)é(\)i molecules

Special Issue Reprint

|solation, Structure
Elucidation and Biological
Activity of Natural Products

Edited by
Jacqueline Aparecida Takahashi

mdpi.com/journal/molecules

ml\DPI

F



Isolation, Structure Elucidation and
Biological Activity of Natural Products






Isolation, Structure Elucidation and
Biological Activity of Natural Products

Editor
Jacqueline Aparecida Takahashi

=z
rM\D\Py Basel o Beijing @« Wuhan e Barcelona e Belgrade e Novi Sad e Cluj @ Manchester
F



Editor

Jacqueline Aparecida Takahashi
Department of Chemistry
Universidade Federal de Minas Gerais
Belo Horizonte

Brazil

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Molecules

(ISSN 1420-3049) (available at: www.mdpi.com/journal/molecules/special_issues/Np_isolation).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-8973-2 (Hbk)
ISBN 978-3-0365-8972-5 (PDF)
doi.org/10.3390/books978-3-0365-8972-5

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.


www.mdpi.com/journal/molecules/special_issues/Np_isolation
https://doi.org/10.3390/books978-3-0365-8972-5

Contents

Aboutthe Editor . . . . . . . . . . e vii
Preface . . . . . . ix

Jacqueline Aparecida Takahashi
Special Issue—"Isolation, Structure Elucidation and Biological Activity of Natural Products”
Reprinted from: Molecules 2023, 28, 5392, d0i:10.3390/molecules28145392 . . . . . ... ... ... 1

Eliane Przytyk Jung, Beatriz Pereira de Freitas, Claudete Norie Kunigami, Davyson de Lima
Moreira, Natalia Guimaraes de Figueiredo and Leilson de Oliveira Ribeiro et al.

Bauhinia forficata Link Infusions: Chemical and Bioactivity of Volatile and Non-Volatile Fractions
Reprinted from: Molecules 2022, 27, 5415, d0i:10.3390/molecules27175415 . . . . . . . ... .. .. 7

Lien T. M. Do, Tuyet T. N. Huynh and Jirapast Sichaem

New Benzil and Isoflavone Derivatives with Cytotoxic and NO Production Inhibitory Activities

from Placolobium vietnamense

Reprinted from: Molecules 2022, 27, 4624, d0i:10.3390/molecules27144624 . . . . . . . . ... ... 20

Yukun Jiao, Yiting Yang, Lishuang Zhou, Daofeng Chen and Yan Lu

Two Natural Flavonoid Substituted Polysaccharides from Tamarix chinensis: Structural
Characterization and Anticomplement Activities

Reprinted from: Molecules 2022, 27, 4532, d0i:10.3390/molecules27144532 . . . . . . . . ... ... 28

Ismail Ware, Katrin Franke, Hidayat Hussain, Ibrahim Morgan, Robert Rennert and Ludger

A. Wessjohann

Bioactive Phenolic Compounds from Peperomia obtusifolia

Reprinted from: Molecules 2022, 27, 4363, d0i:10.3390/molecules27144363 . . . . . . . ... .. .. 44

Tajudeen O. Jimoh, Bruno Cesar Costa, Chaisak Chansriniyom, Chatchai Chaotham, Pithi
Chanvorachote and Pornchai Rojsitthisak et al.

Three New Dihydrophenanthrene Derivatives from Cymbidium ensifolium and Their
Cytotoxicity against Cancer Cells

Reprinted from: Molecules 2022, 27, 2222, d0i:10.3390/molecules27072222 . . . . . . . . ... ... 57

May Thazin Thant, Hnin Ei Ei Khine, Justin Quiel Lasam Nealiga, Nutputsorn Chatsumpun,
Chatchai Chaotham and Boonchoo Sritularak et al.

a-Glucosidase Inhibitory Activity and Anti-Adipogenic Effect of Compounds from Dendrobium
delacourii

Reprinted from: Molecules 2022, 27, 1156, d0i:10.3390/molecules27041156 . . . . . . . . ... ... 69

Jefferson Romaryo Duarte da Luz, Eder A. Barbosa, Thayse Evellyn Silva do Nascimento,
Adriana Augusto de Rezende, Marcela Abbott Galvao Ururahy and Adriana da Silva Brito

et al.

