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The bioluminescent basidiomycetes Neonothopanus nambi FRIM550, produces secondary metabolites with potential
antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA), which causes serious acute and
chronic skin infections. A dimeric sesquiterpenoid known as aurisin A was identified as the anti-MRSA marker
compound. Aiming at exploring terpenoid-rich metabolites from N. nambi as a novel topical antibacterial agent,
this study describes biomarker compound quantification for quality control and toxicity evaluation of the active
ingredient for therapeutic applications. Culture filtrate of N. nambi FRIM550 from stirred-tank bioreactor
fermentation was extracted and subjected to column chromatography to isolate the terpenoid-rich active
ingredients (TRAI), which exhibited strong inhibition against reference MRSA and clinical FRMRSA (fusidic acid-
resistant MRSA) strains. TRAI showed a minimum inhibitory concentration (MIC) of 3.91 and 7.81 pg mL" against
MRSA and FRMRSA, respectively. A method for quantitative analysis of aurisin A was developed using reversed-
phase HPLC coupled with a diode array detector (HPLC-DAD). In vitro toxicity evaluation showed that TRAI did
not adversely affect the viability of BALB/3T3 clone A31 (fibroblast) cells at the anti-MRSA MIC concentrations,
showing more than 90% cell viability. In vivo acute dermal toxicity study indicated that topical administration
of a formulation containing 2% (w/w) TRAI was non-irritant with no signs of toxicity or mortality and no gross
abnormalities in any of the organs in test animals during the 14-day period, showing a median lethal dermal dose
(LD,,) of > 2000 mg kg body weight. Moreover, in vivo acute oral toxicity study showed that oral administration of
TRAI at a dose of 2000 mg kg* body weight did not result in adverse behavioral changes or death in the animals,
and no gross abnormalities were observed in any of the organs. Therefore, TRAI did not cause any treatment-
related adverse effects in the rats at 2000 mg kg™ dose. Our results are significant as they highlighted the potential
use of the terpenoid-rich active ingredients from N. nambi FRIM550 to develop alternative treatments for MRSA
skin infection.

Keywords: Methicillin-resistant Staphylococcus aureus, MRSA skin infections, basidiomycetes, secondary metabolites,
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INTRODUCTION

The emergence of antimicrobial-resistance in  topical antibiotics in treatment has advantages
pathogenic bacteria is one of the major threats  over systemic treatments, which include delivery
to public health worldwide. Methicillin-resistant ~ of high concentrations of antibacterial agents
Staphylococcus aureus (MRSA) is an example,  at the required site and reduction in systemic
where community-acquired and nosocomial  toxicity (Stevens et al. 2014). Formulations
or hospital-acquired MRSA strains exhibit  containing mupirocin, retapamulin and fusidic
resistance to multiple classes of antibiotics,  acid have been used as topical antibacterial
causing life-threatening infections in humans  agents. However, the resistance of S. aureus to
(Clericuzio et al. 2021). Being an opportunistic ~ these antibiotics has been repeatedly reported
pathogen that can infect open wounds and (Principi et al. 2020). Thus, continuous
surgery sites, MRSA causes serious acute and  research is urgently needed to find new, safer
chronic skin and soft tissue infections, leading  alternative treatments to tackle serious MRSA
to patient morbidity and mortality. The use of  topical infections (Terreni et al. 2021)
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Basidiomycetes fungi are largely untapped
sources of valuable antimicrobial natural
products with the potential to be developed
as mycopharmaceuticals or basidiomycetes-
derived drugs (Vimalah et al. 2020, Al-Obaidi
et al. 2021). Terpenoids are among the major
classes of antibacterial metabolites produced
by basidiomycetes (Dasgupta & Acharya 2019).
Neonothopanus nambi (Speg.) R.H. Petersen &
Krisai is a bioluminescent basidiomycete species
that has been studied extensively in recent years
as a rich source of secondary metabolites with
a diverse range of pharmacological properties
(Kanokmedhakul et al. 2012, Boueroy et al.
2021, Getha 2024). Previously, Getha et al.
(2009) observed strong antibacterial activity
in submerged mycelial culture extract of N.
nambi strain FRIMb550, which was isolated from
root rot disease-infected Acacia mangium roots.
Terpenoid-rich metabolites fractionated from
the basidiomycete extract were responsible for
the strong antibacterial activity (Getha et al.
2021). Aurisin A, a dimeric sesquiterpenoid, was
identified as the key anti-MRSA compound in
the enriched extract (Getha et al. 2023). Thus,
aurisin A could be considered a biomarker for
quality standardisation of the terpenoid-rich
antibacterial extract from N. nambi.

High-performanceliquid chromatography
(HPLC) analysis for generating chemical
fingerprints and quantifying the marker
compound present in natural product-based
active pharmaceutical ingredients, is one of the
key strategies in quality control (Sunthudlakhar
et al. 2022). Therefore, this study aims to first
compare the terpenoid-rich active ingredients
(TRAI) from N. nambi with standard
antistaphylococcal antibiotics for their anti-
MRSA efficacy, and then to develop a HPLC
method for quantification of the key biomarker
(aurisin A) in TRAI In vitro and in vivo toxicity
studies were also conducted to assess the toxicity
effects of the API, given its potential application
as an antibacterial and anti-MRSA agent for
managing topical infections.

