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Abstract

Root extracts of Aegle marmelos, an evergreen tree indigenous to India, is an important ingredient in
Ayurvedic preparations used for the treatment of pulmonary tuberculosis. Leaves of the tree are used as
a remedy for respiratory ailments in folk medicine. The fruit is extensively used in the treatment of various
bacterial diseases such as dysentery, diarrhea, etc. The present study was designed to screen organic
solvent extracts of fruits of A. Marmelos for their inhibitory activity on Mycobacterium tuberculosis (M.
tuberculosis), and to isolate and identify the compounds responsible for antimycobacterial activity. The
minimum inhibitory concentration (MIC) of the extract and purified molecules on virulent laboratory strain
M. tuberculosis H37Rv was determined by resazurin microtiter assay (REMA). Structural elucidation of
the compounds was carried out employing NMR. Cytotoxicity of the compounds was evaluated against
human monocyte THP1-derived macrophages by MTT assay. The hexane extract of A. marmelos fruits
inhibited the growth of M. tuberculosis at an MIC of 50 pug/mL. Fractionation of the hexane extract by
column chromatography led to the isolation of imperatorin, B-sitosterol, plumbagin, marmesin, marmin,
and stigmasterol which individually inhibited the growth of M. tuberculosis. In vitro cytotoxicity assay
revealed that the compounds are not cytotoxic at the concentrations that inhibited the growth of M.
tuberculosis.
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Abbreviations

MIC, Minimum Inhibitory Concentration; NMR, Nuclear Magnetic Resonance; THP1, Tamm-Horsfall Protein 1; MTT,
Methylthiazoltetrazolium; HIV/AIDS, Human Immunodeficiency Virus/Acquired Immune Deficiency Syndrome; TLC, Thin
Layer Chromatography; HPLC-High Performance Liquid Chromatography; DMSO, Dimethysulfoxide.

Introduction

Tuberculosis (TB) is more prevalent in the world today than at any other time in the human history. Mycobacterium
tuberculosis, the pathogen responsible for TB, uses diverse strategies to survive in a variety of host lesions and to evade
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immune surveillance. One-third of the world population is
infected with the bacterium.! According to World Health
Organization estimates, there were 10.4 million new TB
cases and 1.4 million deaths in 2015.2 Compared to many
other diseases, the number of drugs available for the
treatment of TB are very limited. Moreover, the emergence
and spread of multidrug-resistant and extensively drug-
resistant tuberculosis (MDR and XDR-TB), accelerated by
the HIV/AIDS pandemic, is now posing a serious threat
to global TB control programs.® The recent emergence
of totally drug-resistant (TDR) TB is a warning of how M.
tuberculosis can continuously evolve to become resistant to
any drug used in therapy.* However, until effective vaccines
or novel treatment methodologies are introduced, drugs
will remain the mainstay of TB management. Thus there
is an urgent need to discover and develop new anti-TB
molecules, particularly to combat drug-resistant TB. New
drugs that are cheap, effective, less toxic, and capable of
bringing down the duration of treatment would greatly
benefit global TB control programs.

Medicinal plants have been used for centuries all over the
world by traditional medicinal systems such as Ayurveda
of India for curing diseases. Plant-derived molecules are a
source of novel therapeutics to treat TB.® India is one of the
few countries which has an incredible wealth of medicinal
plants and vast traditional knowledge on the use of herbal
products to cure various diseases. A number of Indian plants
have been shown to possess antimycobacterial activity.®
In an earlier study from our laboratory, we have shown
that ethyl p-methoxycinnamate (EPMC) isolated from
Kaempferia galanga possesses inhibitory activity against
clinical isolates of drug-resistant M.tuberculosis in vitro.”

Aegle marmelos (L.) Correa belongs to the family Rutaceae
and is commonly known as bale tree in India and golden
applein English. It is used in Ayurveda for various ailments.
Antioxidant, antidiabetic, anticancer, antihyperlipidemic,
anti-inflammatory, antimicrobial, antispermatogenic effects
of the crude extracts of this plant have been extensively
studied.® Phytochemistry and medicinal uses of the fruit
have been reviewed extensively.® The root is a major
ingredient in many Ayurvedic preparations prescribed
for the treatment of TB.* The crude extract of leaf of this
plant is also proven to be inhibitory to M. tuberculosis.**
The traditional Siddha medicine uses a confection called
‘ilakam” which is made from the fruits of this tree for the
treatment of TB.%? In the present study, we evaluated the
antimycobacterial activity of A. marmelos fruit extract and
compounds isolated from it against virulent M. tuberculosis.

