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ABSTRACT

Background and aim: Lignosus rhinocerus (LR) is an edible mushroom with a variety of medicinal prop-
erties such as neurostimulation, immunomodulation, anti-inflammation, anti-oxidation, anti-
proliferation, anti-diabetes and especially antiviral activity. Human immunodeficiency virus type-1
(HIV-1) needs the HIV-1 protease (PR) and reverse transcriptase (RT) for its replication. Therefore,
both HIV-1 PR and RT are important targets for antiretroviral drug development.
Experimental procedure: The crude hexane (LRH), ethanol (LRE) and water (LRW) extracts of LR were
in vitro screened for inhibitory activity against HIV-1 PR and RT, then anti-HIV-1 activity on the infected
MOLT-4 cells were determined. Chemical constituents of the extracts were identified by gas
chromatography-mass spectrometry (GC-MS) and liquid chromatography (LC)-MS. The identified com-
pounds were in silico analysed for drug-likeness property and molecular modelling.
Results and conclusion: According to our screening assays, LRE and LRW significantly inhibited both
enzymes (25—55%), while LRH suppressed only the HIV-1 PR activity (88.97%). At 0.5 mg/ml of LRW
showed significant inhibition of HIV-1 induced syncytial formation and p24 production in the infected
MOLT-4 cells. Investigation of chemical analysis revealed that major groups of identified constituents
found in the extracts were fatty acids, peptides and terpenoids. In silico analysis showed that heliantriol F
and 6 alpha-fluoroprogesterone displayed great binding energies with HIV-1 PR and HIV-1 RT, respec-
tively. These findings suggest that LR could be a potential source of compounds to inhibit HIV-1 PR and/
or RT activities in vitro. Furthermore, our results provide beneficial data for the development of novel
HIV-1 PR and RT inhibitors.
© 2019 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

several medicinal properties such as neurostimulation,> immuno-
modulation, anti-inflammation,® anti-oxidation, anti-prolifera-

Lignosus rhinocerus (LR), known as the tiger milk mushroom, is
traditionally used as folk medicine in Southeast Asia and China. The
medicinally beneficial part of LR is the sclerotium, an underground
hardened part of the mushroom' that has been reported to have
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tion,*> anti-diabetes® and especially antiviral activity.”

Human immunodeficiency virus (HIV) can cause acquired im-
munodeficiency syndrome (AIDS), a worldwide serious health
issue. It is classified into the two major types of type-1 (HIV-1) and
type-2 (HIV-2). According to previous reports, HIV-1 is spread
worldwide and has a higher severity of infection and progression of
the disease in infected patients than HIV-2.2 Currently, plenty of
antiretroviral drugs are available and have been designed to
interfere with processes in the viral life cycle, such as reverse
transcription and virion maturation. The reverse transcription is
the step where retroviruses convert viral RNA to complementary
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Abbreviations

HIV-1 Human immunodeficiency virus type 1
LR Lignosus rhinoceros

PR Protease

RT Reverse transcriptase

LRH L. rhinocerus crude hexane extract
LRE L. rhinocerus crude ethanol extract
LRW L. rhinocerus crude water extract
GC Gas chromatography

MS Mass spectrometry

LC Liquid chromatography

NVP Nevirapine

APV Amprenavir

BE Binding energy

DNA using HIV-1 reverse transcriptase (RT).” For HIV-1 maturation,
the immature viruses transform to mature viruses by cleavage of
Gag and Gag-Pol polyproteins using HIV-1 protease (PR).'%!! Thus,
these two enzymes have generally been used as targets in antire-
troviral drug development.

The discovery of natural products exerting antiretroviral ac-
tivities by blocking both HIV-1 RT and PR is of great interest. Ac-
cording to previous studies on the antiviral activity of LR, we
hypothesized that LR could have antiviral activity against other
viruses, especially HIV-1. As an initial investigation into the anti-
HIV-1 activity of LR, crude extracts from LR were determined for
their inhibitory activities against HIV-1 PR and RT. Moreover,
phytochemical compounds in the extracts were identified using
gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography (LC)-MS. The identified compounds were then in
silico analysed for their drug-likeness property and affinity to bind
both the active sites of the enzymes using ADMET online server
and AutoDock 4.0 molecular docking program, respectively.
Herein, we suggest that active compounds from LR extracts could
inhibit HIV-1 PR and RT activities. This report provides useful data
for anti-HIV-1 drugs development and a novel knowledge of the
anti-HIV-1 property of LR.