MATERIALS AND METHODS

Fermentation of N. nambi FRIM550 in a
stirred-tank bioreactor

Mycelial cultures of strain FRIMb550 were
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grown on Potato Dextrose Agar (PDA) at 28
oC. After 8 days of growth, 5-mm-diameter
mycelial plugs were cut from the edge of the
PDA cultures using a sterile cork-borer and
transferred to 1 L Erlenmeyer flasks containing
Y5MGI10 fermentation medium [5 g L7 yeast
extract; 5 g L' malt extract; 10 g L' D(+)glucose
anhydrous; 3 g L' KH,PO,; 1 g L' MgSO,.7H,O;
pH 5.5]. The flasks were incubated on a rotary
shaker at 200 rpm and 28 + 2 °C for 4 days.
The culture (5%, v/v) was then inoculated
into 3 L fermentation medium in a 5 L stirred-
tank bioreactor (Minifors-Infors HT). Batch
fermentation was carried out for 9 days at 26 + 2
°C and initial pH 5.5, with an agitation speed of
150-300 rpm, dissolved oxygen concentration
of 25 + 5% and aeration rate of 0.5-1.5 vwm
(Getha et al. 2021).

Preparation of terpenoid-rich active
ingredient (TRAI)

Cellfree culture filtrate harvested from the
bioreactor after 9 days, was extracted with butyl
acetate (1:1.5, v/v). The BuOAc extract of
fungal secondary metabolites was then dissolved
in methanol (MeOH) and fractionated using
column chromatography (CC) in lipopilic
Sephadex LH-20 (Sigma-Aldrich USA) with
MeOH as the mobile phase and a flow rate of
0.5-0.7 mL min-1. Terpenoid-rich fractions
eluted between 17-25 hours were combined and
dried under a vacuum to obtain the enriched
active ingredient coded as TRAI (Muhammad-
Syamil et al. 2018).

Isolation of aurisin A compound

Aurisin A was isolated according to the methods
described by Getha et al. (2023). The BuOAc
extract of strain FRIMb550 was first subjected
to Sephadex LH-20 CC (elution with 100%
MeOH). Then fractions containing aurisin A
were further purified by preparative HPLC
using Zorbax XDB-C18 column (21.2 x 150
mm; Agilent Technologies USA) in an Agilent
1260 Infinity II system equipped with diode
array detector (DAD), with a gradient elution
of 5 mM ammonium formate (pH 3.5) and
acetonitrile as the mobile phases. Based on
retention time (16 min) and UV spectrum
(Getha et al. 2023), aurisin A was eluted as a
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yellow amorphous solid. Working solutions of
aurisin A were then prepared for the HPLC
quantification analysis.

HPLC method for quantitative analysis
of aurisin A

The HPLC method for analysis of aurisin A
content was developed based on methods
described by Dorrani et al. (2014). Triplicate
samples of aurisin A were dissolved in MeOH (1
mg mL"'), and subsequent dilutions were made
to a concentration range of 10-160 pg mL™.
Working solutions were filtered using a 0.45
pm syringe filter before the analysis. Sample
quantification and calibration curves were
performed using a Zorbax XDB-C18 column
(4.6 x 100 mm, 3.5 pm; Agilent Technologies
USA) on an HPLC Agilent 1260 Infinity series
equipped with DAD setat 320 nm for detection of
aurisin A under analytical conditions described
above. The relative standard deviation (RSD) of
replicates at each concentration was calculated,
and a calibration curve was obtained by plotting
the average HPLC peak area and compound
concentration. Data were evaluated for slope,
intercept values and correlation coefficient
(R). The linearity of the calibration curves
was determined (R? > 0.998), and the limit of
detection (LOD) and limit of quantification
(LOQ) were determined based on the standard
response deviation and slope of the regression
line to perform the sensitivity analysis (Rosing
et al. 2000).

Quantification of aurisin A in TRAI
samples

For quantification of the biomarker in TRAI,
samples were prepared from BuOAc extracts
produced in three different fermentation
batches of N. nambi FRIMb550 (23-263-TRAI,
23-264-TRAI, 23-266-TRAI). The samples were
dissolved in MeOH at a concentration of 2 mg
mL" and vortexed to allow efficient dissolution.
Sample solutions were then analysed in triplicate
HPLC analysis using the method and analytical
conditions described above to quantify aurisin
A. Content of the biomarker compound was
calculated based on a linear equation obtained
from the calibration curve, and given as g per
100 g of TRAI (%, w/w).
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Antibacterial activity by minimum
inhibitory concentration (MIC) assay

Antibiotics oxacillin, vancomycin and fusidic
acid were purchased from Sigma-Aldrich.
Methicillin-resistant Staphylococcus ~ aureus
(MRSA) reference strain ATCC 33591 was
purchased from the American Type Culture
Collection (ATCC USA), and the MRSA clinical
strain BD 16876 was obtained from the Faculty
of Health Sciences, Universiti Kebangsaan
Malaysia. Testbacteriawere cultured overnightat
37 oC in Mueller-Hinton broth, and the culture
suspension was adjusted to an OD reading of
0.08-0.13 at A ,, nm using a spectrophotometer,
which corresponds to a cell density of 10° colony
forming units (CFU) mL-'. MIC values of the
test samples against MRSA were determined
by broth microdilution assay according to the
methods of Clinical and Laboratory Standards
Institute guidelines (CLSI 2018). The MIC is
the lowest concentration of the sample at which
no visually detectable bacterial growth was
observed.