Chemical Characterization of Flowers and Leaf Extracts Obtained from Turnera subulata and
Their Inmunomodulatory Effect on LPS-Activated RAW 264.7 Macrophages

Reprinted from: Molecules 2022, 27, 1084, doi:10.3390/molecules27031084 . . . . . . . . ... ... 86

Arthur Ferrari Teixeira, Jacqueline de Souza, Douglas Daniel Dophine, José Dias de Souza
Filho and Dénia Antunes Satide-Guimaraes

Chemical Analysis of Eruca sativa Ethanolic Extract and Its Effects on Hyperuricaemia

Reprinted from: Molecules 2022, 27, 1506, d0i:10.3390/molecules27051506 . . . . . . .. ... ... 103



Juliana de Freitas Ferreira, Manuel Humberto Mera Lépez, Jodo Victor Dutra Gomes, Diegue
H. Nascimento Martins, Christopher William Fagg and Pérola Oliveira Magalhaes et al.
Seasonal Chemical Evaluation of Miconia chamissois Naudin from Brazilian Savanna

Reprinted from: Molecules 2022, 27, 1120, d0i:10.3390/molecules27031120 . . . . . . ... ... ..

Geisa Gabriela da Silva, Licia Pinheiro Santos Pimenta, Jilio Onésio Ferreira Melo,
Henrique de Oliveira Prata Mendonga, Rodinei Augusti and Jacqueline Aparecida Takahashi
Phytochemicals of Avocado Residues as Potential Acetylcholinesterase Inhibitors, Antioxidants,
and Neuroprotective Agents

Reprinted from: Molecules 2022, 27, 1892, d0i:10.3390/molecules27061892 . . . . . . . . ... ...

Hassan Barakat, Kamal A. Qureshi, Abdullah S. Alsohim and Medhat Rehan

The Purified Siderophore from Streptomyces tricolor HM10 Accelerates Recovery from
Iron-Deficiency-Induced Anemia in Rats

Reprinted from: Molecules 2022, 27, 4010, d0i:10.3390/molecules27134010 . . . . . . ... ... ..

Yonghua Wei, Jinze Wang, Zhe Liu, Jinjin Pei, Charles Brennan and A.M. Abd El-Aty
Isolation and Characterization of Bacteriocin-Producing Lacticaseibacillus rhamnosus XN2 from
Yak Yoghurt and Its Bacteriocin

Reprinted from: Molecules 2022, 27, 2066, doi:10.3390/molecules27072066 . . . . . . . ... .. ..

Ajay C. Lagashetti, Sanjay K. Singh, Laurent Dufossé, Pratibha Srivastava and Paras N.
Singh

Antioxidant, Antibacterial and Dyeing Potential of Crude Pigment Extract of Gonatophragmium
triuniae and Its Chemical Characterization

Reprinted from: Molecules 2022, 27, 393, d0i:10.3390/molecules27020393 . . . . . ... ... ...

Melissa M. Cadelis, Natasha S. L. Nipper, Alex Grey, Soeren Geese, Shara J. van de Pas and
Bevan S. Weir et al.

Antimicrobial Polyketide Metabolites from Penicillium bissettii and P. glabrum

Reprinted from: Molecules 2021, 27, 240, doi:10.3390/molecules27010240 . . . . . ... ... ...

Heather J. Lacey and Peter J. Rutledge
Recently Discovered Secondary Metabolites from Streptomyces Species
Reprinted from: Molecules 2022, 27, 887, d0i:10.3390/molecules27030887 . . . . ... ... .. ..

Karen Caroline Camargo, Mariana Guerra de Aguilar, Acicio Raphael Aguiar Moraes,
Raquel Goes de Castro, Daiane Szczerbowski and Elizabeth Luciana Marinho Miguel et al.
Pentacyclic Triterpenoids Isolated from Celastraceae: A Focus in the *C-NMR Data

Reprinted from: Molecules 2022, 27, 959, doi:10.3390/molecules27030959 . . . .. ... ... ...

Yhiya Amen, Marwa Elsbaey, Ahmed Othman, Mahmoud Sallam and Kuniyoshi Shimizu
Naturally Occurring Chromone Glycosides: Sources, Bioactivities, and Spectroscopic Features
Reprinted from: Molecules 2021, 26, 7646, doi:10.3390/molecules26247646 . . . . . . . ... .. ..



