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Secondary metabolites from Lobaria pulmonaria
(L.) Hoffm. target key metabolic enzymes: a novel
strategy against multidrug-resistant tuberculosis

Ha Thi Nguyen,3° Vishnu Nayak Badavath, {2 ¢ Siddhartha Maji, ¢ ¢
Haritha Polimati, ©2 ¢ Emmanuel Okello," Richard A. Bunce, 2 ¢ Nguyen Huy Thuan,®®
Wan Mohd Nuzul Hakimi Wan Salleh €29 and Vinay Bharadwaj Tatipamula {2 *@°

Numerous cultures have traditionally utilised the foliose lichen Lobaria pulmonaria (L.) Hoffm. (“Oak Lung”
or "Lungs of Oak”" in English; family: Lobariaceae) as a Tuberculosis (Tb) treatment. The present study aimed
to scientifically validate the folkloric use of L. pulmonaria in treating Tb by investigating its antimycobacterial
profile against Mycobacterium tuberculosis H37Ra (M.tb) and six other MDR-Tb isolates. The preliminary
results obtained from XRMA revealed the notable inhibitory activity of LP and Fraction (F)-3 against M.tb,
displaying ICso values of 7.74 + 0.27 and 6.26 + 0.04 pg mL™%, respectively; followed by F2 (ICsq value:
38.82 4+ 0.34 ug mL™Y and F5 (ICso value: 46.69 + 1.13 ng mL™Y). The purification process of these
bioactive fractions resulted in the identification of four known secondary metabolites: fukinanolide A,
pinastric acid, stictic acid, and scrobiculin. Furthermore, the MICs from REMA showed that LP, stictic
acid, and fukinanolide A have greater efficacy in controlling the growth of all six tested MDR-Tb isolates,
compared to rifampicin. Notably, LP exhibited superior antimycobacterial activity against all six tested
MDR strains as compared to all isolated compounds and rifampicin, possibly due to the synergistic effect
of its metabolites. Furthermore, the ICsq values of LP, stictic acid, and fukinanolide A on THP-1
macrophages were considerably higher than MICs against the tested mycobacterial strains, suggesting
that THP-1 remained unaffected at concentrations effective against M.tb and MDR-Tb isolates. The
deliberated Sl ratio values indicated that LP, stictic acid, and fukinanolide A were more active and less
toxic to MDR-Tb strains than rifampicin. The molecular docking studies on 1EA1, 4V1F and 3VIU revealed
that fukinanolide A and stictic acid bind effectively and selectively to 3VIU (B-ketoacyl reductase FabG4),
thereby conferring their anti-TB potential. The outcomes provide a validation for the traditional use of L.
pulmonaria in Tb treatment, with stictic acid and fukinanolide A identified as key biomarkers. Hence, L.
pulmonaria presented as a promising source for the development of novel drugs targeting against MDR-Tb.

Introduction

Tuberculosis (TB) is a preventable and generally treatable
contagious bacterial infection caused by Mycobacterium tubercu-
losis (M.tb), which spreads through the air when infected indi-

*School of Pharmacy and Technology Management, SVKM's Narsee Monjee Institute of
Management Studies (NMIMS), Deemed-to-be-University, Green Industrial Park,
TSIIC, Jadcherla, Hyderabad 509301, India

School of Pharmacy & Technology Management, SVKM's Narsee Monjee Institute of
Management  Studies (NMIMS) Deemed-to-University, Jadcherla - 509301,

Hyderabad, India

“Department of Chemistry, Oklahoma State University, Stillwater 74078, Oklahoma, USA

‘Pharmacology Department, AU College of Pharmaceutical Sciences, Andhra
University, Visakhapatnam 530003, Andhra Pradesh, India

/Veterinary Medicine Teaching and Research Center, School of Veterinary Medicine,
University of California, Davis, Tulare, CA, USA

¢Department of Chemistry, Faculty of Science and Mathematics, Universiti Pendidikan
Sultan Idris, Tanjong Malim, 35900, Perak, Malaysia

t Current address: Department of Neurology, O'Donnell Brain Institute,
University of Texas Southwestern Medical Center, Dallas, TX 75390, USA.

8960 | RSC Adv, 2026, 16, 8960-8970

viduals expel the bacteria, for instance, through coughing.»” In
2022, newly diagnosed TB cases reached 7.5 million globally,
marking the highest figure since the WHO commenced global TB
monitoring in 1995. In the same year, TB became the second
leading cause of death after COVID-19 attributable to a single
infectious agent worldwide, with a reported 1.3 million deaths,
surpassing HIV/AIDS.? In 2023, 1.25 million TB-related deaths
were reported.* Furthermore, the emergence of new cases
involving multidrug-resistant (MDR) and extremely drug-
resistant (XDR) TB strains that exhibit resistance to the first-
line drugs, such as rifampicin® has resulted in significant
global health challenges related to TB.® Globally, an estimated
400000 people developed MDR/rifampicin-resistant TB*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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emphasising the urgent need for the development of potent novel
antimycobacterial agents with chemical structures capable of
penetrating macrophages. These agents should impede the
advancement of intracellular pathogens, addressing the pressing
need to combat the threat posed by TB.