In vitro toxicity

Fibroblast cell line BALB/3T3 clone A31 was
obtained from the American Type Culture
Collection (ATCC). The cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% heat inactivated
newborn calf serum and 1% penicillin/
streptomycin, and were maintained at 37 °C
and 5% CO,/95% air. Exponentially growing
cells were seeded in a 96-well plate at 1 x 10*
cells per well density in complete culture
medium (100 pL per well). After an overnight
incubation, the culture medium was removed,
and the cells were washed with phosphate
buffered saline (PBS). The cells were then
treated with various concentrations of TRAI
sample (0-320 pg mL" in serum-free medium)
for 24 hours. The concentration of dimethyl
sulphoxide used to dissolve the test sample
was maintained at 0.5% in the test system.
Sodium lauryl sulphate (0-60 pg mL-') was
used as the positive control. After the treatment
incubation period, cell viability was assessed
by the MTT (3-[4,5-dimethylthiazolyl-2]-2,5-
diphenyl tetrazolium bromide) assay based on
Mosmann (1983) with slight modifications. A
dose-response curve was plotted and the 50%
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inhibitory concentration (IC, ) was determined
from the dose-response curve by non-linear
regression using GraphPad Prism 8.4.3 software.
Each data is represented by mean + standard
error of the mean (S.E.M.) of at least three
independent experiments.

In vivo acute dermal toxicity

TRAI was dissolved in a suitable vehicle
as described by Getha et al. (2021) at a
concentration of 2% (w/w) and evaluated
for acute dermal toxicity on 8-9 weeks old
female Sprague Dawley rats. The test method
was in accordance with the Fixed dose
procedure OECD TG 402 guidelines of the
Organisation for Economic Cooperation and
Development (OECD 2017), and performed
by an independent testing laboratory (SIRIM
QAS International Sdn Bhd). A test sample
was first administered topically (dermal) in
a single application on the animals’ test site,
and detailed clinical observations were done
immediately after patching. Following a 24-
hour exposure, the test sample was removed
and clinical observations were done on the rats
based on the Draize criteria as in OECD TG 402.

In vivo acute oral toxicity

A 14-day acute toxicity study on TRAI sample in
healthy female (7-8 weeks old) Sprague Dawley
rats was conducted to assess its safety in case of
accidental ingestion of products containing the
active ingredient. The study was conducted in
accordance with the OECD TG 420 guidelines
(OECD 2002),and the experimental procedures
were approved by the Institutional Animal
Care and Use Committee, FRIM (IACUC No.
IACUC-FRIM/04/1-2020). Rats were housed
under standard environmental conditions of
12-hour light/12-hour darkness, given ad libitum
access to a standard pellet diet and water and
acclimatized to the new environment for 7 days.
The sighting dose of TRAI was started at 300 mg
kg-! body weight based on the recommendation
of the OECD guideline on one animal, and the
single dose was orally gavaged in the animals.
Based on the sighting dose results, the main
dose study was conducted at a 2000 mg kg
dosage with another four animals added to the
first tested animal. The animals were observed
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for behavioral changes, signs of toxicity and
mortality at the first, second, fourth and sixth
hour, and once daily for 14 consecutive days.
The control group were not given TRAI during
the study. Daily observation for mortality
and abnormal clinical manifestations such as
piloerection, salivation and lacrimation were
done on the five rats and weight was recorded
on days 1, 7 and 14. All animals were sacrificed
by carbon dioxide inhalation euthanasia at the
end of the study (15th day). Vital organs (liver,
kidney, spleen, heart, lung, ovary and stomach)
were harvested, weighed and a gross macroscopic
physical examination was performed. All data
were presented as mean * standard deviation
and analysed using the Statistical Package
for the Social Sciences (SPSS) software.
Statistical differences between the means for
each measured variable were determined by
Analysis of Variance (ANOVA), and results were
considered statistically significant when p < 0.05.

RESULTS

Quantitative analysis of aurisin A
content in N. nambi FRIM550 active
ingredient

An HPLC method based on analytical
conditions described by Getha et al. (2023),
was developed for the quantitative analysis of
the dimeric sesquiterpenoid aurisin A. Table
1 shows the mean HPLC peak area data for
each concentration of the compound. The
method’s accuracy was determined after three
injections of known concentration of aurisin
A were done on three different days (inter-
day analysis). A calibration curve was plotted
using the mean values for each set as shown in
Figure 1. Linearity of the calibration curve was
determined (R? value of 0.9998), confirming
the analytical method’s linearity. The LOD
and LOQ values were 3.44 pg mL' and
10.43 pg mL', respectively, determined from
the generated calibration curve (Figure 1).
The developed HPLC method was then
used for performing quantitative analysis
of aurisin A present in triplicate samples of
the terpenoid-rich active ingredient (TRAI)
produced from different fermentation batches
of N. nambi FRIM550. Figure 2 shows that the
HPLC fingerprint of the TRAI samples exhibited
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Tablel HPLC peak area (mean =+ standard
deviation) of triplicate aurisin A samples
from inter-day analysis (RSD, relative
standard deviation)

Aurisin A Inter-day analysis*

(pg mL™) Peak area (mAU.s) %RSD
10 169.447 + 3.524 2.08
20 255.658 + 6.194 1.54
40 513.922 + 11.667 1.33
80 1062.499 + 172.365 8.63
160 2408.282 + 449.672 10.21