About the Editor

Jacqueline Aparecida Takahashi

Jacqueline Aparecida Takahashi has held the position of Professor of Organic Chemistry since
1996 at the Universidade Federal de Minas Gerais (UFMG, Brazil). UFMG is one of the major public
universities mantained by the Brazilian Government and has over 50,000 students distributed in
91 undegraduate courses and 90 Graduate programs. Prof. Takahashi has a Bachelor’s Degree in
Industrial Pharmacy, and a PhD in Science /Organic Chemistry, both from UFMG, and worked for two
years at the University of Sussex (Brighton, UK) under the supervision of Prof. James Hanson during
her PhD. She spent one year as a Research Scholar at the University of Arizona (Tucson, US) in the
group of Prof. Leslie Gunatilaka. Her main research interests over the last 30 years have mainly been
the use of fungi to produce biologically active natural products and the microbial functionalization
of terpenes (biotransformations), as well as plants of the Brazilian biodiversity. Lately she has also
dedicated time to study Brazilian and International Laws on the use and preservation of Brazilian
and world biodiversity, including aspects related to climate changes, traditional knowledge and

regulatory issues.

vii






Preface

The Special Issue “Isolation, Structure Elucidation and Biological Activity of Natural
Products” was proposed to bring together work and reviews on natural products of plant and
microbial origin, with special interest in the biological activity of these products. With the
various current problems related to the loss of biodiversity associated with climate change and
the exploitation of natural areas for economic activities, it is urgent to show the role biodiversity
plays for the scientific community and society. Based on this context, the contributions published
in this Issue show several works refarding the possible industrial applications of plants and
microorganisms, while the review articles show the vastness of existing natural products, many of
which deserve further studies for technological development. This Issue is addressed to natural
product chemistry researchers, including young researchers enthusiastic about the potential of
biodiversity for diverse applications. Likewise, authorities interested in innovation in the area of
natural products, companies, and industries will be able to benefit from the articles published in this
Issue. I would like to thank the authors of the published articles, as well as the editorial assistance

and MDPT’s invitation for me to act as guest editor of this Issue.

Jacqueline Aparecida Takahashi
Editor
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This Special Issue of Molecules gathers fourteen research studies and three review
papers covering developments in the scope of the isolation, structure elucidation and bio-
logical activity of natural products. Plants are undoubtedly the most well-known sources of
bioactive natural products, since plants have been used medicinally by traditional commu-
nities for centuries, defining their specific benefits to human health. In this Special Issue, the
plants addressed are Bauhinia forficata, Placolobium vietnamense, Tamarix chinensis, Peperomia
obtusifolia, Cymbidium ensifolium, Dendrobium delacourii, Turnera subulata, Eruca sativa, Miconia
chamissois and Persea americana, with the aim of achieving the identification of their chemi-
cal compositions, the prospection of biological activities, the standardization of extracts
and the use of agro-industrial residues. Some studies involved hyphenated techniques
such as UPLC-IT-MS" [1], UHPLC-ESI-QTOF [2], UHPLC/UV/MS/MS [3], PSMS [4] and
UPLC-MS/MS [5], which are very useful tools in research on natural products.

B. forficata is a tropical species popularly used in Brazil to treat type Il diabetes, rheuma-
tism, local pain, uric acid and uterine problems. Jung et al (2022) carried out a comparative
study between locally collected leaves of this species and commercial samples [6]. Us-
ing LC-HRMS, a very useful hyphenated analytical technique, the authors were able to
identify the presence of flavonoids, phenolic acids and other phenolic volatile compounds,
including flavonoid O-glycosides in the plant, and these metabolites were related to the
pharmacological actions reported for B. forficata. The plant inhibited the x-amylase enzyme,
and the results converged to reinforce the biological and pharmacological potential of
B. forficata as a hypoglycemiant agent [6]. Studies of this type are of great value, espe-
cially considering that B. forficata is an easily accessible plant for the population and is
already commercialized.

P. vietnamense, known in Vietnam as “Rang Rang”, is also distributed throughout the
world’s tropical regions and is used as a folk medicine to treat snakebites, debility and
to increase strength after childbirth. Stems of P. vietnamense were studied by Do, Huynh,
and Sichaem (2022), who successfully isolated eight natural constituents of this species,
including a new isoflavone derivative and three new benzyl derivatives, together with four
known compounds of the pyranoisoflavone type [7]. The authors conducted a cytotoxic
evaluation of the effects of the aforementioned natural products on a human hepatocellular
carcinoma (Hep G2) cell line, determined the cytotoxic effects and measured the production
of nitric oxide (NO) by RAW 264.7 cells. Among the compounds tested, placovinone A
exhibited the most significant cytotoxicity toward the Hep G2 cell line and also strongly
inhibited LPS-induced NO production [7]. The authors concluded that placovinone A is a
promising lead for discovering potential anticancer and anti-inflammatory agents.