In the quest for novel antimycobacterial agents, we investigated
the foliose lichen Lobaria pulmonaria (L.) Hoffm. (family: Lobar-
iaceae), which has been used in ethnopharmacology for treating
lung ailments such as TB, coughs, and haemoptysis since the late
1400s. L. pulmonaria was widely used throughout Europe until the
1600s.** For example, this lichen is referred to as “Oak Lung” or
“Lungs of Oak” in English, “Lungenkraut” in German, “Toad Skin”
in Chinese, “Crotal Coille” in Irish, “Muscus Pulmonarius” in
Latin, and “Hazelraw” in Scottish cultures.”*™® Typically, L pul-
monaria was prepared by boiling in water or milk or as a vegetable,
using various cooking methods, including frying, making soup,
steaming, stewing, and more for consumption.”*™*

From a biological perspective, extracts of L. pulmonaria have
been reported to have anti-inflammatory, antiulcerogenic, anti-
oxidant, anti-proliferative, antimicrobial, apoptotic, and gastro-
protective effects.’** The chemical entities identified from
extracts of L. pulmonaria include salazinic acid,”® depsidone
(C21H1600),2* gyrophoric acid, (£)atranorin, thelephoric acid,
norstictic acid, constictic acid,* stictic acid,>*” rhizonaldehyde,
isidiophorin, pulmonarianin, vesuvianic acid, rhizonyl alcohol,
ergosterol-5a,8a-peroxide,” and melanins.”® However, their
antimycobacterial activities remained to be elucidated.

M.th possesses complex biosynthetic pathways involved in the
synthesis of mycolic acids, peptidoglycan, and lipids, which
contribute to its survival and virulence. Among these pathways,
the fatty acid synthase (FAS) system is a key target for anti-M.th
compounds due to its role in building the lipid-rich cell wall that
enables intracellular survival. The FAS system consists of two
pathways: FAS-I, responsible for short-chain fatty acid synthesis,
and FAS-II, which produces long-chain fatty acids. FabG,
a ketoacyl reductase, is integral to FAS, with FabG1 and FabG4
being the only enzymes with conserved genes among mycobac-
terial species. FabG4, a high molecular weight NADH-dependent
B-ketoacyl CoA reductase, catalyses the reduction of B-ketoacyl
intermediates to B-hydroxyacyl derivatives, which is crucial for
cell wall integrity and bacterial survival.**** Additionally, FabG4
has been implicated in drug resistance, as it is overexpressed in
response to sub-inhibitory concentrations of Streptomycin.*

Despite growing interest in natural products for TB treat-
ment, there remains a notable gap in the evaluation of specific
lichen-derived secondary metabolites against MDR-TB clinical
isolates. While compounds such as calanolides have shown
some antimycobacterial potential,** metabolites like fukinano-
lide A, pinastric acid, stictic acid, and scrobiculin have not been
comprehensively studied in this context (to the best of our
knowledge). This study addressed this gap by isolating these
metabolites from the lichen L. pulmonaria and demonstrated
their antimycobacterial efficacy against multiple MDR-TB
strains. Additionally, we provide novel molecular docking
evidence of these compounds, uncovering plausible mecha-
nisms for their antimycobacterial action. Together, these find-
ings substantiate the potential of these metabolites as
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promising antimycobacterial
investigation.

Thus, in the current study, we aimed to: (i) conduct bioassay-
guided isolation process to extract antimycobacterial metabo-
lites from L. pulmonaria; (ii) assess the antimycobacterial
activity of the acetone extract of L. pulmonaria (LP) and its
secondary metabolites against M.tb H37Ra and six other MDR-
TB clinical isolates, (iii) evaluate the safety of LP extract and its
secondary metabolites by measuring their cytotoxicity against
human leukaemia monocytic (THP-1) macrophages, and (iv)
uncover the mechanism of action of these compounds by
docking them against key metabolic enzymes of M.th, namely
cytochrome P450 14a-sterol demethylase (PDB ID: 1EA1),
mycobacterial ATP synthase (PDB ID: 4V1F), and pB-ketoacyl
reductase FabG4 (PDB ID: 3V1U).

agents and justify further

Results and discussion
Bioassay-guided isolation

The LP extract was subjected to an initial screening for anti-
mycobacterial activity against M.th H37Ra at six concentrations
ranging from 0 to 100 ug mL ™" using XRMA method (Table 1).
The results confirmed its antimycobacterial activity with a half-
maximal inhibitory concentration (ICs,) value of 7.74 + 0.27 pg
mL~" (Table 1 and Fig. 1). Subsequently, LP was subjected to
fractionation through column chromatography (CC), resulting
in six fractions (F1-6). The initial antimycobacterial assay of
these compounds against M.tb H37Ra revealed the inhibition
level of fractions F2, F3, and F5 exceeded 65%, while that of F1,
F4, and F6 were below 27% at the concentration of 100 pg mL ™"
(Table 1). Among all fractions, F3 exhibited the highest anti-
mycobacterial activity with an ICs, value of 6.26 + 0.04 ug mL ™ %;
followed by F2 and F5, with IC5, values of 38.82 £ 0.34 and 46.69
+ 1.13 ug mL™", respectively (Table 1 and Fig. 1). Conversely,
DMSO (2%) used for dilution did not show any M.th H37Ra
inhibitory activity.

Subsequently, the three fractions (F2, F3, and F5) with high
antimycobacterial activity were subjected to further purification
using CC, resulting in the isolation of four known metabolites
that were later identified as fukinanolide A (F2), pinastric acid,
stictic acid (F3), and scrobiculin (F5) (Fig. 1). This finding aligns
with the outcomes of previous studies which identified stictic
acid as a major chemical constituent in L. pulmonaria.*>*
However, three other compounds identified in this study have
not been previously isolated from L. pulmonaria; hence we
report them for the first time.

All four secondary metabolites were similarly tested for
antimycobacterial activity against M.tb H37Ra strain. Stictic
acid demonstrated the highest inhibitory activity against M.th
H37Ra, comparable to that of LP extract (Table 1) with the ICs,
value of 5.63 + 0.07 pg mL™~" (P < 0.0001) (Table 1 and Fig. 1).
Fukinanolide A showed moderate antimycobacterial activity
with an ICs, value of 16.29 & 0.40 ug mL " (P < 0.0001), while
pinastric acid and scrobiculin exhibited significantly lower
antimycobacterial activity with ICs, values of 31.31 + 1.06 (P <
0.0001) and 24.34 4+ 0.47 (P < 0.0001) pug mL ™', respectively
(Fig. 1 and Table 1). These results indicate that the observed
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Table 1 Yield obtained and screening of antimycobacterial actions of LP,

against M.tb H37Ra using XRMA
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F1-6, and isolated compounds from Lobaria pulmonaria (L.) Hoffm.