2. Material and methods
2.1. Chemicals and reagents

Hexane and ethanol were purchased from Merck (Darmstadt,
Germany). Dimethyl sulfoxide (DMSO) was purchased from RCI
Labscan (Bangkok, Thailand). Roswell Park Memorial Institute
(RPMI)-1640 medium, fetal bovine serum (FBS), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and phos-
phate buffered saline were purchased from Thermo Scientific
HyClone (Logan, UT, USA). Phorbolmyristate acetate (PMA) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) was purchased from Promega
(Madison, WI, USA). Darunavir (DRV) and Nevirapine (NVP) were
obtained from the NIH AIDS Research and Reference Program. The
HIV-1 protease inhibitor screening kit (Fluorometric), HIV-1
reverse transcriptase assay kit and HIV-1 p24 SimpleStep ELISA
kit were purchased from Biovision Incorporated (Milpitas, CA, USA),
Roche Diagnostics (Mannheim, Germany) and Abcam (Cambridge,
UK), respectively.

2.2. Mushroom extraction

Cultivated sclerotia powder of LR strain TM02 was obtained
from LiGNO Biotech Sdn Bhd, Selangor, Malaysia. The mushroom
material was then extracted by the sequential maceration method.
Briefly, the powder (100 g) was macerated with hexane (1L) in a
shaker incubator at 225 rpm for 72 hat room temperature. The
hexane extract was harvested by filtration through Whatman®
No.2 filter paper and the hexane was removed by rotary evapora-
tion (Heidolph, Laborota 4011) to yield the crude hexane extract
(LRH; 0.28 g). The residual hexane-insoluble LR part was then dried
and extracted as above but in ethanol (1L), with subsequent
filtration and evaporation as above to yield the crude ethanol
extract (LRE; 0.62 g). Finally, the LR residue from the ethanol
extraction was dried and then extracted in autoclaved water as
above except at 4°C, harvested by filtration and the water was
removed in a freeze-dry lyophilizer (Modulyod freeze dryer,
Thermo) to give the crude water extract (LRW; 12.18 g). The flow
diagram of the sequential extraction of the LR sclerotia is shown in
the Supplementary data 1.

2.3. Screening for HIV-1 PR inhibitor activity

The extracts (1 mg/mL, dissolved in 1% DMSO) were screened for
HIV-1 PR inhibitory activity using an HIV-1 protease inhibitor
screening kit (Fluorometric) (Biovision; Milpitas, CA, USA) accord-
ing to the manufacturer's instruction as previously described.'?
Briefly, each sample was incubated with the HIV-1 PR enzyme at
room temperature for 15 min. Then, the fluorescent substrate was
added and the fluorescence (excitation/emission =330/450 nm)
was measured in a kinetic mode for 90 min at 37 °C using Perki-
nElmer EnSpire plate reader. Pepstatin (1 mM) which was provided
in the kit and DMSO (1%, v/v) were used as a positive and vehicle
control, respectively.

2.4. Screening for HIV-1 RT inhibitor activity

1 mg/mL of the extracts were dissolved in 1% DMSO then
screened for HIV-1 RT inhibitory activity using an HIV-1 reverse
transcriptase assay, colorimetric kit (Roche, Germany) following
the manufacturer's instruction. Each sample was incubated with
HIV-1 RT and reaction mixture, including poly-A template, biotin-
conjugated dUTP and DIG-conjugated dUTP for an hour at 37 °C.
The incubated mixtures were then transferred to a pre-coated
streptavidin microplate module and incubated at 37°C for 1h.
The reaction wells were then washed with washing buffer to
remove the unbound products and the POD-conjugated anti-DIG
were added into the reaction wells and incubated for 1 hat 37 °C.
The reaction wells were then washed with washing buffer before
the ABTS substrate was added and incubated at room temperature
for 15 min on a shaking incubator at 250 rpm. The final products
were measured at an absorbance of 405nm and a reference
wavelength at 490 nm. In addition, nevirapine (NVP; 200 uM) and
DMSO (1%, v/v) were used as an inhibitor (positive control) and
vehicle control, respectively.

2.5. Cell culture

The MOLT-4cells, a human T lymphoblast cell line, were
cultured in RPMI-1640 supplemented with 10% (v/v) FBS at 37 °C in
a humidified incubator with 5% (v/v) of CO,. The ACH-2 cells, an
HIV-1 latent human T-cell line were maintained in RPMI-1640
supplemented with 10 mM HEPES and 10% (v/v) FBS at the same
condition as the MOLT-4 cells.
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2.6. Cytotoxicity assay

The crude LR extracts (LRH, LRE, and LRW) were tested for their
cytotoxicity against MOLT-4 cells using the surrogate MTS assay.
The extracts were dissolved in DMSO and tested at final concen-
trations of 0.50, 0.25, 0.13, 0.06 and 0.03 mg/mL for LRH and LRE, or
4.00, 2.00, 1.00, 0.50 and 0.25 mg/ml for LRW, with the carrier
DMSO at a final concentration of 0.1% (v/v). The MOLT-4 cells
(10 x 103 cells/well) were plated into 96-well plates and incubated
with the respective crude extract for 24, 48 and 72 h, while DMSO
at 0.1% (v/v) was used as vehicle control and untreated cells as the
reference normal control. At the end of each incubation period, MTS
reagent was added into each well and incubated for 4 h before the
absorbance at 490 nm was measured. The relative number of viable
cells was determined in comparison to the untreated cell control
(set as 100% viability).

