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ARTICLE INFO ABSTRACT

Keywords: Ethnopharmacological relevance: Tuberculosis (Tb) is one of the most infectious diseases caused by Mycobacterium
Usnea laevis tuberculosis (M.t) with almost 2 million deaths yearly. Although many Tb control programs have been organised,
Tuberculosis

Antimycobacterial activity
Multidrug-resistant strains
Cytotoxicity

Selectivity index

with folklore name ‘Barba de Piedra, Tusinya’ is used as a natural remedy for Tb.

there is an elevated number of Tb cases due to the appearance of extremely drug-resistant and multidrug-
resistant (MDR) Tb strains. In the cultures of Venezuelan Andes, fruticose lichen Usnea laevis Nyl. (Usneaceae)

Aim of the study: This study was performed to provide a scientific rationale for the folklore usage of U. laevis in

treating Tb by validating its antimycobacterial activity against two drug-sensitive and four MDR-TDb strains.

Materials and methods: The mycobacterial inhibitory activities of acetone extract (Ul), fractions (F1-10), and
isolated metabolites (1-4) of U. laevis were evaluated against M.t H37Ra using 2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide reduction menadione assay (XRMA). Furthermore, Ul and 1-4 were
subjected to antimycobacterial activity against M.t H37Ra, Mycobacterium smegmatis, and four MDR-Tb (MDR-
A8, MDR-V791, MDR-R and MDR-40) strains using resazurin microtitre plate assay (REMA) and cytotoxicity
against THP-1 macrophages using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

and their selectivity index values were also calculated.

Results: Initially, Ul has shown prominent inhibitory activity (ICso value: 5.44 + 0.36 pg/ml) and four of its
fractions (F1, F2, F5 and F7) also exhibited the best inhibitory activity (ICso values ranged from 7.46 + 0.19 to
71.38 + 2.57 pg/ml) against M.t H37Ra using XRMA. Purification of these bioactive fractions identified four
metabolites, namely usnic acid (1), atranorin (2), salazinic acid (3), and lobaric acid (4). From the MIC values of
REMA, it was identified that Ul, 1 and 4 were more effective in inhibiting the growth of all four MDR-Tb strains,
compared to first-line drug rifampicin. Interestingly, Ul has shown better antimycobacterial activity than 1-4
and rifampicin against MDR-Tb strains may be due to the synergistic effect of its metabolites. Also, the ICsq
values of Ul and 1-4 on THP-1 macrophages were found to be far higher than MIC values against tested Tb
strains, indicating that THP-1 macrophages were not harmfully affected at concentrations that were effective
against Tb strains. Further, the calculated selectivity index values revealed the more active and non-toxicity of

Ul, 1 and 4 against MDR-Tb strains than rifampicin.

Conclusions: The current study lends the first evidence for the presence of antimycobacterial metabolites in
U. laevis. The results exposed the Andean folklore use of U. laevis for treating Tb, and the key biomarker me-
tabolites were found to be 1 and 4. Hence, it can be concluded that U. laevis can be used as a potential source for

the novel drug development for MDR-Tb.
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1. Introduction

A facultative intracellular bacteria Mycobacterium tuberculosis (M.t)
can survive and propagate within macrophages that cause an infectious
disease named tuberculosis (Tb) (Luo et al., 2013). The drug treatment
for susceptible M.t strains is based on a combination of first-line anti-Tb
drugs such as rifampicin, isoniazid, pyrazinamide and ethambutol
(World Health Organization, 2013). Although many Tb control pro-
grams have been organised, there is an elevated number of Tb cases due
to limited drug efficacy, poor patient compliance, and the occurrence of
extremely drug-resistant and multidrug-resistant (MDR) Tb strains. The
increasing cases of extremely drug-resistant and MDR have created a
severe Tb-related health illness globally (Seaworth and Griffith, 2017).
As per the World Health Organization, nearly 484,000 novel MDR-Tb
cases were reported in 2018, of which 100,000 cases are particularly
related to rifampicin-resistant Tb cases (World Health Organization,
2019). Hence, there is an urgent need for more active novel anti-
mycobacterial agents with new chemical moieties that have the capa-
bility of penetrating into macrophages and hindering the progress of
intracellular pathogens that are required to combat the Tb threat.