Percentage inhibition of M.th H37Ra“”

Sample Yield (mg) OupugmL™* 5pgmL* 10pgmL™"  25pugmL™"  50pugmL" 100 pg mL~'  ICs, values® (ug mL ")
LP 12 500 0.06 + 0.01 33.57 £2.72 63.43 £1.56 73.46 + 0.51 88.15+ 1.42 9537 +1.17 7.74 + 0.27*
F1 950 0.04 +0.02 2.94+0.15 4234013 5.36+0.04 9214039 13.64+1.16 >100
F2 550 0.03 +0.01 10.73 +0.43 22.43 + 1.31 33.86 £ 1.99 63.07 + 1.13  70.75 + 0.95 38.82 + 0.34*
F3 850 0.04 +0.01 41.81+0.71 74.36 £ 1.13 89.79 + 0.52 94.50 + 0.37 98.37 £ 0.11  6.26 + 0.04*
F4 900 0.03 £0.01 2.23+0.18 3.82+0.11 4.53+£0.18 873+099 16.53 £0.33 >100
F5 600 0.03 +0.01 16.73 +1.06 29.31 +3.06 40.56 +2.59 51.74 + 1.47 66.17 +3.19  46.69 + 1.13*
F6 560 0.07 £0.02 1.59+0.13 5744035 7.70+0.28 16.87 +1.00 27.46 +0.78 >100"
Fukinanolide A 290 0.08 + 0.15 22.00 + 1.65 41.46 +0.79 61.81 +0.22 70.44 +2.15 78.1240.56 16.29 + 0.40*
Pinastric acid 200 0.05 + 0.02 19.46 +0.88 29.82 + 0.23 46.33 £ 1.38  60.53 £+ 1.67 70.45 + 2.18 31.31 + 1.06*
Stictic acid 250 0.10 + 0.02 43.41 +0.85 71.75+0.50 82.89 + 1.85 91.94 +1.90 95.60 + 1.34 5.63 + 0.07*
Scrobiculin 350 0.08 + 0.04 20.52+1.38 27.92+0.61 51.01 £0.72 66.20 + 0.78 75.63 + 0.66 24.34 + 0.47*
Rifampicin NA opgmL ' 01lpgmL ' 02pgmL ' 05pgmL" 1.0pgmL ' 2.0pgmL '  0.149 + 0.002
0.09 + 0.01 39.33 +£0.56 61.13 £0.79 77.58 + 1.07 88.43 £2.12 96.69 + 0.87

@ Mean + SD (n = 3). ? IC;, values are expressed as ug mL~" (mean =+ SD, n = 3), where statistical analysis determined by Student's t-test, where *p <
0.0001 were statistically significant compared to rifampicin. DMSO was used as a negative control.

antimycobacterial activity of the bioactive fractions of L. pul-
monaria (F2, F3, and F5) may be attributed to these secondary
metabolites.

In vitro antimycobacterial activity

Based on the initial results, LP extract and all four isolated
compounds were further evaluated for antimycobacterial
activity at concentrations ranging from 0.244 to 500 ug mL™" to
determine the minimum inhibitory concentration (MIC)
against M.th H37Ra and six MDR-TB strains (JAL-19049, JAL-

19126, JAL-19111, JAL-19187, JAL-19129, and JAL-19188) using
the resazurin microtiter plate assay (REMA) method. Interest-
ingly, all six tested MDR-TB strains exhibited higher suscepti-
bility to LP (MICs ranged from 1.95 to 3.91 pg mL™") compared
to the M.th H37Ra (MIC of 15.62 pg mL "), indicating that LP
was more potent in controlling the growth of all six tested MDR-
TB isolates as compared to the drug-sensitive strain, M.tb
H37Ra.

In addition, the REMA results demonstrated potent anti-
mycobacterial activity of stictic acid and fukinanolide A against

M.tb
XRMA

Acetone extract
of L. pulmonaria (LP)

IC5, value of
7.7440.27 pg mL?

cC | Hex-EA (0-100)

’ Six fractions (F1-6) }—ﬁ*

Three bioactive fractions
(F2, F3, and F5)
(ICq values ranged from 6.26-46.69 pg mL?)

CC | Hex-CHCl,

l l

l

F2 F3
(IC5q values: 38.82+0.34 pug mL?)

(ICsq values: 6.26+0.04 pg mL?)

F5
(IC5o values: 46.69£1.13 pug mL?)

l

l

O, o]
o - OH 0
0 -
o
) i 0
OH O
(0] o HO
Fukinanolide A | Pinastric acid Stictic acid Scrobiculin
ICso: 16.2920.40 pg mL? | | ICs: 31.31£1.06 pg mL? | | ICgy: 5.63+0.07 pg mLt ICyo: 24.34+0.47 pg mL?
against M.tb against M.tb against M.tb against M.tb

Fig.1 A flow chart of bioassay-guided isolation of secondary metabolites from acetone extract (LP) of Lobaria pulmonaria (L) Hoffm. Values of
half-maximal inhibitory concentrations (ICso) against Mycobacterium tuberculosis H37Ra (M.tb) were expressed as mean + standard deviation (n
= 3). XRMA: 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide reduction menadione assay; CC: column chroma-

tography; Hex: n-hexane; EA: ethyl acetate; CHCls: chloroform.
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Table 2 Antimycobacterial activity, cytotoxicity, and selectivity index of LP extract and isolated compounds from Lobaria pulmonaria (L.) Hoffm.