*Each concentration was injected three times and all
aurisin A samples analysed on three different days

specific chromatographic characteristics. The
chromatograms of each sample showed good
separation of the peak corresponding to aurisin
A, from other peaks in the active ingredient
under the analytical conditions. Moreover, the
compound peak in each sample was similar
to the UV spectra and peak retention time of
pure aurisin A compound (16 min), as reported
previously (Getha et al. 2023). Quantification
using the plotted calibration curve showed that
the biomarker compound was present in the
concentration range of 33-60% w/w in TRAI
(Table 2).
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Figure 1 Calibration curve of aurisin A (at 320 nm)
plotted using average HPLC peak area
values of each concentration
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Figure 2 HPLC-DAD chromatograms (320 nm

detection wavelength) of triplicate TRAI

Table 2 HPLC analysis for quantification of aurisin A in terpenoid-rich active ingredient (TRAI) samples
obtained from three different fermentation batches (results from triplicate analysis of each sample)

TRAI sample codes 23-263-TRAI 23-264-TRAI 23-266-TRAI
Sample concentration (pg mL™") 2000 2000 2000
Sample dilution factor 8 6 8
Analysis 1 1989.132 2271.287 1060.733
Peak area Analysis 2 1998.100 2264.760 1095.641
(mAU.s) yst : : :
Analysis 3 1938.704 1894.743 1053.779
Aurisin A (pg mL'; mean +s.d.) 151.13 +2.44 163.96 + 16.43 82.11+1.71
Aurisin A (% w/w; mean * s.d.) 60.45 + 0.98 49.19 + 4.93 32.85 + 0.68
©Forest Research Institute Malaysia 87
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TRAI and aurisin A are active against
fusidic acid-resistant MRSA

In vitro antibacterial activity of the terpenoid-
rich active ingredientand biomarker aurisin A of
N. nambi FRIM550 against MRSA, was analysed
and compared to that of some antistaphylococcal
antibiotics (oxacillin, vancomycin, fusidic acid).
One reference MRSA (ATCC 33591) and
another clinical strain (MRSA BD 16876) were
used in these studies, the results of which were
summarised in Table 3. Both TRAI and aurisin
A exhibited potent anti-MRSA activity (MIC
4-8 pg mL"). A notable finding was the high
potency observed against the clinical MRSA
BD 16876 strain, which is also highly resistant
to fusidic acid (MIC 78.1 pg mL"). Fusidic acid
has been used as a topical treatment option
for S. aureus and MRSA. In addition, fusidic
acid is an important and valuable alternative
to vancomycin to combat resistant S. aureus
(Foster 2017). However, high resistance to this
antibiotic in MRSA has been evident in recent
years due to its extensive and prolonged use
(Hajikhani et al. 2021). The active ingredient
from N. nambi FRIM550, however, retained
its activity against the MRSA BD 16876 strain.
Thus, TRAI and aurisin A remain active against
MRSA, even in cases where fusidic acid fails
due to resistance. As expected, both MRSA
strains were resistant to the B-lactam antibiotic
oxacillin, but highly susceptible to the lastline
antibiotic vancomycin (Table 3).

In vitro cytotoxicity

We have demonstrated that the antibacterial
activity of TRAI is strongly inhibitory against
reference MRSA and clinical FRMRSA strains
with MIC of 3.91 and 7.81 pg mL", respectively.

Getha K et al.

These results motivated us to evaluate the
cytotoxicity effect of the active ingredient
by measuring the degree of the substance’s
destructive action on BALB/3T3 clone A31
fibroblast cells originating from mouse embryos.
Cytotoxicity was assessed by the MTT assay. This
is a colorimetric assay based on mitochondrial
succinate dehydrogenase potential to reduce
MTT. Since reduction of MTT can only occur
in metabolically active cells, the activity level
indicates cell viability (Mosmann 1983). It
was observed that the MIC concentrations of
TRAI against MRSA and FRMRSA strains (4-8
pg mL?'), were much lower compared to the
concentration causing significant cytotoxic
effects. Results in Figure 3 showed that the
percent viability of fibroblast cells was more
than 80% after 24 hours of treatment with
TRAI at the MIC concentration. Thus, the
N. nambiactive ingredient showed that there was
no possibility of viability reductive damages in
fibroblast cells at the anti-MRSA effective dose.

In vivo dermal toxicity

In the in vivo acute dermal toxicity test, a
formulation containing 2% (w/w) TRAI was
administered topically on animal test sites,
and clinical observations were done after 24
hours of exposure. Under the test conditions,
2% TRAI did not show animal mortality and
did not demonstrate any abnormal behavior
during the observation period. Necropsy
observations showed no gross abnormalities in
all organs and the animals did not show any
skin damage, including erythema and eschar or
edema formation. The in vivo dermal toxicity
test indicated that TRAI showed positive
biocompatibility resultsat the testconcentration.
The active ingredient is non-irritant to animal

Table 3 Minimum inhibitory concentrations (MICs) of TRAI, aurisin A and standard antibiotics (FA, fusidic
acid; OXA, oxacillin; VAN, vancomycin) against methicillin-resistant Staphylococcus aureus (MRSA)

MRSA strains MIC value (pg mL™")
TRAI Aurisin A FA OXA VAN
MRSA ATCC 33591 3.91 7.81 1.563 250.0 3.125
MRSA BD 16876 (FRMRSA)* 7.81 7.81 7.81 125.0 3.125
*FRMRSA, fusidic acid-resistant MRSA
©Forest Research Institute Malaysia 88
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Figure 3 The survival of BALB/3T3 clone A3l
(fibroblast) cell lines after 24 hours of
treatment *each data is represented by
mean *+ standard error of mean (S.E.M.)
of at least three independent experiments

skin with a median lethal dermal dose (LD,)
of more than 2000 mg kg body weight and was
classified as category 5 (unclassified) according
to the Globally Harmonised System (GHS).