The work of Jiao et al. (2022), conducted with the Chinese plant T. chinensis, which is
used to treat rheumatoid arthritis, measles and measles complicated with pneumonia, is an
excellent example of the success of activity-guided extraction, isolation and purification
targeting a specific class of compounds [1]. In this case, the authors were focused on the
bioactive polysaccharides present in T. chinensis. Flavonoids, triterpenoids, organic acids
and volatile oils with anti-inflammatory, bacteriostatic, antioxidant and hepatoprotective
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effects have already been described from this plant. An activity-guided approach, followed
by careful spectroscopic study (HPGPC-ELSD, UPLC-IT-MS™ and NMR analysis), led to
the isolation and identification of two novel natural flavonoid-substituted polysaccharides.
Both polysaccharides were substituted by quercetin and exhibited anticomplement activi-
ties in vitro. Since the authors were focusing on inflammatory responses in viral pneumonia,
antioxidant activities were also determined for the polysaccharides. The authors indicated
that molecules containing both flavonoids and polysaccharides have advantageous drug
delivery. Structure-activity studies showed that multiple monosaccharides also contribute
to the anticomplement activity of T. chinensis flavonoid-substituted polysaccharides [1].

P. obtusifolia is an ornamental plant species that is widely distributed in tropical areas.
Plants from the Peperomia genus have been traditionally used to treat asthma, gastric
ulcers, bacterial infection, pain and inflammation. Ware et al. (2022) isolated two new
phenolic compounds from P. obtusifolia (peperomic ester and peperoside), along with other
five known metabolites that were screened for their anthelmintic (Caenorhabditis elegans),
antifungal (Botrytis cinerea, Septoria tritici and Phytophthora infestans) and antibacterial
(Bacillus subtilis, Aliivibrio fisheri) activities, as well as for their cytotoxicity against human
prostate (PC-3) and colorectal (HT-29) cancer cell lines [8]. One of the metabolites tested,
peperobtusin A, strongly affected the viability and growth of PC-3 cells in MTT and a CV
fast-screening assay and was moderately active against the HT-29 cell line [8]. The results
are an indicative that ornamental plants can also be sources of bioactive metabolites.

The roots of Cymbidium ensifolium, another ornamental plant known as “nang kham”
or “chulan” in Thailand, are used in traditional Thai medicine to alleviate liver dysfunction
and nephropathy. The aerial parts of C. ensifolium were studied by Jimoh et al (2022), who
isolated three novel dihydrophenanthrene derivatives (cymensifins A, B and C), along
with two known compounds, cypripedin and gigantol [9]. The chemical structures of
the dihydrophenanthrene derivatives were elucidated, mainly via HMBC and NOESY
correlations. Their activity against human lung cancer H460, breast cancer MCF7 and
colon cancer CaCo; cells were evaluated in cell viability assays and for apoptosis/necrosis.
The most promising anticancer compound was cymensifin A, which was found to be
active against different cancer cells with higher safety profiles compared with the control,
cisplatin [9].

Another orchid, Dendrobium delacourii, named “Ueang Dok Ma Kham” in Thailand,
was studied by Thant et al. (2022) [10]. They isolated 11 compounds and identified them as
hircinol, ephemeranthoquinone, densifloral B, moscatin, 4,9-dimethoxy-2,5-phenanthrenediol,
gigantol, batatasin I1I, lusianthridin, 4,4’,7,7'-tetrahydroxy-2,2'-dimethoxy-9,9’,10,10'-tetrahydro-
1,1'-biphenanthrene, phoyunnanin E and phoyunnanin C. Dimeric phenanthrene deriva-
tives presented stronger x-glucosidase inhibitory activity than the monomers. A kinetic
study indicated the active metabolites to be non-competitive enzyme inhibitors. The authors
argued the benefits of non-competitive inhibitors over competitive inhibitors. Regarding
anti-adipogenic action, ephemeranthoquinone and densifloral B showed the highest levels
of activity; the latter restrained adipocyte differentiation in 3T3-L1 cells in a dose-dependent
manner [10]. The authors suggested that densifloral B might inhibit adipocyte differenti-
ation via the suppression of the Akt-mediating GSK3 and AMPK-ACC signals. These
results are of great interest since diabetes and obesity are major problems worldwide.