M.th H37Ra  JAL-19049 JAL-19111 JAL-19126 JAL-19129  JAL-19187 JAL-19188
Sample Cytotoxicity” mic? st wmic® st MmIc? st mic®? st wmIc? st wMmIc? ST MIC? ST
LP 169.53 + 1.22* 15.62 11  1.95 87  3.91 43 3.91 43 195 87  1.95 87 1.95 87
Fukinanolide A  146.05 + 0.93* 31.25 5 1562 9 3125 5 3125 5 781 19 3125 5 3125 5
Pinastric acid ~ 193.18 + 1.34*  62.50 3 62.50 3 250.00 1 125.00 2 6250 3 62.50 3 250.00 1
Stictic acid 104.47 +3.38* 391 27 391 27 7.81 13 7.81 13 195 54 195 54 7.81 13
Scrobiculin 170.91 + 1.82*  62.50 3 250.00 1 3125 5 6250 3 3125 5 125.00 1 500.00 0
Rifampicin 106.20 + 1.08* 0.20 531  100.00 1 5000 2 1250 8 2500 4  50.00 2  100.00 1
Doxorubicin 8.46 £ 0.32  NT NT NT NT NT NT NT NT NT NT NT NT NT NT

% 1C;s, values are expressed as pg mL~* (mean + SD, n = 3), where statistical analysis determined by Student's t-test, where *p < 0.0001 was
statistically significant compared to standard drug. ” MIC are expressed as ug mL~" (n = 3), where SD values are 0.00 for all samples, indicating
no variation among replicates; thus, differences between test groups and rifampicin are considered highly significant (p < 0.0001). DMSO was

used as a negative control.

both M.th and six MDR-TB isolates, with MICs ranging from
1.95 to 31.25 ug mL™" (Table 2). In comparison, the standard
rifampicin showed potent antimycobacterial activity against
M.tb (MIC of 0.2 pg mL '), but had significantly lower activity
against the tested MDR-TB strains (MICs ranging from 12.50 to
100.00 pg mL "), potentially attributable to resistance exhibited
by these clinical isolates to first-line anti-TB drugs.*

Among the bioactive metabolites, stictic acid demonstrated
remarkable inhibitory activity against all six MDR-TB isolates,
with MICs ranging from 1.95 to 7.81 pg mL ™', surpassing
rifampicin (MIC: 12.5-100 pug mL ') (Table 2). However, the
other metabolites exhibited selective antimycobacterial activity
against the different MDR-T trains; fukinanolide showed
enhanced inhibitory activity against JAL-19049 (MIC: 15.62 pg
mL ") and JAL-19129 (MIC: 7.81 pg mL™'), scrobiculin was
against JAL-19111 and JAL-19129 (MIC: 31.25 pg mL "), and
pinastric acid was active against JAL-19049 (MIC: 62.50 pg
mL ") only (Table 2). In contrast, DMSO (2%) used for dilution
(two-fold) showed no inhibition against all tested mycobacterial
strains. These findings demonstrated that stictic acid and
fukinanolide A were remarkably potent in controlling the
growth of the tested MDR-TB isolates as compared to
rifampicin.

While pinastric acid and scrobiculin demonstrated selective
antimycobacterial activity primarily against MDR-TB isolates,
they showed relatively higher MICs or lower SI against the
standard M.th H37Ra strain. This selective efficacy may reflect
distinct mechanisms of action or target specificity that are more
effective against resistant strains, possibly through interactions
with resistance-related pathways or altered metabolic states in
MDR bacteria. These findings suggest potential for these
compounds to be developed as adjunct or alternative therapies
specifically targeting MDR-TB infections.

Compared to its isolated compounds and rifampicin, the LP
extract exhibited superior antimycobacterial activity against six
tested MDR-TB isolates. This superior activity of the LP extract
could be attributable to the synergistic effect of its chemical
constituents. This phenomenon has been observed previously,
in which combining a natural secondary metabolite 7-methyl-
juglone, with rifampicin resulted in a 4-fold reduction in the
MIC and demonstrated synergistic activity against both

© 2026 The Author(s). Published by the Royal Society of Chemistry

intracellular and extracellular M.tb.** Moreover, stictic acid,
fukinanolide A, and scrobiculin showed increased inhibition of
MDR-TB strains with significantly lower MICs than rifampicin,
suggesting these secondary metabolites are the key bioactive
compounds present in the folkloric lichen L. pulmonaria.

Cytotoxicity assay

Since the alveolar macrophages are the initial target of M.tb
during the early phase of infection, the LP extract and its iso-
lated secondary metabolites were tested for cytotoxicity to THP-
1 macrophages using the MTT assay. The results revealed that
the ICs, values of LP extract (169.53 # 1.22 pg mL™ "), stictic acid
(104.47 + 3.38 pg mL™ ") and fukinanolide A (146.05 + 0.93 pg
mL~") on THP-1 macrophages were considerably higher than
their MICs against M.tb and six tested MDR-TB isolates (Table
2). Furthermore, these IC5, values were considerably higher (P <
0.0001) than that of the reference compound doxorubicin (ICs:
8.46 + 0.32 ug mL ') (Table 2). This observation suggests that
THP-1 macrophages were not adversely impacted at concen-
trations effective against M.tb and six tested MDR-TB isolates
and that stictic acid and fukinanolide A are biocompatible.

Selectivity index

Additionally, the selectivity index (SI, IC5,/MIC) for LP extract,
stictic acid, and fukinanolide A was assessed to gauge the safety
and effectiveness as drugs.** High SI values indicate lower
toxicity and greater bioactivity of a compound. Our results
showed that the SI ratio values of LP extract (SI: 11-87), stictic
acid (SI: 13-54), and fukinanolide A (SI: 5-19) against six MDR-
TB isolates were higher than those of the reference drug
rifampicin (SI: 1-8) (Table 2). These results suggested that LP,
stictic acid, and fukinanolide A are safe and potent against the
six tested MDR-TB isolates compared to M.tb.