Materials and Methods
General

TLC plates (pre-coated silica gel 60 F,,), solvents (HPLC
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and analytical grade) and chemicals were purchased from
Merck, India. *H and 3C NMR spectra were recorded on
AV500 NMR spectrometer (*H) and 125 MHz (*3C). Chemical
shifts were recorded in ppm (parts per million) in CDCI,
with TMS as the internal reference.

Plant Material

Ripe fruits of A. marmelos (L.) Corréa, commonly known as
bale, were obtained from the Ayurvedic Research Institute,
Thiruvananthapuram, Kerala, where they were identified
and authenticated and the voucher specimen HLL/01/2013
was deposited at the Corporate R&D Centre, HLL Lifecare
Limited.

Extraction and Isolation

Whole fruits were cleaned, dried under shade, and
powdered, and 24 g of the powder was subjected to
pressurized sequential extraction using accelerated solvent
extractor (ASE 150, Dionex Inc., USA). The material was
mixed with diatomaceous earth at 4:1 ratio and the mixture
was placed into a sample cell (100 mL) and loaded onto the
system. Extraction was performed under pressure (1500 psi)
at 100°C with a flush volume of 60% using two static cycles
and sequentially using HPLC grade n-hexane, chloroform
and methanol. The process was repeated several times and
500 g of sample was extracted to get the required amount
of extracts. The solvents were then evaporated in a rotary
evaporator (Buchi, Switzerland). The dried extracts were
weighed and dissolved in DMF to the desired concentrations
and were assayed for antimycobacterial activity.

The hexane extract on further fractionation using silica
gel column chromatography (60—120 mesh; 100 g) with
n-hexane-ethyl acetate in gradient elution afforded 12
fractions (H1-H12). Six of these fractions were found to be
active against M. tuberculosis H37Rv. These fractions were
subjected to further purification using preparative TLC. The
purified compounds were identified using spectroscopic
techniques. The structures of the compounds were
confirmed based on comparison of their spectral data
with those reported in the literature.

Antimycobacterial Activity of A. marmelos Fruit
extract and Compounds by Resazurin microtitre
Assay (REMA)

Resazurin microtitre assay® was carried out to analyze
the activity of the crude extract as well as the isolated
compounds against M. tuberculosis. To prepare the
inoculum, two 1 pL-loops of bacteria were suspended in
3 mL Middlebrook 7H9 medium (Difco) in sterile 5-mL glass
vials containing glass beads. The bacterial suspension was
homogenized using an ultrasound water-bath (EImasonic,
Germany) and it was then adjusted to a McFarland turbidity
of 1.0 followed by 1:20 dilution in 7H9 medium. From
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this, 100 ul of the culture was added to 100 pl medium
containing the extract in 96-well plates. The concentrations
of the compound or the extracts were adjusted to get 100,
50, 25,12.5, 6.25,3.125 and 1.5 ug/mL by serial dilutions.
The plates were incubated statically at 37°C for 7 days.
Growth controls consisted of cultures with DMF alone, and
Rifampicin at 1 pg/mL served as positive control. Negative
controls contained medium alone. After incubation, 30 ul
of 0.02% resazurin (Sigma-Aldrich) solution in water was
added and incubated again at 37°C until the color of the
dye changed from blue to pink in the control wells. The
minimal inhibitory concentration (MIC) of the extract
and the isolated compounds was defined as the lowest
concentration that prevented color change of resazurin
from blue to pink. All experiments were performed in
triplicates.

Cytotoxicity Assay

Cytotoxicity of the compounds was evaluated against human
THP1-derived macrophages by 3-[4,5-dimethylthiazol-
2-yl]-2, 5-diphenyl tetrazolium bromide (MTT) assay.'*
Stock solutions of the extracts for the viability assay were
prepared in 100% DMSO so that the final concentration
of DMSO in the medium did not exceed 0.1% (v/v). THP1
monocytes were seeded at a density of 40,000 cells
per well and induced into macrophages using phorbol
12-myristate 13-acetate (PMA, Sigma-Aldrich, USA) at a
final concentration of 20 ng/mL. Various concentrations
of the extract and compounds in RPMI medium containing
10% foetal bovine serum (FBS) were added to the 96-
well plate. Control wells did not contain the extract or
any compound. The cells were incubated at 37°C in the
presence of 5% CO,. After 24 h, 100 pL MTT (2.5 mg/mL
stock) dissolved in RPMI was added and again incubated
at 37°C. After 2 h, 100 pL of lysis buffer (20% SDS in 50%
DMF) was added and incubated at 37°C. As a measure of
cell viability, the conversion of MTT into a tetrazolium
salt was determined by measuring the absorbance at 570
nm. Percentage viability of the cells was plotted against
increasing concentrations of the compounds.