In Andean folk medicine, a fruticose lichen Usnea laevis Nyl.
(Usneaceae), popularly known as ‘Barba de Piedra, Tusinya’ is used for
the treatment of tuberculosis, dermatosis, infections, mycosis, and
pneumonia (Marcano, 1991; Crawford, 2015). With this background,
the Marcano group isolated usnic acid from U. laevis and reported its
antibiotic activity (Marcano et al., 1999). Therefore, in the current
study, we report the bioassay-guided isolation of secondary metabolites
from acetone extract of U. laevis and evaluated for their in vitro anti-
mycobacterial activity using M.t H37Ra, Mycobacterium smegmatis (M.s),
and four MDR-Tb strains. Furthermore, acetone extract and all isolated
metabolites were subjected to cytotoxicity against human acute mono-
cytic leukaemia cell line (THP-1) macrophages, and the selectivity index
(SI) values were also calculated as a degree for the drug lead potential of
the extract/metabolites.

2. Materials and Methods
2.1. Lichen material

The entire lichen Usnea laevis Nyl. was collected from the tree barks
at Western Ghats mountains, Udhagamandalam (Nilgiris District), Tamil

Journal of Ethnopharmacology 282 (2022) 114641

Nadu, India, in December 2019, and a voucher specimen (19-035,542)
was deposited at the CSIR-National Botanical Research Institute, Luck-
now, India.

2.2. Extraction and bioassay-guided isolation

Dried lichen U. laevis (~200 g) was blended into powder and
extracted with acetone (300 ml x 14 days x 3) by using the maceration
method (Nguyen et al., 2021) at room temperature. The combined ex-
tracts were evaporated using rotavapor (Shimadzu Rotation evaporator
QR, 2005-S, Japan) to obtain acetone extract of U. laevis (Ul, 18.4 g) as a
brown solid. Initially, Ul was screened for antimycobacterial assay
against M.t H37Ra using 2,3-bis-(2-methoxy-4-ni-
tro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) reduction
menadione assay (XRMA) (Singh et al., 2011) and found to be very
active (Table S1).

The schematic procedure of bioassay-guided isolation of Ul was
illustrated in Fig. 1. In brief, about 15.0 g of Ul was exposed to chro-
matography by sintered disc column (Borosil, India) over 230-400 mesh
size silica gel (Merck, India) using dichloromethane-ethyl acetate
gradient (0-100%) yielding ten fractions (F1-10). All these fractions
were also screened against M.t H37Ra strain using the XRMA method
(Singh et al., 2011). The outcomes of the screening found that only four
fractions (F1, F2, F5 and F7) showed >65% inhibition against M.t strain
(Table S1), signifying additional purification to isolate anti-
mycobacterial metabolites. By repeated column chromatography (sin-
tered disc column, Borosil, India), F1 (1.2 g) after purification using
hexane-dichloromethane gradient (0-100%) yielded 1 (900 mg) as
yellow needles. Similarly, F2 (900 mg) yielded 2 (550 mg) as colourless
needles. By using a dichloromethane-ethyl acetate (0-100%, gradient)
solvent system, F5 (840 mg) yielded 3 (650 mg) as colourless needles,
and F7 (800 mg) yielded 4 (350 mg) as pale yellow needles (Fig. 1). For
the chemical characterization, all the isolated metabolites were sub-
jected to Mass (LC/MS Triple Quad Portfolio, Agilent, China) and 2D
nuclear magnetic resonance (Bruker Avance 400 Spectrometer, Ger-
many) spectral analyses using the Robust mass spectrometry software
and Bruker’s topspin software, respectively.