Molecular docking studies

To shed light on the possible molecular interactions and mecha-
nisms of action of these compounds against M.tb, all four isolated
secondary metabolites of L. pulmonaria were docked onto three
crucial M.th enzymes, namely cytochrome P450 14a-sterol de-
methylase, mycobacterial ATP synthase, and B-ketoacyl reductase.

RSC Adv, 2026, 16, 8960-8970 | 8963
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GIn357 (2.08 A)
Ala349 (1.89 A)

Hem460 (1.74 A)

Gly62 (2.24 A)

117.94 uM

1.84 mM

—5.36
—-3.73

13.98 mM
10.46 UM

—2.53
—6.2

His 259 (4.07 A)
Arg96 (2.15 A)

203.27 nM

2.37 tM

—9.13
—7.67

Scrobiculin

Asn354, Arg355,

GIn357

Internal ligand
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The binding energies and inhibition constants of all the molecules
have been calculated and presented in Table 3. It was observed
that all four molecules bind to the active site of cytochrome P450
14a-sterol demethylase, specifically channel 2 located near the N
terminal of this protein (Fig. 3, highlighted in blue). These mole-
cules formed hydrogen bonds and 7 interactions with different
amino acid residues like Arg96, His259, and Hem460, and
completely occupied the channel 2 or the substrate binding site of
the protein (Fig. 3A-E) with high binding affinities ranging from
—7.2 to —9.3 keal mol . This interaction induces conformational
changes around residues 253-255 and closes the BC loop,*
thereby inhibiting the enzyme activity.

The internal ligand, on the other hand, formed a hydrogen
bond with Arg96 (Fig. 3F), but because it sits slightly away from
the f1-4 loop, mostly due to its binding orientation, its binding
energy with the target protein was lower (—7.67 kcal mol )
compared to all of the isolated molecules, except for stictic acid
(=7.2 kecal mol™"). Similarly, these molecules were docked
against mycobacterial ATP synthase, another vital enzyme for
the growth of M.th.%¢ In general, binding of an inhibitor to ion-
binding region (Fig. 4C, highlighted in yellow) will block other
ions from binding and thus inhibit the ATP synthesis reaction.?”
Our docking results showed that all four molecules and the
internal ligand interact with this protein in a similar manner
and validates the docking protocol (Fig. 2C). Specifically, these
molecules bind to the F, domain of the ion-binding region and
completely occupied the hydrophobic pocket by forming
hydrogen bonds with different amino acid residues like Gly62 or
Glu65 (Fig. 4A-F). These interactions prevent the C-ring rotation
and thus inhibit the ion exchange in F, domain, thereby
completely blocking ATP synthase.?”"**

Lastly, we docked all the compounds against B-oxoacyl
reductase, another crucial enzyme in M.¢b involved in fatty acids
synthesis.*® f-oxoacyl reductase has a major groove, that inter-
acts with NADPH and a minor groove that binds to the hexanoyl-
CoA to form an enzyme-NADPH-CoA ternary complex to elon-
gate the fatty-acyl chain.**** Asn319, Ser347, Tyr360, and Arg 445
form the active site pocket, located in the minor groove near the
C-terminal (Fig. 5A, highlighted in yellow).** Inhibitors often
compete with hexanoyl-CoA for binding to the minor groove of
this enzyme. The docking results showed that the four mole-
cules formed hydrogen bonds with Ser347, Ala349, GIn357, and
Phe392 (Fig. 5B-E), while the internal ligand, hexanoyl-CoA,
formed hydrogen bonds with Asn354, Arg355, Gln357, and
Thr405 residues (Fig. 5F).

The results showed that, our molecules bind to the enzyme
with higher binding energy (ranging from -5.36 to
—6.93 kcal mol™") compared to the internal ligand
(—3.73 keal mol ). Notably, our molecules bind and completely
occupy the catalytic binding site of the enzyme and would
therefore stop fatty acid chain elongation. Overall, the results of
our molecular docking study showed that all four molecules
bind to cytochrome P450 14a-sterol demethylase and B-ketoacyl
reductase with high affinity. Specifically, all four molecules bind
to B-ketoacyl reductase with a significantly higher affinity
compared to its internal ligand (Table 3). Therefore, the docking
results indicated specific binding of the isolated molecules to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Superimposing of co-crystal ligand (yellow) and redocking of co-crystal ligand (grey) for docking validation. (A) Cytochrome P450
14alpha-sterol demethylase (PDB ID: 1EA1) with RSMD of 2.5 A; (B) B-ketoacyl reductase FabG4 (PDB ID: 3V1U) with RSMD of 4.53 A; (C)
mycobacterial ATP synthase rotor ring (PDB ID: 4V1F) with RSMD of 2.83 A.

key enzymes, including cytochrome P450 14a-sterol demethyl-
ase and P-ketoacyl reductase, resulting in the inactivation of
these enzymes and imparting strong antimycobacterial activity
to the isolated molecules.

Overall, our findings that fukinanolide A and stictic acid
effectively inhibit the growth of several MDR-TB isolates

represent a significant advancement over existing literature,
which lacks detailed antimycobacterial evaluation of these
metabolites. Previous studies had primarily reported antimi-
crobial activity of lichen metabolites in general,*” with limited
focus on drug-resistant M.th. The superior efficacy of these
compounds compared to rifampicin in our assays highlights

Fig. 3 Binding interaction of (A) and (B) fukinanolide A; (C) pinastric acid; (D) stictic acid; (E) scrobiculin and (F) internal ligand in the active site of
cytochrome P450 14a-sterol demethylase (PDB ID: 1EA1). B1-4 loop is shown in blue colour, HEM is shown in brown colour, and the rest of the

protein is shown in green.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Binding interaction of (A) fukinanolide A; (B) pinastric acid; (C) and (D) stictic acid; (E) scrobiculin and (F) internal ligand in the active site of
mycobacterial ATP synthase rotor ring (PDB ID: 4V1F). Chain A, B and C have been shown in cyan, grey and blue colour respectively.

their therapeutic potential. Furthermore, the molecular dock-
ing studies corroborate a novel mechanism by demonstrating
selective and potent binding to the FabG4 enzyme, a target
scarcely explored in the context of these metabolites. These
integrated bioactivities and in silico insights collectively
underscore the relevance of lichen-derived secondary metabo-
lites in combating MDR-TB.