Extracts from flowers of the tropical plant Turnera subulata were studied by Luz et al.
(2022) [5]. Their in vitro immunomodulatory effects in RAW 264.7 macrophages stimulated
via LPS were evaluated in the search for anti-inflammatory drugs with low side effects.
Vitexin-2-O-rhamnoside was identified in the extracts via UPLC-MS/MS, as were methoxy-
isoflavones, pheophorbides, octadecatrienoic, stearidonic, ferulic acids and some amino
acids. The results demonstrate the immunomodulatory effects of aqueous and hydroal-
coholic extracts of T. subulata flowers and leaves through the inhibition of inflammatory
TNF-« and IL-1$ cytokine secretion [5]. Increases in anti-inflammatory IL-10 cytokine
levels also supported the activity and corroborate the ethnopharmacological use of plants
from the Turnera genus in folk medicine as anti-inflammatory remedies.
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In addition to essentially medicinal and ornamental plants, one of the works pub-
lished in this Special Issue focused on a plant used mainly as food, Eruca sativa (rocket).
Based on works using animal models that associated rocket with biological activities, such
as antihypertensive, nephroprotective and antidiabetic activities, Teixeira et al. (2022)
hypothesized that this plant could have anti-hyperuricemic effects, combatting a causal
factor of hypertension and diabetes [2]. Nine compounds were detected via UHPLC-ESI-
QTOF: kaempferol-3-O-B-glucoside, kaempferol-3,4’-di-O-p-glucoside, kaempferol-3-O-(2-
sinapoyl-B-glucoside)-4’-O-glucoside, glucosativin glucosinolate, glucoraphanin glucosino-
late, leucine, tryptophan, angustione and erucamide. Kaempferol—3,4’ -di-O-f3-glucoside
was elegantly characterized via NMR and quantified in the extract. the anti-hyperuricemic
activities of the extracts were mainly related to uricosuric action [2]. Although other mech-
anisms are yet to be elucidated, the authors suggested that the results indicate the potential
use of E. sativa in the treatment of hyperuricemia and its comorbidities.

Ferreira et al. (2022) raised an important issue in the study of medicinal plants, which
is the standardization of extracts and the variations relating to seasonal variations. The
authors focused on Miconia chamissois, known as “Folha de Bolo”, “Sabiazeira”, or “Pixirica”
in Brazil, a plant associated with antimicrobial and antioxidant activities, the in vitro inhibi-
tion of the enzymes tyrosinase and alpha-amylase, the inhibition of MMP-2 and MMP-9 and
cytotoxicity against human cervical cancer cell lines [3]. A standardized extract was formu-
lated, and some major constituents, such as apigenin C-glycosides (vitexin/isovitexin), lu-
teolin C-glycosides (orientin/isoorientin), miconioside B, matteucinol-7-O-3-apiofuranosyl
(1 — 6)-B-glucopyranoside and farrerol, were identified (UHPLC-MS/MS). Ferreira et al.
evaluated samples collected in the autumn, winter and spring, seasons with different envi-
ronmental factors such as temperature, ultraviolet radiation, rain index and soil nutrients.
No significant correlations between the meteorological data and the biological potential
were observed, demonstrating that the species studied was well adapted to the different
environmental conditions targeted in the study.

An important aspect linked to the use of plants, medicinal or not, was contextualized
in the work of Silva et al. (2022), who studied the peels and seeds of avocado (Persea
americana), which represent 30% of the fruit and are usually discarded as waste, generating
environmental problems and the loss of bioactive compounds that remain in the biomass
after processing [4]. The authors showed that avocado residues retain several nutrients such
as minerals (Ca, Mg, Mn and Zn) and high amounts of essential fatty acids such as linoleic,
palmitic and oleic acids. The chemical profile obtained via paper spray mass spectrometry
(PSMS) showed fifty-five metabolites, including phenolic compounds, hydroxycinnamic
acids, flavonoids and alkaloids, in the residues. The ethanol extract of the peels was the
best acetylcholinesterase inhibitor, with no significant difference (p > 0.05) compared to
the control, eserine. The seed extracts exhibited an in vivo neuroprotective effect against
rotenone-induced damage in an in vivo Drosophylla melanogaster model [4]. This work
contributed some interesting points to the scope of research on natural products, such as a
preoccupation with sustainability and a circular economy, the choice of environmentally
favorable solvents for extraction and the role of complementarity in vivo assays. Although
toxicity, bioavailability and suitable formulations should be further investigated before
using avocado residues in pharmacotherapy, this work showed the potential use of avocado
residues as a bioresource in the development of low-cost drugs and functional foods with
neuroprotective effects.