2.3. In vitro antimycobacterial assay

Standard cultures of non-virulent Mycobacterium tuberculosis H37Ra

Acetone extract ce [
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Fig. 1. Bioassay-guided isolation of metabolites (1-4) from acetone extract (Ul) of Usnea laevis Nyl. Values of half-maximal inhibitory concentrations (ICsy) were
expressed as mean + standard deviation (n = 3) against M.t H37Ra. M.t: Mycobacterium tuberculosis; XRMA: 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazo-
lium-5-carboxanilide reduction menadione assay; CC: Column chromatography; DCM: dichloromethane; EA: ethyl acetate; Hex: n-hexane.
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strain (ATCC 25177), Mycobacterium smegmatis (ATCC 1441), and four
MDR-Tb strains, namely MDR Mycobacterium tuberculosis A8 (MDR-AS8),
MDR Mycobacterium tuberculosis V791 (MDR-V791), Mycobacterium
smegmatis MDR-R (MDR-R), and Mycobacterium smegmatis MDR-40
(MDR-40) were included in this study. The specifications of these
MDR strains were listed in Table 1. All strains were grown on Mid-
dlebrook 7H9 broth supplemented with albumin dextrose complex
(10%) and maintained as glycerol stocks at —70 °C.

For bioassays, 50 pL of the bacterial-glycerol stock was sub-cultured
in Middlebrook 7H9 medium supplemented with glycerol (0.05%) and
Tween 80 (0.05%) to attain metabolically active mycobacteria and was
grown under aerobic conditions with shaking at 190 rpm and 37 °C to
log phase (OD595 ~0.5). Later, the clump cultures were sonicated for 5
min and re-suspended by sub-cultured through a 26 gauge needle
(10-15 times) and diluted to 1:20 in Middlebrook 7H9 medium (without
Tween 80) and used to carry out the experiments (Singh et al., 2015).

Initial M.t inhibitory screening of Ul, F1-10, and 1-4 were tested at
four different concentrations (5-100 pg/ml) against M.t H37Ra strain
using the XRMA method at 470 nm (Singh et al., 2011) in triplicate.
Briefly, to 250 pl of the above-prepared M.t H37Ra culture added test
sample and 200 uM of XTT in a 96-well plate and incubated at 37 °C for
20 min. Later, optical density (OD) was measured at 470 nm using a
Spectramax plate reader. The percentage of inhibition was deliberated
with the OD values and half-maximal inhibitory concentration (ICso)
values were calculated by logistic regression analysis. Rifampicin
(0.1-1.0 pg/ml concentrations) was used as the reference drug, while
DMSO (up to 2%) was used as a negative control.

Further evaluation of the antimycobacterial activity of Ul and 1-4
(200-0.10 pg/ml concentrations) was carried out against M.t, MDR-AS8,
MDR-V791, M.s, MDR-R, and MDR-40 strains using resazurin microtitre
plate assay (REMA) (Lakshmanan et al., 2011) in triplicate. The two-fold
serial dilutions of Ul and 1-4 from 200 to 0.10 pg/ml were carried out in
a 7H9 medium. In a 96-well plate, the test sample and 100 pl of the
above prepared MDR culture were added and incubated at 37 °C for 7
days. Later, each well was treated with 30 pl of resazurin solution
(0.02%) and further incubated for 2 days. The minimum inhibitory
concentration (MIC) values were deliberated by a colour change from
blue to pink. Rifampicin (200-0.10 pg/ml concentrations) was used as
the reference drug, while DMSO (up to 2%) was used as a negative
control.