2.7. Virus expression

Active HIV-1 was produced following the previous study ', the
virus stock was determined a quantitative of p24 by using HIV-1
p24 ELISA kit (Abcam, UK). The stock was either used immedi-
ately or kept at —80 °C for further use.

2.8. Syncytial formation assay

MOLT-4 cells (2 x 10° cells/well) were infected with HIV-1 vi-
ruses (2 x 10% pg of HIV-1 p24) for 2 h at 37 °C and 5% of CO2. The
cells were washed three times with PBS to eliminate unbounded
viruses. The infected cells were treated with the treatments then
cultured on 48-well plate for 24, 48 and 72 h. HIV-1 induced syn-
cytial formation was observed by an inverted light microscope.
Untreated cells (no treatment) was used as a control, DRV and NVP
at 2 uM were used as drug inhibitor controls. The results were re-
ported in percentage of syncytia cell compared to the untreated cell
control.

2.9. Determination of HIV-1 p24 level

The MOLT-4 cells (2 x 10° cells) were infected with HIV-1 vi-
ruses (2 x 10% pg of HIV-1 p24) for 2 hat 37°C and 5% of CO,. The
cells were washed three times with PBS to eliminate unbounded
viruses. The infected cells were re-suspended in complete culture
media (200 pl) and treated with LRW (200 pl) to make final con-
centrations at 0.5 mg/ml. The treated cells were cultured on a 48-
well plate for 72 h. Then the culture media were collected in
1.5ml microcentrifuge tube and centrifuged at 2000 rpm for
10 min. The clear supernatants were determined HIV-1 p24 levels
by using HIV-1 p24 ELISA kit (Abcam, UK). The assay was performed
according to the manufacturer's instruction. The final color of the
reactions was measured absorbance at 450 nm. The quantitative of
HIV1 p24 was calculated by comparing to the standard curve. Un-
treated cell condition (no treatment) was used as a control, DRV
and NVP at 2 uM were used as drug controls.

2.10. Statistical analysis

All experiments were performed in triplicate and repeated at
least three times. The results are presented as the mean of three
independent experiments + one standard error of the mean (SEM).
Statistical analysis was studied by one-way ANOVA following the
post hock Dunnett's test using the SPSS version 16.0 software.
Comparisons with P values less than 0.05 were considered as sta-
tistically significant.

2.11. Qualitative phytochemical screening

All extracts were submitted to Institute of Systems Biology
(Universiti Kebangsaan Malaysia, Malaysia) for phytochemical
profile screening using GC-MS for LRH and LC-MS for both LRE and
LRW.

2.11.1. Analysis of the LRH extract by GC-MS

The GC-MS analyses were performed using a Clarus 600 GC-MS
(PerkinElmer), run on fused silica capillary columns coated with a
5% diphenyl/95% dimethyl polysiloxane stationary phase
(30 m x 250 mm x id 0.25). The samples were analysed using an
injector temperature of 250 °C, split ratio 50:1, in a helium flow
with an oven temperature of 70 °C (1 min), then increased to 76 °C
at 1°C/min and held for 1 min, and then heated to 300°C at 6 °C/
min and held for 5 min. The compounds were identified using the
National Institute of Standards and Technology (NIST) library.'*

2.11.2. Analysis of the LRE and LRW extracts by LC-MS

The LC-MS analysis was performed using a Dionex™ UltiMate
3000 UHPLC system (Thermo Scientific) equipped with an
Acclaim™ Polar Advantage II C18 column (3 x 150 mm, 3 pm par-
ticle size) (Thermo Scientific) coupled with a MicrOTOF-Q III
(Bruker Daltonik GmbH, Bremen, Germany) in positive electrospray
ionization mode. The compounds were identified by comparing the
obtained m/z values to the METLIN databases,'” with a tolerance
value lower than 15 parts-per-million (ppm). The relative amount
of each compound (%) was calculated from the percentage of the
respective peak area relative to the total area in the chromatogram.

2.12. Evaluation of Lipinski's rule of five and ADMET parameters

Lipinski's rule of five, adsorption, distribution and toxicity pa-
rameters of identified compounds were determined using Swis-
sADME (http://www.swissadme.ch) and preADMET (https://
preadmet.bmdrc.kr/toxicity) online servers.'® Drug-likeness was
indicated by Lipinski's rule of five parameters: molecular weight
(MW) < 500; the number of rotatable bonds (n-ROTB) < 10; the
number of hydrogen bond acceptor (HBA) < 10; the number of
hydrogen bond acceptor (HBD) < 5 and MlogP < 4.15)."” The com-
pounds which passed the selection criteria were used for molecular
docking study.