In vivo acute oral toxicity

An acute oral toxicity test was carried out in
rats according to OECD TG 420-Fixed Dose
Procedure guidelines to determine the level
of toxicity in case of accidental ingestion of
TRAI in topical formulations. Results did not
show any adverse effects on the behavioral
responses in the TRAI-fed animals up to 14 days
of observation. The daily food and water intake
of each animal measured in the 14-day toxicity
test showed that all animals in the control and
TRAI-treated groups exhibited consistent and
normal intake values. Body weight change was
an important index or indicator for assessing
toxicity (Vahalia et al. 2011). All treatment and
control group animals showed increased body
weight (Table 4). There were no significant (p
> 0.05) differences between the control rats
and those fed with TRAI in their body weight,
indicating that the test sample did not affect
normal metabolism in the treated rats.

Gross macroscopic examination of vital
organs such as liver, kidney, spleen, heart,
lung, ovary and stomach of the treated animals
revealed no abnormalities in the colour or
texture when compared with the organs of the
control group at the end of the study period.
There were also no significant differences (p
> 0.05) in the relative organ weight observed
between the control and TRAI-treated rats. Any
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drastic changes in relative organ weight between
the normal (control) and treated animals
could serve as a useful indicator of toxicity as
organ weight changes will be expressed in
the suppression or increment of body weight
(Satyapal et al. 2008). The results showed that
TRAI did not interfere with the treated animals’
normal development and growth of the internal
organs. No mortality was observed after 14 days
among the TRAI-fed rats at the highest test dose
of 2000 mg TRAI kg' body weight. Thus, TRAI
is categorised as non-toxic (GHS Category 5 or
unclassified) with a LD, value of > 2000 mg kg
body weight.

DISCUSSION

HPLC fingerprinting has been widely accepted
for performing quality control on natural
products-based active ingredients. Previously,
Sunthudlakhar et al. (2022) developed a
reliable HPLC method for quantitative analysis
of protocatechuic acid for quality assessment
of extracts from  Phellinus mushrooms
(basidiomycetes). Protocatechuic acid found
in the extracts of most Phellinus spp. has
a wide range of pharmacological effects
including  antioxidant, anti-inflammatory,
neuroprotective, antibacterial, antiviral and
anticancer activities (Chen et al. 2016). Thus,
the compound was used as a marker and
quantified using HPLC methods for quality
control of the raw materials and pharmaceutical
products containing the extracts. Optimisation
of the conditions used in HPLC analysis is an
important step for good sensitivity, feasibility,
and reproducibility of data (Sunthudlakhar et
al. 2022).

Neonothopanus nambi is a bioluminescent
basidiomycete species available in Malaysia, as
well as other tropical regions such as Thailand,
Singapore and Vietnam (Chew et al. 2015).
This species has been reported for its ability to
produce a diverse group of bioactive secondary
metabolites with nematicidal, anticancer and
antibacterial activities (Tsarkova et al. 2016,
Sangsopha et al. 2020, Boueroy et al. 2021,
Wisetsai et al. 2021, Getha et al. 2023). However,
there are not many studies on the quality and
safety assessments of the bioactive natural
products from this species. To date, there have
been no reports on the quantification of the
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antibacterial marker compound aurisin A using
quantitative  HPLC analysis, particularly for
quality control purposes. The HPLC method
used in this study for quantifying the aurisin
A content in terpenoid-rich active ingredient
(TRAI) of N. nambi FRIMb50, was validated in
terms of linearity, limit of detection (LOD) and
limit of quantitation (LOQ). The calibration
curve of aurisin A was linear in the concentration
range of 10-160 pg mL' (Figure 1). The
correlation coefficients (R) of the equations
were higher than 0.99 indicating good linearity.
Therefore, the results obtained from this
experiment indicate that the developed HPLC
method has good specificity and is suitable for
the quality control of antibacterial (and anti-
MRSA) formulations containing TRAI as the
active ingredient.

The HPLC fingerprint of all three
samples of TRAI produced from different
batches of fermentation, exhibited quite similar
chromatographic patterns and showed the peak
corresponding to aurisin A at the retention
time of 16 min (Figure 2). The active ingredient
samples were produced by submerged
fermentation of N. nambi FRIM550 in a stirred-
tank bioreactor. Submerged fermentation is
a promising alternative method for efficient
production of mycelium and metabolites from
basidiomycetes, compared to the usual method
of solid-substrate cultivation from fruiting body.
Besides reducing the cultivation time from
several months to days, submerged fermentation
in bioreactor enables precise measurement and
strict control of critical process parameters to
ensure consistent quality of the final product
or active ingredients from basidiomycetes
(Chaverra-Munoz & Huttel 2022).

Development of resistance to two of the
most commonly used topical antibiotics, fusidic
acid and mupirocin, has led to the urgent
need for new topical agents for managing the
treatment of bacterial skin infections (Chen
et al. 2020). The antibacterial assay results
demonstrated that TRAI and aurisin A are active
against MRSA with a MIC of < 8pg mL"' (Table
3). In contrast to fusidic acid which is used in the
treatment of skin infections caused by MRSA,
both TRAI and aurisin A retained the high level
of activity against a fusidic acid-resistant MRSA
strain. These results further supported the
selection of aurisin A as a suitable antibacterial
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biomarker for the quality control of TRAI. The
HPLC analysis developed in this study showed
that the active ingredient samples contained a
relatively high content of aurisin A in a range
of 33-60% w/w (Table 2), suggesting TRAI
as a good source for developing antibacterial
formulations in future.