2.4. Cytotoxicity assay

Ul and 1-4 were subjected for cytotoxicity using 3-(4,5-dime-
thylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay (Tati-
pamula and Vedula, 2020) against THP-1 macrophages in triplicate.
From the National Centre for Cell Science (Pune, India), the human
acute monocytic leukaemia cell line (THP-1) was procured and main-
tained in RPMI-1640 medium (Merck, India) in a 5% CO, atmosphere at
37 °C. A day before infection, differentiation of THP-1 monocytes into
macrophages was induced by seeding 1 x 10° cells in a 96-well plate and
added with 100 nM phorbol-12-myristate-13-acetate (Sigma-Aldrich,

Table 1
List of mycobacterial multidrug-resistant (MDR) strains.
Strain Code Specification Reference
MDR Mycobacterium MDR- Resistant to rifampicin and Horvati et al.
tuberculosis A8 A8 isoniazid (2015)
MDR Mycobacterium MDR- Resistant to rifampicin, Yang et al.
tuberculosis V791 V791 isoniazid, streptomycin, and (2018)
ofloxacin
Mycobacterium MDR-R  Resistant to rifampicin, Gupta et al.
smegmatis MDR-R tetracycline, and (2011)
chloramphenicol
Mycobacterium MDR- Resistant to rifampicin, Gupta et al.
smegmatis MDR-40 40 ampicillin, and kanamycin (2011)
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India) and incubated at 37 °C overnight in a cell culture medium. On the
experiment day, the medium was replaced with a fresh cell culture
medium and incubated with test samples (50-300 pg/ml concentration
dissolved in DMSO) in a 5% CO2 atmosphere at 37 °C for 48 h. Later, 20
pL of 5.0 mg/ml of MTT dye (Sigma-Aldrich) solubilized in DMSO was
added to each well and incubated in a 5% CO2 atmosphere at 37 °C for 4
h. The absorbance was recorded at 570 nm using a microplate reader
(Molecular Devices, USA). From the dose-response curves, ICsy values
were deliberated against THP-1 macrophages. Doxorubicin (2.5-10
pg/ml concentration dissolved in DMSO) was used as the reference drug,
while DMSO was used as a negative control.

2.5. Statistical analysis

The statistical significance for ICsg values was determined using one-
way analysis of variance followed by Dunnett’s multiple comparison
test, where *P < 0.05 and ***P < 0.0001 were considered statistically
significant compared to positive control.

3. Results and discussion
3.1. Bioassay-guided isolation

To isolate the biological active antimycobacterial substances from
Ul, it was initially fractionated to afford ten fractions (F1-10) using
column chromatography. These fractions were then screened for anti-
mycobacterial activity against M.t H37Ra using the XRMA method. The
outcomes of the preliminary screening revealed that only Ul, F1, F2, F5
and F7 showed above 65% inhibition against M.t strain, while other
fractions revealed M.t inhibition in the range of 5-18% (Table S1).
Among these, Ul and F1 presented to be the most potent anti-
mycobacterial agents against M.t H37Ra strain with ICsq values of 5.44
+ 0.36 and 7.46 + 0.19 pg/ml, respectively. Whereas F2, F5 and F7
showed significant (P < 0.0001) antimycobacterial activity with ICsq
values of 71.38 + 2.57, 48.02 + 291, and 12.71 + 2.47 pg/ml,
respectively, against M.t H37Ra, compared to rifampicin (IC5y value:
0.14 + 0.00 pg/ml) (Fig. 2). On the other hand, the negative control
(DMSO, up to 100 pg/ml) used for dilution did not display any inhibition
of M.t H37Ra growth.

Later, the bioactive fractions (F1, F2, F5 and F7) were purified using
column chromatography, which yielded four metabolites (1-4). Upon

characterization using spectral and elemental analysis, these
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= 751
£
=)
=
7]
g 504
®
>
Q 251
04
N O <<r1/ (<9.> <<’\ N 9% 9 ™ Q\o\(\
S
&