2.13. Molecular docking

Molecular docking studies were performed using AutoDock 4.0
software. The X-ray crystal structure of HIV-1 PR (PDB ID: 5KR0)'®
and HIV-1 RT (PDB ID: 3QIP)'® were downloaded from RCSB Protein
Data Bank. The target proteins were prepared by removing ligands
and water molecules and adding missing hydrogens. All ligands
were drawn and minimized using BIOVIA Draw 2018. The grid-
based approach was used in this study, the positions of grid
boxes were set following the original inhibitors of those proteins
(amprenavir, APV for HIV-1 PR and nevirapine, NVP for HIV-1 RT).
For HIV-1 PR, the size of the grid box was set to 60 x 60 x 60 xyz
points with a grid spacing of 0.375 A at the center of the protein.
While the grid box of HIV-1 RT at polymerase active site was set to
60 x 60 x 60 xyz points with a grid spacing of 0.375 A, the xyz
center of grid box at 11.172, 13.44 and 17.661, respectively. The
docking simulations were performed using the Lamarckian genetic
algorithm with default parameters. The docking results provided 10
different conformations, but the conformation with the lowest
binding energy (BE; AG) was selected for further studying the
protein-ligand interactions using the Discovery studio visualizer.
The results were compared to APV and NVP, the original ligands of
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HIV-1 PR and RT protein complexes, respectively.

3. Results
3.1. Extraction of the LR sclerotia

The LR sclerotia powder was sequentially extracted with hexane
(LRH), ethanol (LRE), and cold water (LRW) with extractive values
of 0.28, 0.62, and 12.18 g/g of the dry weight of LR sclerotia powder,
respectively.

3.2. Inhibitory effect of the LR extracts on HIV-1 PR

The LR extracts were screened for their inhibitory activity
against HIV-1 PR. All extracts at 1 mg/mL significantly inhibited the
HIV-1 PR activity when compared to the vehicle control, 1% (v/v)
DMSO. LRH showed 88.97 + 1.57% inhibition which was slightly
greater than those of 1mM pepstatin (positive control;
81.48 + 0.76%). On the contrary, LRE and LRW displayed less inhi-
bition with 37.43 + 1.08 and 25.72 +3.41%, respectively. DMSO
slightly suppressed HIV-1 PR activity with 8.07 + 0.13% inhibition.
We found that the 50% inhibitory concentration (ICsg) of LRH is
approximately 0.53 + 0.02 mg/mL (Table 1). Since the highest con-
centration of LRE and LRW were tested in the in vitro assay and
showed only 25—37% inhibition against HIV-1 PR activity, therefore
we did not determine the ICsg since the higher concentrations
might toxic to the cells.

3.3. Inhibitory effect of the LR extracts on HIV-1 RT

The screening test revealed that at 1 mg/mL of LRE and LRW
significantly inhibited HIV-1 RT activity with 53.03 +3.32% and
55.56 + 3.51%, respectively. Additionally, 200 uM NVP which is the
positive control induced 99.02 +0.98% inhibition. On the other
hand, there was no significant effect of LRH and DMSO on HIV-1 RT
(Table 1). Due to the inhibition caused by LRE and LRW was only
slightly higher than 50%, we decided to not further test these ex-
tracts at vary concentrations to determine the actual ICs.

3.4. In vitro cytotoxicity of LR extracts on MOLT-4 cells

The cytotoxicity of the crude LR extracts against MOLT-4 cells, a
human T lymphoblast cell line, was performed using the MTS assay.
The data showed that ICs¢ of LRH, LRE and LRW were 0.09 + 0.01,
0.14 +0.01 and 2.04 + 0.03 mg/mL, respectively. The LRH and LRE
showed marked cytotoxicity at all tested concentrations (Fig. 1A
and 1B). On the contrary, the LRW extract showed no significant
cytotoxicity against MOLT-4 cells tested at 0.5 mg/ml (Fig. 1C). Thus,
only LRW at 0.5 mg/ml was selected for anti-HIV-1 in infected
MOLT-4 cells.

3.5. Inhibitory effects of LRW on HIV-1 induced syncytial formation
of MOLT-4 cells

To determine the antiviral activity of LRW in cell culture, cyto-
pathic effect (CPE) was observed following infection. Syncytia cell
or multinucleated giant cell is one of CPE induced by HIV-1 infec-
tion. Herein, LRW at 0.5 mg/ml significantly decreased the syncytial
formation of infected MOLT-4 cells when treated for 24, 48 and
72 h, compared to 0.1% (v/v) DMSO, a vehicle control. The per-
centages of syncytia cell were decreased to approximately 57—65%.
In addition, drug positive controls which are 2 uM of DRV and NVP
displayed 34—55% of syncytial formation whereas no decrease of
syncytial formation was detected after the vehicle control treat-
ment (Fig. 1D). The reduction in the percentage of syncytial for-
mation suggests that the LRW could inhibit HIV-1 replication in the
infected MOLT-4 cells.