Hence, to advance the promising in vitro findings of this
study toward clinical application, future work should focus on
in vivo validation using relevant animal model. These studies
will be useful to assess pharmacokinetics, bioavailability, ther-
apeutic efficacy, and safety profiles of L. pulmonaria extracts and
isolated metabolites in a complex biological context. Additional
research might explore formulation optimization to improve
delivery and potency, as well as combinational studies with
existing anti-TB drugs to evaluate synergistic effects. Toxico-
logical studies and dose optimization will be essential prereq-
uisites for progressing these compounds toward clinical trials.
Together, these investigations will help bridge the gap between
traditional ethnopharmacological knowledge and modern anti-
MDR-TB drug development.

Experimental
Collection of lichen material

In January 2022, lichen Lobaria pulmonaria (L.) Hoffm. was
gathered from plants on Son Tra Mountain in Da Nang, Viet-
nam (16.0609°N and 108.1248°E), situated at an elevation of 692

8966 | RSC Adv, 2026, 16, 8960-8970

m above sea level. A voucher specimen (22-1038) was duly
collected and deposited at the CSIR-National Botanical
Research Institute in Lucknow, India.

Extraction and bioassay-guided isolation

Approximately 150 g of dried L. pulmonaria was coarsely ground
and subjected to the acetone extraction process three time in
250 mL volume at room temperature. The resulting combined
extracts were evaporated using a rotavapor (Shimadzu Rotation
Evaporator QR 2005-S, Japan), yielding LP in the form of
a brown solid with a total yield of 12.5 g. The initial assessment
of the LP extract for antimycobacterial activity was conducted
against the M.tb H37Ra strain, following the protocol estab-
lished earlier by our group.*

Approximately 10.0 g of LP was fractionated by chromatog-
raphy using a sintered disc column (Borosil, India) packed with
silica gel (230-400 mesh size, Merck, India), and utilising a n-
hexane-ethyl acetate gradient (0-100%). Subsequently, all
fractions were evaluated for antimycobacterial activity against
the M.th strain as described.*® The factions that exhibited
inhibitory activity were subjected to additional purification to
isolate bioactive secondary metabolites.

F2 (550 mg), F3 (850 mg), and F5 (600 mg) underwent
successive CC using a sintered disc column (Borosil, India) with
a n-hexane-chloroform gradient (0-100%) for isolation of
secondary metabolites. All isolated compounds were analysed
by Nuclear Magnetic Resonance (NMR) (Bruker Avance 400

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Binding interaction of (A) and (B) fukinanolide A; (C) pinastric acid; (D) stictic acid; (E) scrobiculin and (F) internal ligand in the active site of

B-ketoacyl reductase FabG4 (PDB ID: 3V1U), shown in dark cyan colour.

Spectrometer, Germany) and mass spectrometry (LC/MS Triple
Quad Portfolio, Agilent, China) using Bruker's topspin software
and Robust mass spectrometry software, respectively, to char-
acterise the chemical properties (Table 4).

Fukinanolide A. M.p.: 80-81 °C; Rg: 0.4 (Hex-CHCl;, 9:1).
[a]p: +17.1 (methanol). *H NMR (400 MHz, CDCI;): 0.98 (s, 3H,
15-CHj,), 1.00 (s, 3H, 14-CH,), 1.12-1.16 (m, 2H, 3,5-CH), 1.26-
1.36 (m, 2H, 2-CH), 1.52-1.70 (m, 5H, 1,6,7a-CH), 1.76-1.79 (m,
1H, 9a-CH), 1.86-1.88 (m, 1H, 7b-CH), 1.91-1.95 (m, 1H, 9b-
CH), 4.70 (s, 2H, 11-CH), 5.11 (s, 2H, 13-CH) (Fig. 51).** *C
NMR (400 MHz, CDCI,): 15.83 (C-14), 16.12 (C-15), 23.89 (C-1),
28.82 (C-6), 30.44 (C-2), 37.23 (C-7), 38.61 (C-3), 39.23 (C-9),
43.62 (C-4), 43.98 (C-5), 56.11 (C-8), 73.12 (C-11), 106.51 (C-13),
140.30 (C-12), 182.93 (C-10) (Fig. S2).** CHNS analysis for
C;5H,,0,: caled C-76.88%, H-9.46%, found C-76.86%, H-9.46%.
ESI-MS calcd m/z for C;5H,,0,: 234.16 [M], found: 235.21 [M +
H'] (Fig. S3).

Pinastric acid. M.p.: 202-203 °C; Rg: 0.6 (Hex-CHCl3, 3:2).
'H NMR (400 MHz, CDCl;): 3.12 (s, 1H, 8-OH, D,O-
exchangeable), 3.81 (s, 3H, 20-OCHj;), 3.87 (s, 3H, 13-OCH3;),
6.83-6.84 (d, 2H, J = 4 Hz, 3,5-Ar-H), 7.16-7.27 (m, 7H,
2,6,15,16,17,18,19-Ar-H) (Fig. S4A and B).** "*C NMR (CDCl;, 400
MHz): 6 51.71 (C-13), 55.72 (C-20), 98.56 (C-7), 113.71 (C-11),
114.64 (C-3/5), 121.01 (C-1), 128.88 (C-16/18), 129.44 (C-2/6),
130.12 (C-15/19), 130.31 (C-14), 130.75 (C-17), 154.81 (C-9),
158.26 (C-4), 163.46 (C-8), 169.24 (C-12), 169.67 (C-10)
(Fig. S5).** CHNS analysis for C,,H;606: calcd C-68.18(%), H-

© 2026 The Author(s). Published by the Royal Society of Chemistry

4.58(%), found C-68.76%, H-4.54%. ESI-MS caled m/z for
C0H1606: 352.09 [M], found: 351.15 [M — H'] (Fig. S6).