Results

Anti-mycobacterial activity of the Hexane Extract of
A. Marmelos Fruit

Dried, powdered fruits were extracted with hexane,
chloroform and methanol and the yields from the
extracts were 3.0, 1.5 and 18.3%, respectively. The anti-
mycobacterial activity of these extracts was evaluated
against M. tuberculosis H37Rv by REMA. We found that the
hexane extract and chloroform extract inhibited bacterial
growth at 50 pug/mL and methanol extract at 100 pg/mL
(Table 1). The hexane extract was selected for further
studies.
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Identification of Compounds in the Hexane Extract

The hexane extract was sequentially eluted with n-hexane,
benzene followed by gradient mixtures of n-hexane-ethyl
acetate successively to obtain 12 fractions (H1 to H12). The
fraction H2 obtained from benzene separated as powder
which was further purified and recrystallized with benzene —
MeOH (90:1) into colorless needles (50 mg, mp 100-102°C).
R.: 0.8 in benzene — EtOAc (9:1) system. This compound
(H2) was identified as imperatorin (PubChem CID: 10212).
The spectral values correlated with the reported values.®®

['H-NMR (500 MHz, CDCL,): 7.77 (d, 1H, J=9.5 Hz), 7.69 (d,
1H, J=2 Hz), 7.36(s, 1H), 6.81 (d, 1H, J=2 Hz), 6.37(d, 1H,
J=9.5 Hz), 5.62 (t, 1H, J=7 Hz), 5.01(d, 2H, J=7 Hz), 1.74 (s,
3H), 1.72 (s, 3H)].

31C NMR: 146.98, 107.07, 160.90, 115.05, 116.85, 113.5,
125.87, 148.97, 126.87, 140.13, 70.48, 120.11, 132.07,
18.43, 26.13.

The hexane extract on further fractionation using silica
gel column chromatography (60-120 mesh; 100g) with
n-hexane-ethyl acetate in gradient elution afforded eight
fractions (H3 to H12). Fraction H3 eluted with n-hexane-
ethyl acetate (9:1) gave two compounds, which on further
purification with preparative TLC, yielded a white powder
which was recrystallized with ethanol into white needles
(120 mg) with mp 131°C. The R, value of this compound
is 0.7 (benzene-ethyl acetate; 9:1). This was identified as
B-sitosterol (H2A) (PubChem CID: 222284) and the values
matched with published reports.®

'H NMR (500 MHz, CDCI,): 5.40 (1H, t, J=4.5Hz), 3.52 (1H,
m), 1.01(3H, s), 0.93 (3H, d, J=6.5 Hz), 0.86 (3H, t, J=8.5
Hz), 0.83 (3H, d, J=4.5 Hz), 0.81 (3H, d, J=6.7 Hz )0.68 (3H).

3CNMR: 37.59,32.01, 72.17,42.65,141.11, 122.08, 32.25,
32.01, 50.47, 36.85, 21.42, 40.12, 42.65, 57.11, 26.38,
28.59, 56.39, 36.49, 19.12, 34.28, 26.38, 46.17, 23.40,
12.32, 29.48, 20.16, 19.74, 19.12, 12.32.

The other fraction was purified and recrystallized from
MeOH-CHCI, as white solid. The yield was low (45 mg). This
was identified as stigmasterol (PubChem CID: 5280794)
(H2B) with an mp of 166—167°C. The spectral values were
comparable with published reports*® and the values are
given below.

['H-NMR (500 MHz, CDCl): 3.54 (tdd, 1H, J=6.5, 5, 4.5H2)
5.35 (t, 1H, J=5Hz), 5.17(1H, m, J=8.5Hz), 5.04 (m, 1H) 0.84
(t, J=7Hz), 0.805 (d, 3H, J=6Hz) , 0.79 (d, 3H, J=6Hz) 0.69
(s, 3H) 1.02 (s, 3H)

3ICNMR: 37.25,31.89, 71.81, 42.21, 140.75,121.71, 31.88,
31.66, 50.15, 36.51, 21.21. 39.67, 42.30, 56.86, 24.36,
28.92, 55.95, 40.49, 21.07, 138.32, 129.27, 25.41, 12.04,
19.40, 18.97, 12.25].
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On elution with 20% ethyl acetate, yellow needles were
separated which were recrystallized from CHCI, (H3). The
compound (60 mg) had an R, value of 0.6 (Hexane-ethyl
acetate, 1:1) and the spectral values are given below (mp
76—78°C). The compound was identified as plumbagin
(PubChem CID: 10205)."