3.6. Inhibitory effect of LRW on p24 production of infected MOLT-
4 cells

LRW at 0.50 mg/ml significantly inhibited the p24 production of
HIV-1 infected MOLT-4 cells, in agreement with DRV and NVP
(2 uM), drug positive controls. While 0.1% DMSO, the vehicle con-
trol showed insignificant in the p24 level when compared with
untreated cell control (Fig. 1E).

3.7. Phytochemical profile of LR extracts

According to the in vitro assays, all LR extracts exhibited inter-
esting activity on both HIV-1 PR and RT inhibitions. Although LRH
and LRE showed toxicity against MOLT-4 cells, these extracts might
compose of active compound(s) with high effective but low toxicity.
Furthermore, the LRH, LRE and LRW were analysed the chemical
profile by using GC-MS or LC-MS to determine the active compo-
nent presented in the LR extracts.

The chemical constituents of LRH were analysed by GC-MS, then
the chromatographic peaks were identified by comparison to the
NIST library. The chromatogram of LRH exhibited about 50 isolated
peaks, the identified compounds that provided a match factor and/
or a reverse match factor greater than 800%° are shown in the
supplementary data 2. The identified compounds could be classi-
fied into four major groups which were alkanes (32.6%), fatty acids
(29.8%), terpenes (21.8%), and ketones (15.8%).

The LC-MS analysis revealed that LRE composed of more than
100 isolated peaks on the chromatogram. The m/z values of each
chromatographic peak were tentatively identified base on the
METLIN database with mass error values less than 15 ppm. Herein,
42 identified compounds were reported in the supplementary data
3, included phospholipids, peptides and other organic compounds.

The chemical constituents of LRW were examined using LC-MS,
revealing more than 70 peaks in the chromatogram and 37 com-
pounds were identified. In the supplementary data 4, the data

Table 1
; Percent relative inhibition and half-maximal inhibition concentration (ICs¢) on HIV-1 PR and RT activities of LR crude extracts, pepstatin, NVP and DMSO.
Tested compounds HIV-1 PR HIV-1 RT
% Inhibition ICso % Inhibition ICso
LRH (1 mg/ml) 88.97 +1.57" 0.53 +0.02 mg/mL 9.94 +3.12 ND
LRE (1 mg/ml) 37.43 +1.08" ND 53.03 +3.32° ND
LRW (1 mg/ml) 2572 +3.41" ND 55.56 +3.51" ND
Pepstatin (1 mM) 81.48 +0.76" 0.32 +0.05mM ND ND
NVP (200 pM) ND ND 99.02 +0.98" 0.16 +0.00 pM
DMSO (1%, v/v) 8.07+0.13 ND 2.34+0.59 ND

*P <0.05 versus the vehicle control. ND, Not determine.
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showed that LRW comprised of triacylglycerols, fatty acids, and
terpenes.

3.8. Lipinski's rule of five and ADMET parameters

Drug-likeness of identified compounds was evaluated using
Lipinski's rule of five. Physicochemical parameters of the com-
pounds were calculated by SwissADME online server. All LRH
identified compounds were acceptable for the Lipinski's rule, while
34 out of 42 compounds from LRE fitted with the Lipinski's rule.
Moreover, only 31 compounds from 36 candidate compounds of
LRW reached the criteria (Supplementary data 5).

In silico ADMET profile of candidate compounds was shown in
the supplementary data 5. Human intestine absorption (HIA),
blood-brain barrier (BBB) distribution and toxicity were consid-
ered. We found that 10 compounds have high absorption and non-
mutagen, these compounds were selected for molecular docking
study.

3.9. Molecular docking

To predict the active compound(s) from LR extracts that block
the viral enzymes activity, the computational simulation was per-
formed using AutoDock 4.0 molecular docking software. A com-
parison of BE between candidate ligands and original ligands was
considered, where, theoretically, a low BE represents a good pre-
diction in molecular docking. For HIV-1 PR (PDB ID: 5KR0) analysis
by re-docking determination, the BE of APV with HIV-1 PR
was —9.73 kcal/mol. Ligand-protein interaction showed that APV
bonded to the ASN25, ILE50 and ASP30 residues of the protein with
hydrogen bonds (H-bond) (Table 2). Among the candidate com-
pounds, heliantriol F, apo-12’-violaxanthal and estra-1,3,5(10)-
triene-3,6 beta,17 beta-triol triacetate showed the BE

at —12.57, —9.98 and —9.96 kcal/mol, respectively. These BEs were
lower than that of APV, a reference inhibitor for HIV-1 PR (Table 2).
Receptor-ligand interaction exhibited that heliantriol F, apo-12’-
violaxanthal and estra-1,3,5(10)-triene-3,6 beta,17 beta-triol triac-
etate could possibly be docked into the HIV-1 PR binding pocket
similar to APV (Fig. 2A—C).