Fig. 2. Half-maximal inhibitory concentrations (ICs) of acetone extract (Ul),
bioactive fractions (F1, F2, F5 and F7), and isolated metabolites (1-4) from
Usnea laevis Nyl. against Mycobacterium tuberculosis H37Ra using the XRMA
method. Statistical significance was determined using one-way analysis of
variance followed by Dunnett’s multiple comparison test, where *P < 0.05 and
***P < 0.0001 indicated a significantly higher compared to rifampicin. XRMA:
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
reduction menadione assay; ns: non-significant compared to rifampicin.
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metabolites were identified as usnic acid (1), atranorin (2), salazinic
acid (3), and lobaric acid (4) (Fig. 1). Except 1, all other metabolites
were probably reported for the first time from U. laevis. The preliminary
screening of these metabolites revealed that only metabolite 1 (5-100
pg/ml) had a higher percentage of M.t H37Ra inhibition as compared to
all fractions (F1-10), which was also noted to be almost equivalent to
that of the Ul (Table S1). Metabolites 1 (ICs( value: 6.32 + 0.20 pg/ml)
and 4 (ICsq value: 8.49 + 0.11 pg/ml; P < 0.05) obtained from bioactive
fractions F1 and F7, respectively, exhibited profound inhibitory action
against M.t H37Ra, while metabolites 2 and 3 obtained from F2 and F5
showed significantly (P < 0.0001) higher ICs( values of 28.40 + 1.13
and 41.96 + 2.32 pg/ml, respectively, against M.t H37Ra, compared to
rifampicin (Fig. 2). This emphasized that the isolated metabolites (1-4)
might be responsible for the antimycobacterial activity of bioactive
fractions (F1, F2, F5 and F7), as well as Ul

3.2. In vitro antimycobacterial assay

Depending upon the outcomes of the initial screening, Ul and 1-4 at
a concentration ranged from 0.10 to 200 pg/ml were further evaluated
to determine MIC values against two drug-sensitive (M.t H37Ra and M.
s), four MDR-Tb (two MDR M.t: MDR-A8 and MDR-V791; two MDR M.s:
MDR-R and MDR-40) strains using the REMA method. The outcomes of
REMA were presented in the form of MIC values in Table 2. Among all
tested samples, Ul, 1 and 4 revealed significant antimycobacterial ac-
tivity with MIC values of 25, 50 and 100 pg/ml, respectively, against M.t
H37Ra stain, compared to rifampicin (MIC value of 0.2 pg/ml) (Table 2).
While metabolites 2 and 3 didn’t show any inhibition against M.t H37Ra
at all concentrations tested and their MIC value was considered as >200
pg/ml (Table 2).

Few studies have elucidated the antimycobacterial properties of
metabolites 1-4 against various Tb strains, namely M.t H37Rv,
M. kansasii, M. avium, and M. aurum (Honda et al., 2010; Ingolfsdottir
et al.,, 1998; Lira et al., 2009; Lucarini et al., 2014). Their inhibitory
results of metabolites 1-4 against M.t strain were found similar to our
present research findings. Besides, literature search of these metabolites
did not fetch any reports of their mechanism of action against M.t.
However, Gupta et al. (2012) postulated that usnic acid exerts its anti-
bacterial activity against methicillin-resistant Staphylococcus aureus by
disruption of the cell membrane.

In the present study, metabolites 1-4 have been assessed for the first
time against M.s and four MDR-Tb (MDR-A8, MDR-V791, MDR-R and
MDR-40) strains in this paper. Similar to M.t strain, Ul, 1, 3 and 4
revealed significant antimycobacterial activity with MIC values of 6.25,
12.50, 50.0 and 50.0 pg/ml, respectively, against M.s stain, compared to
rifampicin (MIC value of 0.2 pg/ml) (Table 2). While metabolite 2 was

Table 2
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found to be inactive against M.s up to 200 pg/ml concentration
(Table 2).

On the other hand, all four MDR-Tb strains were found to be more
susceptible to Ul, compared to M.t H37Ra and M.s. The MIC values of Ul
against MDR-TDb strains were in the range of 0.41-6.25 pg/ml (Table 2).
From these results, it was noticed that Ul was more potent in inhibiting
the growth of MDR-Tb strains in comparison to drug-sensitive strains
(M.t H37Ra and M.s).