'H NMR (500 MHz, CDCL,): 2.20 (s, 3H), 6.82 (m, 1H,
J=1Hz), 7.27 (m, 1H, J=7.5 Hz) 7.64 (2H, dd, J=5.7 Hz),
11.984 (1H, s)].

3CNMR: 184.80, 149.62, 136.11, 190.28, 161.18, 124.17,
135.46, 119.30, 132.07, 115.13, 16.52.

On further elution H4, H5, H6 were eluted. H5 was eluted at
50% ethyl acetate and it was further purified by preparative
TLC in a solvent system of chloroform:methanol (9.5:0.5).
This was recrystallized from chloroform:methanol with
mp of 189°C and the yield was 10 mg. The compound was
identified as marmesin and the spectral values matched
with reported values®® (PubChem CID: 334704).

H NMR (CDCI3, 500 MHz): 7.78 (1H, d, J=9.5 Hz), 7.40 (1H,
s), 6.83 (1H, d), 6.39 (1H, d, J=9.5 Hz), 4.60 (2H, m, J=3.5
Hz), 3.33 (1H, t, J=5.5 Hz), 1.35 (3H, s), 1.28 (3H, s).
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13C NMR: 160.38, 148.33, 146.83, 144.34, 131.47,
126.01,116.52, 114.82, 106.82, 77.28,72.48, 61.35, 24.56,
18.87

H6 was further purified by preparative TLC (benzene-ethyl
acetate; 1:1) and the fraction was identified as marmin?®®
(PubChem CID: 6450230). C _H, O, with mp of 124°C. The
spectral values were comparable with reported values®®

and values are given below.

['H-NMR, 300MHz (CDCL,): 6.25 (d,1H, J=9Hz) 7.64 (d, 1H,
J=9.5Hz)), 7.37 (d, 1H, J=8.5Hz)), 6.86 (d, 1H, J=2Hz), 6.82
(d, 1H)), 4.61(q, 1H, J=7Hz), 5.38 (m, 1H), 2.34 (m, 2H,
J=11Hz)), 2.03 (2H, s due —OH), 1.66 (m, 2H), 1.76 (s,3H),
1.30 (s, 3H), 1.25 (s, 3H).

The yield of marmin was relativelylow (6 mg).
Anti-TB Activity of the Compounds

Among the isolated compounds, plumbagin showed the
highest anti-TB activity with an MIC value of 12.5 pug/mL
followed by imperatorin, marmin and B-sitosterol (MIC:
25 pg/mL — for each). Stigmasterol and marmesin were
active at a higher concentration of 100 pug/mL (Table 1).

Table 1.Inhibitory Activity of the Extract and Compounds Isolated from the Fruit of
A. marmelos against M. tuberculosis H37Rv

No. Extract/compound MIC (ug/mL)
1 Hexane extract 50
2 Chloroform extract 50
3 Methanol extract 100
4 Plumbagin 12.5
5 Imperatorin 25
6 Stigmasterol 100
7 Marmesin 100
8 Marmin 25
9 B-sitosterol 25
Cytotoxicity Assay other compounds showed cytotoxicity even at the highest

The cytotoxicity of the purified compounds against THP1-
derived macrophages was analyzed by MTT assay. Plumbagin
was found to be cytotoxic to THP1-derived macrophages
at concentrations above 25 pug/mL. B-sitosterol inhibited
the growth of macrophages at 100 pug/mL. None of the
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concentration tested (100 pg/mL) (Fig. 1).

The cytotoxic effect of the isolated compounds in THP1-
derived macrophage cell lines was analyzed by MTT
assay after 24 h of treatment. The data is represented as
percentage viability compared to control (untreated cells)
Mean+SEM, n=3.
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Figure 1.Determination of Cytotoxicity of the Purified Compounds by MTT Assay
Discussion Plumbagin, a naphthaquinone derivative, is a well-known

The plant kingdom can be considered as an important
source of new drugs for the treatment of tuberculosis
because of its enormous chemical diversity.® In an earlier
study from our laboratory, we have shown that ethyl
p-methoxycinnamate (EPMC) isolated from Kaempferia
galanga inhibited M. tuberculosis H37Ra, H37Ryv, drug-
susceptible and multidrug-resistant clinical isolates in vitro.”