Stictic acid. M.p.: 271-272 °C; Rg: 0.4 (Hex-CHCl;, 3:2). 'H
NMR (DMSO-ds, 400 MHz): 1.72 (s, 1H, 15-OH, D,O-
exchangeable), 2.32 (s, 3H, 19-CHz), 2.37 (s, 3H, 18-CH3), 3.25
(s, 2H, 11, 15-OH, D,0O-exchangeable), 3.85 (s, 3H, 17-OCH3),
6.79 (s, 1H, 8-Ar-H), 8.20 (s, 1H, 16-CHO) (Fig. S7A and B).** °C
NMR (DMSO-dg, 400 MHz): 6 8.32 (C-19), 21.51 (C-18), 57.57 (C-
17), 96.89 (C-15), 110.68 (C-12), 114.28 (C-8), 114.38 (C-2), 117.84
(C-6), 125.03 (C-10), 134.37 (C-13), 139.89 (C-5), 149.42 (C-9),
149.86 (C-4), 155.89 (C-11), 160.32 (C-7), 162.46 (C-3), 165.38
(C-1), 167.02 (C-14), 186.09 (C-16) (Fig. S8).** CHNS analysis for
C10H140¢: caled C-59.07(%), H-3.65(%), found C-59.04%, H-
3.63%. ESI-MS caled m/z for C19H;400: 386.06 [M], found: 385.80
[M — H'] (Fig. S9).

Scrobiculin. M.p.: 135-136 °C; R: 0.4 (Hex-CHCl;, 1:1). 'H
NMR (400 MHz, DMSO-d,): 0.88-0.97 (m, 6H, 9,9'-CHj;), 1.59-
1.65 (dd, 4H, 8, 8-CH,), 2.51 (t, 1H, J = 4 Hz, 2-OH, D,O-
exchangeable), 2.82-2.87 (m, 4H, 7,7-CH,), 3.78 (s, 3H, 10-
OCHj), 3.84 (s, 3H, 10'-OCHj3), 6.39-6.41 (dd, 2H, J = 4 Hz, 3,5-
Ar-H), 6.61 (s, 1H, 16-Ar-H), 10.50 (s, 1H, 17-OH, D,O-
exchangeable), 11.85 (s, 1H, 13-OH, D,O-exchangeable)
(Fig. S10A and B).** >C NMR (400 MHz, DMSO-d,): 14.50 (C-
9), 14.60 (C-9'), 24.87 (C-8), 25.21 (C-8'), 36.88 (C-7), 37.82 (C-
7'), 55.75 (C-10), 56.53 (C-10'), 99.46 (C-3), 106.21 (C-1), 108.59
(C-16), 108.80 (C-14), 109.51 (C-5), 125.19 (C-12), 144.12 (C-15),
145.96 (C-6), 154.34 (C-13), 154.73 (C-17), 160.63 (C-2), 162.92
(C-4), 166.74 (C-11), 172.65 (C-18) (Fig. S11).** CHNS analysis for
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Compound (mol. form.) Ry value M.p. (°C) Spectral highlights Antimycobacterial activity
Fukinanolide A (C;5H3,0,) 0.4 (Hex-CHCl3, 9: 1) 80-81 -6 0.98 and 1.00 ppm - Exhibited potent
assignable to two methyl antimycobacterial activity
groups at positions 15 and with MICs ranging from 7.81
14, respectively to 31.25 ug mL " against
MDR M.tb isolates
- 0 182.93 ppm indicative of - Showed moderate
a carbonyl carbon at position cytotoxicity and SI up to 19
10
Pinastric acid (CyoH1606) 0.6 (Hex-CHCl;, 3:2) 202-203 - Methoxy singlets at ¢ 3.81 - Displayed relatively weak
and 3.87 ppm corresponding antimycobacterial activity
to positions 20 and 13, with MICs up to 250 pg mL ™"
respectively against MDR strains
- Deshielded aromatic - Showed low cytotoxicity
carbons at ¢ 154.81 and and low SI (1-3)
158.26 ppm characteristic
of oxygenated aromatic
carbons (C-9, C-4)
Stictic acid (C19H1400) 0.4 (Hex-CHCl3, 3:2) 271-272 - Singlet at ¢ 3.85 ppm for - Demonstrated potent
a methoxy group (17-OCHj) antimycobacterial effect with
and aldehyde proton at MICs as low as 1.95-7.81 pg
6 8.20 ppm (16-CHO) mL " against MDR strains
- 0 186.09 ppm indicative of - Exhibited moderate
a carbonyl carbon at position cytotoxicity with high SI up
16 to 54
Scrobiculin (C;,Hy605) 0.4 (Hex-CHCl;, 1:1) 135-136 - Downfield hydroxyl proton - Showed weak to moderate

C,,H,60g: caled C-63.15%, H-6.26%, found C-63.11%, H-
6.24(%). ESI-MS caled m/z for C,,Hy604: 418.16 [M], found:
417.00 [M — H'] (Fig. S12).

In vitro antimycobacterial activity

The non-virulent M.¢b strain (ATCC 25177) and six characterised
MDR-TB isolates (JAL-19049, JAL-19126, JAL-19111, JAL-19187,
JAL-19129, and JAL-19188), which demonstrated resistance to
first-line anti-TB drugs (rifampicin, ethambutol, and isoni-
azid),*** were acquired from the National JALMA Institute for
Leprosy and Other Mycobacterial Diseases repository in Agra,
India.

A suspension of the mycobacterial strain was prepared by
resuspending M.th colonies using 2 pL loops in 3 mL of Mid-
dlebrook 7H9 medium (Merck, India), contained in 5 mL sterile
glass vials equipped with glass beads. The mixture was homo-
genised using a shaker. Subsequently, the McFarland turbidity
of the suspension was adjusted to 1.0 and further diluted to
a ratio of 1:20 in 7H9 medium.