At polymerase active site of HIV-1 RT (PDB ID: 3QIP), the re-
docking analysis demonstrated that the BE of NVP
was —9.36 kcal/mol. The NPV, a reference inhibitor of this enzyme
interacted with LEU100, LYS101, LYS103, VAL106, TYR188 and
LEU234 residues of the enzyme (Table 3). Interestingly, five
candidate compounds which are 6 alpha-fluoroprogesterone, estra-
1,3,5(10)-triene-3,6beta,17beta-triol triacetate, geranylgeraniol,
thunbergol and apo-12’-violaxanthal displayed BE with HIV-1 RT at
polymerase active site at -1112, -10.11, -10.09, -10.01
and —9.78 kcal/mol, respectively. These BEs were less than that of
NVP, suggesting that these candidate compounds might block po-
lymerase activity of HIV-1 RT by bind to the active site of the
enzyme stronger than NVP (Table 3). Besides, these compounds
interacted with HIV-1 RT in the same orientation as NVP
(Fig. 2D—H).

4. Discussion

At present, HIV-1 infected patients cannot completely eradicate
the virus from their body therefore antiretroviral drug treatment is
necessary to control the virus number. Although a diverse array of
effective antiretroviral drugs is currently available, increasing drug
resistance’! and the adverse effects of the antiretroviral drugs are
of limitations. Many side effects from antiretroviral drugs have
been reported, such as mitochondrial toxicity of long-term treat-
ment with nucleotide reverse transcriptase inhibitors?> and hepa-
totoxicity of NVP administration.”> Therefore, the discovery of
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Table 2

401

; Molecular docking results of candidate ligands from LR extracts at the active site of HIV-1 PR.

Ligand Binding energy  Inhibition Number of  Amino acid interaction (Bond length)
(kcal/mol) constant (Kpi)  H-bond

APV -9.73 73.84nM 3 B:ASN25 (3.39168), B:ILE50 (2.77165), B:ASP30 (3.24437)
LRH
Geranylgeraniol -7.28 4.60 M 1 A:ASP29 (2.67949)
Thunbergol -8.93 286.98 nM 1 B:GLY49 (3.04361)
LRE
2-Heptoxyethanethiol -3.25 4.12mM 1 A:GLY27 (1.98476)
Apo-12’'-violaxanthal -9.98 48.59 nM 3 B:ARG8 (2.72933), A:THR80 (1.68262), B:ARGS (3.63695)
Estra-1,3,5(10)-triene- -9.96 50.25 nM 1 A:ILE50 (2.99369)

3,6beta,17beta-triol

triacetate
Methyl 10-gingerol -5.74 61.60 uM 2 A:ASP30 (1.67391), A:GLY49 (2.99561)
LRW
2-Heptoxyethanethiol -3.25 4.12 mM 1 A:GLY27 (1.98476)
6 alpha-Fluoroprogesterone -9.64 85.85nM 3 A:ASP29 (3.24964), A:ASP30 (3.07318), B:THR80 (2.4667)
1,2-Dioctanoyl-sn-glycerol -4.71 349.87 uM 2 A:GLY48 (3.32212), A:GLY48 (2.01816)
Heliantriol F -12.57 607.42 pM 2 B:ASN25 (3.06036), B:GLY49 (2.96205)
5-hydroxy-1-(4-hydroxy-3- —6.06 35.85 uM 6 A:ASN25 (2.83581), A:ASN25 (2.90096), B:ASN25 (2.15681), A:ASP30 (1.78535),

methoxyphenyl) hexadecan-
3-one

A:ASP29 (3.64172), A:ASP30 (3.03094)

antiretroviral drugs with better efficacy and lower side effect has
attracted much attention. Researchers have found several active
compounds exhibiting an anti-HIV-1 property isolated from
mushrooms, such as Pleurotus nebrodensis,>* Velleratretraol from
Lactarius vellereus®> and melanin-glucan complex from Fomes
fomentarius.?® Although LR has been studied for several medicinal
properties, information on its anti-HIV-1 activity is not available. In
this study, we were interested in the inhibitory activity of LR
against the PR and RT HIV-1 enzymes.

LRE and LRW extracts at 1 mg/mL exhibited significant inhibi-
tion of both HIV-1 PR and RT activities. Moreover, among the three
different LR extracts, LRH displayed the highest inhibition of HIV-1
PR activity, which was comparable to pepstatin, a known inhibitor
of HIV-1 PR.