Bacteria and fungi are also important producers of bioactive metabolites. The purification
of a catechol-type siderophore from Streptomyces tricolor was studied with the aim of inducing
recovery from iron-deficiency-induced anemia in in vivo rat model (Barakat et al., 2022) [11].
Siderophores are low-molecular-weight natural compounds secreted by microorganisms
that act as iron chelators. Due to this characteristic, siderophores have useful therapeutic
applications, especially in iron-overload diseases (hemosiderosis, 3-thalassemia, hemochro-
matosis and accidental iron poisoning). Iron chelators are also useful in cancer therapy
because cancer cells have higher requirements of iron when compared to healthy cells.



Molecules 2023, 28, 5392

Barakat et al. (2022) focused on applications related to the damages caused by iron-
deficiency-induced anemia, showing that sidereophores improved weight gain and were
effective during recovery from anemia [11]. The results led the authors to propose some
hypotheses and created opportunities to delineate the detailed mechanism of the changes
observed and elucidate iron pathways.

Lacticaseibacillus rhamnosus XN2, a bacteriocin-producing strain isolated from the natu-
rally fermented yak yoghurt produced in Xining and Qinghai Provinces in China, was the
target of the work of Wei et al. (2022) [12]. The source of the bacteria studied, yogurt from
yak milk farmed in the Himalayan region, exemplifies the vastness of the area of natural
products and the local value of the studies, as well as the global importance of the results
in expanding knowledge in the area of biodiversity and ecosystem services. Bacteriocins
from lactic acid bacteria are peptides secreted by some lactic acid bacteria with natural an-
timicrobial activities against other microorganisms, including food spoilage and pathogens.
L. rhamnosus XN2 demonstrated antibacterial activity against Bacillus subtilis, B. cereus, Mi-
crococcus luteus, Brochothrix thermosphacta, Clostridium butyricum, S. aureus, Listeria innocua,
L. monocytogenes and Escherichia coli. Semi-purified, cell-free supernatants of L. rhamnosus
XN2 showed bactericidal activity, probably due to the disruption of the sensitive bacteria
membrane, as suggested by a flow cytometry analysis. The production of x-haemolysin
and biofilm formation were observed for sub-lethal concentrations of the semi-purified
material. Bacteriocin was further purified via reversed-phase high-performance liquid
chromatography (RP-HPLC), and its amino acid sequence was determined to be Met-Lue-
Lys-Lys-Phe-Ser-Thr-Ala-Tyr-Val [12]. The authors concluded that L. rhamnosus XN2 and
its bacteriocin showed antagonistic activity at both cellular and quorum-sensing levels.

In relation to fungi, their secondary metabolites usually have diverse applications in
the food, cosmetic, beverage and textile industries, and their biological activities enable
their use in the development of new drugs. Some fungal pigments, such as azaphilones
and isolated [3-carotene, have already found commercial and industrial applications, and
most of the fungi explored for the production of pigments are from a few genera such as
Monascus, Talaromyces, Aspergillus, Penicillium and Fusarium. Lagashetti et al. (2022) focused
on a less-common fungal species, isolated from the infected leaves of Maytenus rothiana and
identified via morphological and molecular methods as Gonatophragmium triuniae [13]. Its
growth under different conditions revealed the conditions suitable for pigment production,
and biological screening demonstrated the antibacterial and antioxidant activities of G.
triuniae extracts. The major orange-colored pigment produced by the species was identi-
fied as 1,2-dimethoxy-3 H-phenoxazin-3-one. The authors note that pigments and other
bioactive secondary metabolites of G. triuniae have potential applications in the textile and
pharmaceutical industries.