The initial screening for antimycobacterial activity of LP, F1-
6, and isolated metabolites against M.tb strain was conducted at
0, 5, 10, 25, 50, and 100 pug mL™"' concentrations using 2%

8968 | RSC Adv, 2026, 16, 8960-8970

singlets at ¢ 10.50 and
11.85 ppm (17-OH, 13-OH)

antimycobacterial activity
with MICs from 31.25 to
500.00 pg mL ™" against
different MDR strains

- Displayed moderate
cytotoxicity and low SI for
some strains

-0 172.65 and 166.74 ppm
corresponding to carboxyl or
ester carbonyl carbons
(C-18, C-11)

DMSO in triplicate and employed the XRMA at 470 nm as
described earlier.*® In brief, in a 96-well plate, 250 pL of the
previously prepared M.th culture was combined with the test
sample and  2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XTT) (200 uM). The mixture was
then incubated at 37 °C for 20 min. Subsequently, a Spectramax
plate reader (at 470 nm) was used to measure the optical density
of the tested samples from which the percentage inhibition and
1C5, values of M.th was deliberated.

The antimycobacterial activity of the LP, isolated secondary
metabolites, and the reference drug, rifampicin, was evaluated
at concentrations ranging from 0.24 to 500 pug mL ™" and 0.10 to
200 pg mL™", respectively, against M.th and six other MDR-TB
strains, while 2% DMSO was used as a negative control. The
tests were performed in triplicate using the REMA.* Specifi-
cally, in a 96-well plate, 100 pL of the previously prepared M.tb-
MDR culture was combined with the test sample and XTT (200
uM). The mixture was then incubated at 37 °C for 7 days.
Subsequently, 30 uL of 0.02% resazurin solution was added to
each well and incubated for an additional 48 h. The MICs were
then determined based on the observed colour change from
blue to pink using a Spectramax pro5 plate reader (Molecular
Devices Inc.).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Cytotoxicity assay

The cytotoxicity of the LP and isolated compounds was assessed
using the MTT assay*® against human THP-1 macrophages.
THP-1 monocytes were obtained from the National Centre for
Cell Science (Pune, India), and maintained in RPMI-1640
medium (Merck, India), at 37 °C and 5% CO,. THP-1 mono-
cytes were differentiated into macrophages one day prior to the
infection experiment in a 96-well plate at a seeding density of 1
x 10° cells per well. These cells were treated with 100 nM
phorbol-12-myristate-13-acetate (Sigma-Aldrich, India) in the
cell culture medium overnight at 37 °C, 5% CO, Afterward,
either test samples (0-300 pg mL™") or doxorubicin (0-10 pg
mL ") were added to each well and incubated for an additional
48 h at 37 °C. Finally, 5 mg mL™~" of MTT (20 uL) dye (Sigma-
Aldrich) was added to each well, and incubated for an addi-
tional 4 h at 37 °C, 5% CO,. The absorbance at 570 nm was
measured using a microplate reader (Molecular Devices, USA)
and the percentage inhibition and ICs, values of THP-1
macrophages was determined accordingly.

Molecular docking studies

All four isolated secondary metabolites (fukinanolide A, pinas-
tric acid, stictic acid, and scrobiculin) were docked into pub-
lished X-ray crystal structures of essential TB enzymes using
AutoDock v4.2, as previously reported.*”~** Crystal structure of
140-sterol demethylase cytochrome P450 (PDB ID: 1EA1),*
mycobacterial ATP synthase (PDB ID: 4V1F),*” and B-ketoacyl
reductase FabG4 (PDB ID: 3V1U)* from M.th were selected for
molecular docking study by rationalizing the ligand similarity
and site of action.”* The X-ray crystal structures of these proteins
were retrieved from RCSB website®® to generate initial 3D
coordinates. The docking protocols were validated by redocking
the co-crystal ligands into their respective receptors (Fig. 2A-
C).* The receptor proteins were prepared by removing the co-
crystallised water molecules, and then polar hydrogens were
added. Gasteiger charges were added for ligand and receptor
atoms, and atomic radii were specified for each system, along
with AutoDock4 atom types as described earlier.**** A grid map
for each compound was created over the native ligand position
in the binding site. Finally, grid parameter file (.gpf) and
docking parameter files (.dpf) were run using Lamarckian
algorithm.* In order to gain further insight into binding mode
and interaction of the compound with the different receptors,
MGL tools were employed.*’

Conclusions

In conclusion, this study provides the initial evidence con-
firming the existence of antimycobacterial secondary metabo-
lites in L. pulmonaria. The bioassay-guided isolation of LP
metabolites identified potent anti-MDR-tubercular agents. The
REMA screening showed that stictic acid and fukinanolide A
exhibit significantly high inhibitory effects against six MDR-TB
isolates, compared to rifampicin. Additionally, MTT assay and
SIration allowed us to understand the less cytotoxicity nature of
stictic acid and fukinanolide A, compared to rifampicin.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Molecular docking studies further suggested that the principal
mode of action of stictic acid and fukinanolide A involve the
inhibition of cytochrome P450 14a-sterol demethylase and B-
ketoacyl reductase, thereby compromising mycobacterial cell
wall integrity, fatty acid metabolism, and survival. Our data
strongly support the antimicrobial potential of stictic acid and
fukinanolide A combination and/or with standard anti-TB
drugs, as suitable candidates for the next generation of MDR-
TB drugs. The limitation of the current study includes lack of
in vivo investigations to confirm the efficacy and safety of L.
pulmonaria extracts and isolated compounds. Future studies
involving animal models are necessary to assess pharmacoki-
netics, bioavailability, and toxicity, thereby validating the ther-
apeutic potential of L. pulmonaria against TB.
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