Over the vyears, there has been an
increasing trend in studies on the potential
use of basidiomycetes as a wound healing
agent. The antibacterial, antioxidant and anti-
inflammatory activities exhibited by many
basidiomycetes such as Lignosus rhinoceros, the
highly valued medicinal mushroom, play an
important role in enhancing wound healing
(Yap et al. 2023). Bacterial infection caused
by S. aureus and MRSA causes prolonged
inflammation which leads to delayed wound
healing. Thus, an effective antibacterial agent
is necessary to reduce bacterial colonisation
and infection, which in turn will reduce the
duration of inflammation and improve healing
process (Negut et al. 2018). Previous studies by
Getha et al. (2009) and Getha et al. (2023) have
shown that the extracts and aurisin A of N. nambi
FRIMb550 exhibit strong activity against Gram
positive bacteria, but not against Gram negative
bacteria. Narrow spectrum antibacterial agents
are increasingly recognised as an important
advancement in bacterial infection treatment.
These agents potentially provide a substantial
advantage in protecting the natural microbiome
by not killing the beneficial commensal
bacteria. They are also preferred due to the
low ecological impact, especially to control
the emergence of even broader antimicrobial
resistance (Diamantis et al. 2022).

When tested for cytotoxicity on BALB/c
mouse embryo fibroblast cells, TRAI showed
no toxicity effects in the concentration range
of its anti-MRSA MIC values. Furthermore, the
results from @n vivo acute dermal and acute
oral toxicity tests demonstrated that TRAI
is biocompatible to animal skin and did not
show any adverse effects on growth or caused
mortality, respectively. Both tests also showed
thatwhen the active ingredient was administered
topically or orally, no gross abnormalities were
observed in the vital organs of test animals at
the highest test dose of 2000 mg kg' body
weight. These collective properties make TRAI
an appealing active ingredient candidate for
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use against MRSA skin infections, particularly
in cases of fusidic acid resistance. An important
next step will be to develop a suitable topical
formulation incorporated with TRAI, such as
cream, ointment or hydrogel, and evaluate the
formulation with regards to both the efficacy
against MRSA and also toxicity.

CONCLUSION

The current study developed a HPLC method
suitable for quantitative analysis of the content of
aurisin A, an antibacterial marker compound, as
well as quality assessment of the terpenoid-rich
active ingredients (TRAI) produced by mycelial
culture of N. nambi FRIM550. Our findings
showed that TRAI and biomarker aurisin A
exhibit strong inhibition against methicillin-
resistant S. aureus (MRSA) and a clinical MRSA
strain with acquired fusidic acid (FRMRSA)
resistance. The complex and intricate process of
wound healing has a severe impact on patient’s
life as well as causing economic burdens in
healthcare institutions. People with poor
healing abilities like the elderly, chronically
ill, bedridden or non-ambulatory are more
susceptible to wound infection because of their
declining immune systems (Yousefian et al.
2023). Staphylococcus aureus, a leading cause of
skininfections, is the causative agentin up to 75%
of primary pyoderma. An increased prevalence
ofinfectionsin hospitals and community settings
caused by MRSA, has contributed to an increase
in the number of skin infections reported in
recentyears (Molne & Tarkowski 2000). Control
of infection in wounds is mainly achieved by
bactericides and/or antibiotics. Terpenoid-rich
active ingredients from strain FRIM550 may
function to provide an efficacious treatment
option for extensive topical infections caused by
drug-resistant S. aureus, which are not resolved
with bactericides within appropriate timeframe.
Methods of delivering the active ingredients
to infected wound sites include formulations
such as ointments, creams or other suitable
wound dressing products. Thus, we conducted
toxicity analysis on TRAI to support its practical
application in such products. Our findings
revealed favorable in vitro and in vivo toxicity
profiles for TRAI, whereby the cytotoxicity
study showed no possibility of viability reductive
damages in fibroblast cells at the anti-MRSA
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effective dose. The active ingredient also
provided a good level of skin biocompatibility
in the acute dermal toxicity study. In addition,
oral administration of TRAI in rats did not
cause acute toxicity at the highest dose of 2000
mg kg' body weight. Further investigations on
TRAI using topical wound infection animal
models will be important to show the efficacy of
N. nambi FRIM550 active ingredients in wound
healing.

ACKNOWLEDGEMENTS

This research was supported by the 11" and
12™ Malaysia Plan project grants (project
numbers: 23-41-01-08-006 and 24-01-07-02-001,
respectively) under the Ministry of Natural
Resources and Environmental Sustainability
(NRES).

REFERENCES

Ar-OBampr JR, JamBarl NN & AsMAD-KamiL EL.
2021. Mycopharmaceuticals and nutraceuticals:
promising agents to improve human well-being
and life quality. Journal of Fungi 7: 503. https://doi:
org/10.3390/jof7070503.

Bourroy P, BooNMARS T, KANOKMEDHAKUL S ET AL.
2021. Anticancer effects of aurisin A extracts from
Neonothopanus nambi on human papillomavirus-
infected cervical cancer cells. Agriculture and Natural
Resources 55: 618-627. https://1i01.tci-thaijo.org/
index.php/anres/article/view/252045.