Traditionally, the ripe and unripe fruits, roots and leaves
of A. marmelos have been used against various diseases.
In Ayurveda, the ripe fruit has been used to treat chronic
diarrhoea and dysentery, and also as a tonic for the
heart and brain. The effectiveness of A. marmelos fruit in
diarrhoea and dysentery has been mentioned in ancient
Indian medical texts*®and the British pharmacopoeia.?* A
decoction of the root has been used to treat melancholia,
intermittent fevers and palpitation; the roots have mainly
been used as an ingredient of the Ayurvedic concoction
“Dashmula”. The root extract of A. marmelos is also
included in medications prescribed for TB treatment —
Dashmuladhikashayam, Bilwamithradhikashayam.®

The leaf extracts of the plant were found to possess
moderate activity against M. tuberculosis but the active
principles were not isolated and identified.? However, there
are very few reports on the anti-mycobacterial activities
of the fruit extract of this plant. Recently, hexane extracts
of the leaves were found to possess anti-TB activity at
an MIC of 50 ug/mL.* In this study, for the first time,
we report the inhibitory effect of the hexane extract
of A. marmelos fruit on virulent M. tuberculosis. Six
compounds responsible for the anti-mycobacterial activity
were identified as imperatorin, B-sitosterol, stigmasterol,
plumbagin, marmesin and marmin.

ISSN: 0019-5138

molecule which exerts anticancer, anti-proliferative and
chemopreventive properties.?®?* In addition, plumbagin
possesses anti-inflammatory and growth-modulatory
effects.?® It shows inhibitory activity against the Gram-
positive bacteria S. aureus at (MIC 1.56 pg/mL) and yeast
C. albicans (MIC 0.78 pug/mL).2 Several studies have already
reported the anti-TB activity of plumbagin. Plumbagin
isolated from Plumbago zeylanica has an MIC of 12.5 pg/
mL.%” From our assay, we found that the MIC of plumbagin
isolated from A. marmelos also had an MIC of 12.5 pug/mL
against M. tuberculosis H37Rv.

Imperatorin, a widely researched furanocoumarin
possesses antibacterial activity against Gram-positive and
negative bacteria including S. aureus, MRSA and Shigella
dysenteriae.” On the contrary, imperatorin isolated from
Balsamo citruscamerunensis when tested against E.
aerogenes , K. pneumonia , P. stuartii, P. aeruginosa did
not exhibit any inhibitory activity and was found to be
active only against E. coli at a high concentration of 512 ug/
mL.? It shows excellent anti-listerial activity with an MIC
of 15.62 ug/mL against L. monocytogenes.* Imperatorin
is also reported to inhibit HIV-1 replication.®! The diverse
biological activities of imperatorin have been reviewed in
detail.>? Though it shows cytotoxic effects on tumor cell lines
like HL-60 (human leukemia), it is not cytotoxic to PBMCs.*
It showed no activity at concentrations up to 1.9 mM
against several species of rapidly growing mycobacteria,
such as M. abscesus, M. aurum, M. fortuitum, M. phlei and
M. smegmatis.®* Our study showed that this compound is
selectively inhibitory to slow growing M. tuberculosis at a
concentration of 25 pg/mL.

Though the anti-allergic effect of marmin was studied for
its effects on histamine release from rat mast cells induced
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by histamine stimulants, the anti-mycobacterial activity of
marmin and marmesin against virulent M. tuberculosis has
not been reported so far.®®

Stigmasterol isolated from the methanolic extract of Aegle
marmelos leaves shows anti-bacterial activity against S.
aureus, E. coli, P. aeruginosa and S. thyphimurium when
tested by zone inhibition assay.3® Stigmasterol has an MIC of
100 pg/mL3”and 1:1 mixture of stigmasterol and sitosterol
has an MIC of 12.5 ug/mL against M. tuberculosis.3®

To our knowledge, this is the first study reporting the anti-
tubercular activity of the hexane extract of the fruit of A.
marmelos and we have identified six active principles in
it which inhibited the growth of the virulent strain of M.
tuberculosis. A recent study which analyzed the anti-TB
activity of the n-butanol extract of A. marmelos fruit pulp
has also discovered marmin as one of the active compounds
against avirulent M. tuberculosis H37Ra and M. bovis.*
None of the compounds from our study showed cytotoxicity
to THP1-derived macrophages at the concentrations that
inhibited M. tuberculosis.

Conclusions

The present study confirms the anti-mycobacterial activity
of six molecules of Aegle marmelos fruit against the virulent
strain of M. tuberculosis H37Rv in vitro, which corroborates
the use of the fruit in the treatment of TB in Ayurveda, the
traditional system of medicine in India.
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