Based on the phytochemical profile data of LRH obtained from
the GC-MS analysis, four major groups of components (alkanes,
fatty acids, terpenes, and ketones) were revealed. Eicosane,
heneicosane, and palmitic acid found in LRH have also been re-
ported in previous studies.'*?” In addition, this is the first study to
report the existence of certain identified compounds (Supple-
mentary data 2) found in LRH that have previously been found in
other natural sources, such as 3,7,11,15-tetramethyl-2-hexadecen-
1-ol in the leaf extract of Erythrina variegate,”® geranylgerniol from
the fruiting body extract of Boletinus cavipes,”® thunbergol from the
leaf extract of Pistacia lentiscus,’® pine needle extract of Pinus syl-
vestris L' and 2-nonadecanone from an Alhagi maurorum leaf
extract.>

The chemical constituents in LRE and LRW were preliminarily
analysed by LC-MS, revealing abundant levels of phospholipids,
peptides and other organic compounds. With respect to the phos-
pholipids in LRE, they were derived from fatty acids, such as lino-
leic, oleic, and palmitic acids, in accord with a previous finding.?’
Furthermore, the high content of triacylglycerols and terpenoids
were found in LRW. Several fatty acids have been evaluated for anti-
HIV-1 activity, for example, linoleic and oleic acids isolated from
brown algae (Sargassum fusiforme) could inhibit HIV-1 RT,>> while
palmitic acid was reported to inhibit viral entry by directly blocking
gp120-CD4 complex formation.>* Additionally, the detection of all
essential amino acids in LR powder>” is consistent with the pres-
ence of amino acids found in the LRE and LRW extracts. These data
suggest that LRE and LRW are composed of active components that
have been ascribed for anti-HIV-1 activity.

In this study, anti-HIV-1 replication was investigated in MOT-
4 cell, a human T lymphoblast which is generally used for HIV-1
research such as cytotoxicity assay as well as a target for HIV-1
infection.>®>” Cytotoxicity investigation exhibited that LRH and
LRE were toxic to MOLT-4 cells in a dose-dependent manner with
ICs50 of 0.03 and 0.14 mg/ml, respectively, which were lower than
the ICso of LRH (0.53 mg/mL) and LRE (>1 mg/ml) on HIV-1 PR in-
hibition. While LRW extract showed the toxicity against MOLT-
4 cells with ICs5¢ of 2.04 mg/ml, this extract could potentially be
safely used in vitro cell-based studies.

In vitro cell-based assays demonstrated that LRW could inhibit
HIV-1 replication by the significantly reduced syncytial formation
and p24 production. From the chemical constituent analysis, LRW
was composed of betulonic acid and oleanolic acid which have been
reported for HIV-1 effects.’®3° These data suggest that belulonic
acid and oleanolic acid might be the active compounds that could
inhibit HIV-1 replication in the MOLT-4 infected cells.

In search of potential newly active compounds, molecular
docking was performed. This in silico virtual analysis revealed that
heliantriol F and 6 alpha-fluoroprogesterone found in LRW pro-
vided the lowest BE to HIV-1 PR and HIV-1 RT, respectively,
compared to the other candidate compounds. Moreover, Lipinski's
rule of five and ADMET parameters indicated that these compounds
could be good drug-likeness with non-toxicity. These results sug-
gest that heliantriol F and 6 alpha-fluoroprogesterone could have
the potential to be the active compound with HIV-1 PR or RT
inhibitory activity. According to previous studies, heliantriol F
derived from edible flower extract of Chrysanthemum morifolium
exhibited an antitumor activity.*>*! However, HIV-1 inhibitory
activity of these proposed compounds have not previously been
reported, making this finding the first-time discovery.

This molecular docking study is a useful tool for describing the
interaction of a single compound with a target protein. However, a
synergistic effect of active compounds should be concerned.
Kametani S et al. determined the synergistic effect of chemical
constituents from dichloromethane crude extract of Aloe ferox
Miller for Ehrlich ascites tumor cell growth inhibition, they sug-
gested that the inhibitory effect of crude extract did not depend on
an isolated compound alone, but on the synergistic effect from the
combination of the compounds.*? To the best of our knowledge, the
HIV-1 PR and RT inhibitions might affect from single active com-
pounds or the synergistic effect of different compounds. Therefore,
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Fig. 2. ;Three-dimensional schematics present ligand orientations of candidate compounds compared to original inhibitors: APV and NVP in HIV-1 PR and RT binding pockets,

respectively.