Among isolated metabolites, the two MDR M.t strains (MDR-A8 and
MDR-V791) were found to be more susceptible to 1 and 4, when
compared to M.t H37Ra. Metabolites 1 (MIC values: 25.0 and 12.5 pg/
ml) and 4 (MIC values: 50 and 50 pg/ml) exhibited the highest myco-
bactericidal effect against MDR-A8 (resistant to rifampicin and isoni-
azid) and MDR-V791 (resistant to rifampicin, isoniazid, streptomycin,
and ofloxacin), respectively, compared to rifampicin (MIC values: 100
and > 200 pg/ml, respectively). Instead, metabolites 2 and 3 were found
to be inactive against both MDR-A8 and MDR-V791 up to 200 pg/ml
concentration (Table 2).

Interestingly, metabolite 1 was found to be extremely effective in
inhibiting both MDR M.s strains, namely MDR-R (resistant to rifampicin,
tetracycline, and chloramphenicol) and MDR-40 (resistant to rifampicin,
ampicillin, and kanamycin), with a MIC value of 12.50 pg/ml. Similarly,
metabolites 3 and 4 showed better mycobactericidal activity against
MDR-R and MDR-40 with a MIC value of 50 pg/ml than rifampicin (MIC
value: >200 and 100 pg/ml, respectively). While, metabolite 2 didn’t
show any inhibition against all tested MDR M.s stains at all concentra-
tions tested from 200 to 0.10 pg/ml, hence, MIC was considered as
>200 pg/ml (Table 2). In contrast, the negative control (DMSO, up to
2%) used for two-fold serial dilution did not display any growth inhi-
bition of all tested mycobacterial strains.

Generally, synergistic effects can be created if the chemical constit-
uents of an extract affect multiple targets or interact with one another in
order to improve the bioavailability of one or more substances in the
mixture (Wagner and Ulrich-Merzenich, 2009). For instance, the com-
bination of rifampicin with 7-methyljuglone (a natural secondary
metabolite) reduced (four-fold) the MIC value, and also showed both
intracellular and extracellular synergistic activity against tested M.t
strains (Bapela et al., 2006). Similarly, in the present study, Ul has
shown better antimycobacterial activity than 1-4 and rifampicin against
MDR-Tb strains may be due to the synergistic effect of its metabolites.
Concurrently, MDR-Tb strains were found to be more susceptible to
metabolites 1, 3 and 4 with significantly lower MIC values than rifam-
picin, indicating these metabolites were identified as the chief
biomarker substances present in traditional medicinal lichen U. laevis.

Antimycobacterial activity, cytotoxicity, and selectivity index of isolated metabolites (1-4) and acetone extract (Ul) of Usnea laevis Nyl.

Sample MIC values® (Selectivity index value”) Cytotoxicity® (ICso values on THP-1 macrophages)
M.t H37Ra Multidrug-resistant M.t strains M.s Multidrug-resistant M.s strains
MDR-A8 MDR-V791 MDR-R MDR-40
Ul 25.00 (6) 6.25 (22) 1.63 (85) 6.25 (22) 0.81 (172) 0.41 (340) 139.36 £ 6.15%**
1 50.00 (3) 25.00 (5) 12.50 (10) 12.50 (10) 12.50 (10) 12.50 (10) 130.60 + 2.83%*
2 >200 (ND) >200 (ND) >200 (ND) >200 (ND) >200 (ND) >200 (ND) 286.13 £ 10.09%**
3 >200 (ND) >200 (ND) >200 (ND) 100.00 (3) 50.00 (6) 50.00 (6) 243.85 £+ 9.26%**
4 100.00 (2) 50.00 (4) 50.00 (4) 50.00 (4) 50.00 (4) 50.00 (4) 190.56 + 7.16%**
Rifampicin 0.20 (467) 100.00 (1) >200 (ND) 0.20 (467) >200 (ND) 100.00 (1) 93.35 + 3.81%**
Doxorubicin NT NT NT NT NT NT 6.46 + 0.18

? Values are expressed as pg/ml (n = 3); MIC: Minimum inhibitory concentration is the lowest concentration of the sample exhibiting percentage growth inhibition of
>90%, relative to the growth control; M.t: Mycobacterium tuberculosis; M.s: Mycobacterium smegmatis; NT: Not tested; ND: Not determined.
b Selectivity index: Cytotoxicity (ICso value)/Antimycobacterial activity (MIC value). The higher selectivity index values indicate the more active and non-toxicity of

a metabolite/extract.