CHAVERRA-MUNOZ L & HutTEL S. 2022. Optimization
of the production process for the anticancer lead
compound illudin M: Process development in
stirred tank bioreactors. Microbial Cell Factories 21:
145. https://doi.org/10.1186,/512934-022-01870-w.

CHEN H, T1an T, M1ao H & ZHAO YY. 2016. Traditional uses,
fermentation, phytochemistry and pharmacology
of Phellinus linteus: A review. Fitoterapia 113: 6-26.
https://doi.org/10.1016/j.fitote.2016.06.009.

CHEN W, HE C, YaAnG H ET AL. 2020. Prevalence and
molecular characterization of methicillin-resistant
Staphylococcus aureus with mupirocin, fusidic acid
and/or retapamulin resistance. BMC Microbiology
20:  183.  https://doi.org/10.1186,/s12866-020-
01862-z.

CHEw ALC, DEsjarpIN DE, Tan YS, Musa MY &
SaBarRATNAM V. 2015. Bioluminescent fungi
from Peninsular Malaysia—a taxonomic and
phylogenetic overview. Fungal Diversity 70: 149-187.
https://doi.org/10.1007/s13225-014-0302-9.

CLERICUZIO M, BrvoNA M, GAMALERO E ET AL. 2021. A
systematic study of the antibacterial activity of
basidiomycota crude extracts. Antibiotics 10: 1424.
https://doi.org/10.3390/antibiotics10111424.



Journal of Tropical Forest Science 37 (Special Issue) (2025)

Crs1. 2018. Methods for dilution antimicrobial susceptibility
lests for bacteria that grow aerobically. 11" ed. CLSI
standard M07. Wayne, PA: Clinical and Laboratory
Standards Institute.

DascurrTa A & AcHARYA K. 2019. Mushrooms: an emerging
resource for therapeutic terpenoids. 3 Biotech 9:
369. https://doi.org/10.1007/513205-019-1906-2.

D1aMANTIS S, RETUR N, BERTRAND B, LIEUTIER-COLAS F,
CARENCO P & MoNDAIN V. 2022. The Production
of antibiotics must be reoriented: Repositioning
old narrow-spectrum antibiotics, developing new
microbiome-sparing antibiotics. Antibiotics 11: 924.
https://doi.org/10.3390/antibiotics11070924.

Dorrani M, KauL M, Paru1 A, Lavore EJ, PiLca DS &
MicHNIAK-KOoHN B. 2014. TXA497 as a topical
antibacterial agent: comparative antistaphylococcal,
skin deposition, and skin permeation studies with
mupirocin. International Jowrnal of Pharmaceutics
476: 199-204.  http://dx.doi.org/10.1016/j.
ijpharm.2014.09.033.

FosTer TJ. 2017. Antibiotic resistance in Staphylococcus
aureus: Current status and future prospects. FEMS
Microbiology Reviews 41: 430-449. https://doi.
org/10.1093/femsre/fux007.

GeETrHA K. 2024. Mycopharmaceuticals from wild
basidiomycetes: current research and future
prospects. Journal of Tropical Forest Science 36: 174—
188. https://doi.org/10.26525/jtfs2024.36.2.174.

GeTHA K, HAaTsu M, WonG Hjy & LEE Ss. 2009. Submerged
cultivation of basidiomycete fungi associated with
root diseases for production of valuable bioactive
metabolites. Journal of Tropical Forest Science 21: 1-7.
https://jtfs.frim.gov.my/jtfs/article/view/787.

GETHA K, MUHAMMAD-SYAMIL A, SHARIFFAH-NURHIDAYAH
SAR ET AL. 2023. Activity of aurisin A isolated from
Neonothopanus nambi against methicillin-resistant
Staphylococcus aureus strains. Saudi Pharmaceutical
Journal 31: 617-625. https://doi.org/10.1016/j.
jsps.2023.03.002.

GETHA K, SAIDATUL HUSNI S, MUHD SYAMIL A, SHARIFFAH
NURHIDAYAH SAT & Noraziam MZ. 2021.
Evaluation of a topical formulation containing
novel active ingredient from basidiomycetes to treat
MRSA skin infections. Pp 99-104 in Khoo MGH.,
Chee BJ., Getha K., Mazura MP. & Firdaus K. (eds)
Bridging Traditional Knowledge & Natural Products
Innovations Towards Wellness and Shared Prosperity,
FRIM, Kepong.

HajikHANI B, GoupaRzI M, KARAVANDI S ET AL. 2021.
The global prevalence of fusidic acid resistance in
clinical isolates of Staphylococcus aureus: a systematic
review and meta-analysis. Antimicrobial Resistance and
Infection Control 10: 75. https://doi.org/10.1186/
$13756-021-00943-6.

KANORKMEDHAKUL S, LERKPHROM R, KANOKMEDHAKUL

K Er AL, 2012. Cytotoxic sesquiterpenes
from luminescent mushroom  Neonothopanus
nambi. Tetrahedron 68: 8261-8266. https://doi.

org/10.1016/j.tet.2012.07.057.

MorLNE L & TaArRkowskr A. 2000. An experimental model
of cutaneous infection induced by superantigen-
producing  Staphylococcus aureus. The Journal of
Investigative Dermatology 114: 1120-1125. https://
doi.org/10.1046/j.1523-1747.2000.00973 x.