(A) apo-12’-violaxanthal, (B) estra-1,3,5(10)-triene-3,6beta,17beta-triol triacetate and (C) heliantriol F were docked into the active site of HIV-1 PR. (D) geranylgeraniol, (E)
thunbergol, (F) apo-12’-violaxanthal, (G) estra-1,3,5(10)-triene-3,6beta,17beta-triol triacetate and (H) 6 alpha-fluoroprogesterone were docked into DNA polymerase active site of
HIV-1 RT. Green and gray macromolecules represent HIV-1 PR and HIV-1 RT, respectively. Yellow, red and blue small molecules represent APV, NVP and candidate ligands,

respectively.

the identified compounds should be further isolated and evaluated
the synergistic effect on HIV-1 PR and RT inhibitory activities.
Previous studies reported that 8-O-methylingol-3,12-diacetate-
7-benzoate, 3-(2-naphthoyl) ingeno, euphorneroid D, and ent-3-
oxoatisan-16a,17-acetonide, known as diterpenoids, exhibited
anti-HIV-1 activity.”* *° Additionally, the inhibition of HIV-1
replication by triterpenoids has also been investigated. For
example, oleanolic acid, uvaol, ursolic acid, maslinic acid, and 2a,
19a.-dihydroxy-3-oxo-12-ursen-28-oic acid all displayed anti-HIV-
1 activity by targeting HIV-1 PR.>%%64’ Moreover, 1p-hydrox-
ymaprounic 3-p-hydroxybenzoate, 2a-hydroxymaprounic acid 2,3-
bis-p-hydroxybenzoate, 1B-hydroxymaprounic, 2a-hydrox-
ymaprounic acid, garciosaterpenes A, garciosaterpenes C, and
betulinic inhibited HIV-1 RT activity.**>° Herein, we discovered
that LR extracts contain several diterpenoids and triterpenoids such
as geranylgeraniol, thunbergol, estra-1,3,5(10)-triene-
3,6beta,17beta-triol triacetate, 6 alpha-fluoroprogesterone and
heliantriol F. Moreover, these compounds presented good binding
capacity with HIV-1 enzymes. Therefore, we suggest that

terpenoids are interesting active compounds responsible for HIV-1
enzymes inhibition. Furthermore, these proposed terpenoids
should be deeply studied for anti-HIV-1 activity.

5. Conclusions

Our work is the first to demonstrate the in vitro anti-HIV-1 PR
and RT of the LR sclerotia extracts, as well as their metabolite
profiles. The crude LRH extract showed a high in vitro inhibitory
activity against HIV-1 PR. Moreover, the LRE and LRW extracts
could suppress both HIV-1 PR and RT activities in vitro. Cell-based
assays demonstrated that at 0.5mg/ml of LRW significantly
inhibited HIV-1 replication. The metabolite profile and in silico
analysis supported the hypothesis that the LR extracts were
composed of active compounds that could have anti-HIV-1 PR and/
or RT activities. These results suggested that LR could be a potential
source of compounds to inhibit HIV-1 replication. Furthermore, our
results provided the preliminary data for the development of
further novel HIV-1 PR and RT inhibitors.
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Table 3

; Molecular docking results of candidate ligands from LR extracts at polymerase active site of HIV-1 RT.

Ligand Binding energy Inhibition Number of H- Amino acid interaction (Bond length)
(kcal/mol) constant (Kpi) bond

NPV -9.36 137.68 nM 1 A:LYS101 (3.29016)

LRH

Geranylgeraniol —-10.09 40.33 nM 1 A:TYR188 (3.54739)

Thunbergol -10.01 45.80 nM -

LRE

2-Heptoxyethanethiol -4.78 314.72 yM 4 A:LYS101 (2.08296), A:PRO236 (3.18057), A:TYR318 (3.24429),
A:PRO236 (3.10392)

Apo-12’-violaxanthal -9.78 67.32nM 3 A:ASN175 (2.80294), A:PRO176 (2.75443), A:ILE178 (2.06618)

Estra-1,3,5(10)-triene-3,6beta,17beta-triol -10.11 38.92nM 2 A:LYS101 (3.31447), A:PRO236 (3.08095)

triacetate

Methyl 10-gingerol -8.08 1.20 uM 2 A:LYS101 (1.85019), A:GLY190 (3.37988)

LRW

2-Heptoxyethanethiol —4.78 314.72 M 4 A:LYS101 (2.08296), A:PR0O236 (3.18057), A:TYR318 (3.24429),
A:PRO236 (3.10392)

6 alpha-Fluoroprogesterone -11.12 7.12nM 0 —

1,2-Dioctanoyl-sn-glycerol -6.59 14.79 uM 0 -

Heliantriol F —6.45 18.6 uM 3 A:TRP383 (2.65415), A:ARG172 (2.69148), A:ILE180 (3.05751)

5-hydroxy-1-(4-hydroxy-3-methoxyphenyl) -7.28 4.61 uM 2 A:TYR181 (3.33568), A:TYR318 (2.44427)

hexadecan-3-one
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