for at least two weeks before
proceeding with the regeneration assays. Also, healthy
planarians were randomly distributed across the different
extract types and concentrations. During the experiments,
all possible variables were controlled except for the
parameter of interest, which is the exposure of the planarians
to the different extract types and concentrations. During
the execution of the regeneration assays, careful handling
of the tested animals was done to avoid unnecessary stress
to the planarians.

CONCLUSION

Shiitake L. edodes (Benguet variety) CEE had reduced
the regeneration time most significantly for both anterior
and posterior portions compared to the other six tested
fungi extracts. All tested concentrations of the L. edodes
CEE significantly reduced the regeneration time for both
the eyespot and tail regeneration assays. The minimum
concentration for considerably reducing the regeneration of
the eyespot and tails was both at 5 pg/mL and may begin
to plateau at 50 and 100 pg/mL, respectively. The ethanol,
ethyl acetate, and hexane solvent extracts of the Shiitake
Benguet CEE did not reduce the regeneration time of
the tested animals. There was no correlation between the
concentration of the more polar solvent extracts (ethanol
and ethyl acetate) and the observed deaths in the planarians.
Meanwhile, there were more planarian deaths in the higher
concentrations compared to the lower concentrations of
the non-polar hexane solvent extracts.

Initial findings of the study showed the potential of
Shiitake (Benguet variety) in reducing the regeneration time
of D. hymanae. This may justify further investigation, like the
characterization of the active metabolite. It is recommended
to use more advanced purification techniques such as high-
performance liquid chromatography (HPLC). A higher
resolution of separation of each fraction of interest will be
tested for wound healing and regeneration activities. The
range of concentrations at which this extract reduced the
regeneration time in planarians can lead to future studies
that seek to identify the optimal concentrations. It is
also interesting to determine what molecular and cellular
pathways are affected by the tested extract and how they

Mushrooms for Reduction of Regeneration Time

relate to the observed differences in the eyespot and tail
regeneration times. It is also recommended to explore the
other tested mushroom extracts, which showed a significant
reduction in regeneration time. Lastly, it is prudent to test
these extracts onto a mammalian model (e.g., mice) and
eventually humans.
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