©Forest Research Institute Malaysia

Getha K et al.

MosMANN T. 1983. Rapid colorimetric assay for cellular
growth and survival: application to proliferation
and cytotoxicity assays. Journal of Immunological
Methods 65: 55-63. https://doi.org/10.1016/0022-
1759(83)90303-4.

MuHAMMAD-SYAaMIL A, GETHA K & RosHaAN J. 2018.
Improved method to isolate bioactive marker
compound from anti-MRSA active metabolites of
basidiomycete strain FRIM550. Pp 136-140 in Khoo
MGH et al. (eds) Unravelling Nature’s Treasures &
Secrets: Current Species of Interest. Proceedings of the 15th
Seminar on Medicinal and Aromatic Plants (MAPS-15).
16-17 October 2018, FRIM, Kepong.

Necut I, GRUuMEZEScU V & GrRuMEzEscu AM. 2018.
Treatment strategies for infected wounds.
Molecules 23: 2392. https://doi.org/10.3390/
molecules 23092392,

Orcp 2002. Test No. 420: Acute Oral Toxicity - Fixed Dose
Procedure, OECD Guidelines for the Testing of
Chemicals, Section 4, OECD Publishing, Paris.
https://doi.org/10.1787/9789264070943-en.

Orcp 2017. Test No. 402: Acute Dermal Toxicity, OECD
Guidelines for the Testing of Chemicals,
Section 4, OECD Publishing, Paris. https://doi.
org/10.1787/9789264070585-en.

PrinciPr N, ARGENTIERO A, NEGLIA G, GRAMEGNA A &
EsprosiTo S. 2020. New antibiotics for the treatment
of acute bacterial skin and soft tissue infections in
pediatrics. Pharmaceuticals (Basel) 13: 333. https://
doi.org/10.3390/ph13110333.

Rosing H, MaN Wy, DovLE E, BurLt A & Berynen JH.
2000. Bioanalytical liquid chromatographic
method validation. A review of current practices
and procedures. Journal of Liquid Chromatography
& Related Technologies 23: 329-354. https://doi.
org/10.1081/JLC-100101455.

SangsopHA W, LEKPHROM R, SCHEVENELS F ET aL. 2020.
New p-terphenyl and benzoquinone metabolites
from the bioluminescent mushroom Neonothopanus
nambi. Natural Product Research 34: 2186-2193.
https://doi.org/10.1080/14786419.2019.1578763.

SarvapaL  US, Kabpam V] & Gnosun R. 2008.
Hepatoprotective activity of livobond a polyherbal
formulation against CCI4 induced hepatotoxicity
in rats. International Jowrnal of Pharmacology 4(6):
472-476.

STEVENS DL, Bisno AL, CHAMBERS HF ET AL. 2014. Practice
guidelines for the diagnosis and management
of skin and soft tissue infections: 2014 update
by the Infectious Diseases Society of America.
Clinical Infectious Diseases 59: e10-eb2. https://doi.
org/10.1093/cid/ciu296.

SUNTHUDLAKHAR P, SITHISARN P, Rojsanca P &
Jarikasem S. 2022. HPLC quantitative analysis
of protocatechuic acid contents in 11 Phellinus
mushroom species collected in Thailand. Brazilian
Journal of Pharmaceutical Sciences 58: €20656. http://
dx.doi.org/10.1590/52175-97902022e20656.

TERRENT M, Taccant M & PreEgNorATO M. 2021. New
antibiotics  for  multidrug-resistant  bacterial
strains: latest research developments and future
perspectives. Molecules 26: 2671. https://doi.
org/10.3390/molecules26092671.

TsarRrovA AS, DUuBINNYI MA, BARANOV MS, OGUIENKO
AD & YaAMPOLSKY Iv. 2016. Nambiscalarane, a novel



Journal of Tropical Forest Science 37 (Special Issue) (2025)

sesterterpenoid comprising a furan ring, and other
secondary metabolites from bioluminescent fungus
Neonothopanus nambi. Mendeleev Communications
26: 191-192. https://doi.org/10.1016/j.
mencom.2016.04.003.

VaHALIA MK, THARUR KS, NADKARNI S & SANGLE VD. 2011.
Chronic toxicity study for tamra bhasma (a generic
ayurvedic mineral formulation) in laboratory
animals. Recent Research in Science and Technology 3:
76-79.

ViIMALAH V, GETHA K, NorAaZIAH MZ & MazrLyzam AL.
2020. A review on antistaphylococcal secondary
metabolites from basidiomycetes. Molecules 25: 5848.
https://doi.org/10.3390/molecules25245848.

©Forest Research Institute Malaysia 93

Getha K et al.

WiseTsar A, LEkpHROM R, Bua-ArRT S ET AL. 2021.
Scalarane sesterterpenoids with antibacterial and
anti-proliferative activities from the mushroom
Neonothopanus nambi. Molecules 26: 7667. https://
doi.org/10.3390/molecules26247667.

Yar HYY, RosL1 MFA, Tan SH, Konc BH & Func SY. 2023.
The wound healing potential of Lignosus rhinoceros
and other ethnomyco wound healing agents.
Microbiology 51: 1-15. https://doi.org/10.1080/122
98093.2022.2164641.

You SeriaN F, Hesarr R, JeNseN T ET AL. 2023.
Antimicrobial wound dressings: a concise review
for clinicians. Antibiotics 12: 1434. https:// doi.
org/10.3390/antibiotics12091434.