¢ Values are expressed as pg/ml (mean + standard deviation, n = 3), where statistical analysis was determined using one-way analysis of variance followed by
Dunnett’s multiple comparison test, where ***P < 0.0001 indicated a significantly higher as compared to doxorubicin; ICsy: Half-maximal inhibitory concentration is
the lowest concentration of the sample exhibiting percentage growth inhibition of 50%, relative to the growth control.
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3.3. Cytotoxicity assay

As mentioned earlier, M.t is an intracellular pathogen that initiates
pathogenesis in alveolar macrophages (Luo et al., 2013). THP-1 cells
were commonly used to differentiate in vitro from macrophages (Pick
et al., 2004). Therefore, Ul and 1-4 were tested on THP-1 macrophages
for their safety assessment using MTT assay. From the results, it was
noticed that the ICsy values of Ul (139.36 + 6.15 pg/ml) and 1-4
(ranged from 130 to 286 pg/ml) on THP-1 macrophages were found to
be much higher than MIC values against tested mycobacterial strains
(Table 2). All these cytotoxicity ICsy values were found to be signifi-
cantly (P < 0.0001) higher than that of the standard drug, doxorubicin
(ICsp value: 6.46 + 0.18 pg/ml) (Table 2). This indicates that THP-1
macrophages were not harmfully affected at concentrations that were
effective against M.t, MDR-A8, MDR-V791, M.s, MDR-R and MDR-40
strains. Hence, the cytotoxicity results propose the biocompatible na-
ture of all isolated metabolites.

3.4. Selectivity index

Theoretically, SI values for Ul and 1-4 were calculated (IC59/MIC) to
estimate the efficiency and safety of any drug during in vivo treatment
for any bacterial infection (Dzoyem et al., 2016). The higher SI values
indicate the more active and non-toxicity of a compound. In the present
study, the SI ratio values of Ul (SI: 22-340), 1 (SI: 5-10) and 4 (SL: 4)
towards all tested MDR-Tb isolated strains (MDR-A8, MDR-V791, MDR-
R, and MDR-40) were far higher than rifampicin (SI: 1) (Table 2).
Particularly, metabolite 3 (SI: 6) showed a significantly higher SI value
towards two MDR M.s strains (MDR-R and MDR-40) than rifampicin (SI:
1). This theoretical analysis indicates that Ul, 1 and 4 displayed strong
antimycobacterial activity against four MDR-Tb strains, compared to
drug-sensitive strains (M.t H37Ra and M.s). These outcomes were
considered very promising since Ul, 1 and 4 exhibited better selectivity
against four MDR-Tb strains than toxicity to THP-1 macrophages.

4. Conclusions

To conclude, this is the first study investigation that provides support
to the traditional usage of lichen U. laevis in Tb via in vitro anti-
mycobacterial activity. The bioassay-guided isolation of U. laevis yielded
four metabolites, of these, 1 and 4 possess significant antimycobacterial
actions against M.t H37Ra, M.s, as well as four MDR-Tb strains, reveal its
potential usage to combat drug resistance problem in Tb. Also, the
cytotoxicity and SI index values found to be far higher than rifampicin
indicate 1 and 4 would be non-toxic and more effective during in vivo
studies. On a whole, Ul exhibited better antimycobacterial activity than
the isolated metabolites against the MDR-Tb strains may be due to the
synergistic effect of its metabolites. However, further studies with these
isolated metabolites in combination with one another and/or with first-
line anti-Tb drugs will be conducted to enhance the biological activity
through the synergistic effects. Additionally, a systematic investigation
is further required to explore the antimycobacterial activities of 1 and 4
in animals and humans, after which they may be used as a first-line
treatment for Tb or as an adjunctive treatment with standard anti-
mycobacterial drugs.
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