Fungi of the genus Penicillium are widely studied as sources of bioactive compounds,
but research on these fungi and their metabolites is far from complete, as shown in the work
of Cadelis et al. (2022) [14]. Studying P. bissettii and P. glabrum, this group isolated five
known polyketide metabolites, penicillic acid, citromycetin, penialdin A, penialdin F and
myxotrichin B. During the derivatization of penicillic acid, a novel dihydro derivative was
produced, providing evidence for the existence of an open-chained y-keto acid tautomer in
the starting material. Penicillic acid and penialdin F were found to inhibit the growth of
methicillin-resistant S. aureus, which is important in view of the clinical problems associated
with resistant microbial strains, which mainly involve hospitalized patients. Two other
metabolites, penialdin F and citromycetin, were active against Mycobacterium abscessus and
M. marinum [14].

This Special Issue also received three interesting review contributions. The first of
these addressed recently discovered secondary metabolites from Streptomyces species and
was prepared by Lacey and Rutledge [15]. Their review, with a particular focus on the
year 2020, presented 74 novel secondary metabolites from Streptomyces species, with a
wide range of chemical scaffold variability, including the cyclic peptides ulleungamide,
viennamycins A and B and pentaminomycins C-E, metabolites with complex chemical



Molecules 2023, 28, 5392

References

structures. Linear peptides such as spongiicolazolicins A and B were isolated from marine
species, and linear polyketides (e.g., adipostatins E-J, trichostatic acid B, trichostatin A and
chresdihydrochalcone), terpenoids (e.g., napyradiomycins and flaviogeranins), polyaromat-
ics (e.g., baikalomycins A-C and gardenomycins A and B), macrocycles (e.g., conglobatins
and somamycins) and furans (e.g., furamycins) are among the compounds discussed in
the review [16]. The authors noted that the Streptomyces species reported in their review
were isolated from a wide range of environments, possess a diversity of novel chemical
structures and represent a thriving and multifaceted area of drug discovery research.

The second review contribution focused on 3C-NMR data from 504 pentacyclic
triterpenoids isolated from plants of the Celastraceae family, covering the period of 2001
to 2021 [15]. This class of secondary metabolites is of the utmost importance as they are
reported to possess varied biological potential as antiviral, antimicrobial, analgesic, anti-
inflammatory and cytotoxic agents against various tumor cell lines. The review covered the
pentacyclic triterpenoids of friedelane, quinonemethide, aromatic, dimer, lupane, oleanane
and ursane, among other classes. The data reported by Camargo et al. (2022) highlighted
the amazing structural diversity of pentacyclic triterpenes and the complexity of some
representatives, such as the dimeric molecules [15]. The I3C-NMR data presented in this
review are an enormous contribution to the structural elucidation of new compounds of
this class of terpenes.

Last, but not least, Amen and colleagues from Prof. Shimizu’s group reviewed
the sources, bioactivities, biosynthesis and spectroscopic features of naturally occurring
chromone glycosides. The compounds addressed in the review were described from plants
(angiosperms) of thirty-three families, three families of ferns, four species of lichens, three
species of fungi and three families of actinobacteria [17]. O-glycosides or C-glycosides
were analyzed separately; phenyl and isoprenyl chromone glycosides and phenyl ethyl
chromone glycosides were then analyzed, followed by the class of chromone glycosides
with additional heterocyclic moieties. Hybrids of chromones with other classes of sec-
ondary metabolites, hybrids of furano-chromones with cycloartane triterpenes and hybrids
of chromones with secoiridoids were presented in sequence, and finally, representants of
the groups of chromone alkaloids and aminoglycosides, were discussed. In the second part,
the spectroscopic features of the chromones were carefully described, including UV, IR, 'H
and 3C-NMR data of the 192 chromones [17]. This is indeed a great collaboration for the
prompt identification of chromone metabolites and an incentive to conduct deeper studies
with this class of metabolites.

In view of the papers that comprise this Special Issue, we believe that our objectives
have been achieved. We are thankful for all the contributions received, and hope that the
papers will be of interest to all readers of Molecules. Finally, natural products still have
much to contribute to humanity, and we wish great results and good discoveries to all
authors and readers in their upcoming research.
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Abstract: This study aimed to evaluate Bauhinia forficata infusions prepared using samples available
in Rio de Janeiro, Brazil. As such, infusions at 5% (w/v) of different brands and batches commer-
cialized in the city (CS1, CS2, CS3, and CS4) and samples of plant material botanically identified
(BS) were evaluated to determine their total phenolic and flavonoid contents (TPC and TFC), an-
tioxidant capacity (ABTS**, DPPH®, and FRAP assays), phytochemical profile, volatile compounds,
and inhibitory effects against the x-amylase enzyme. The results showed that infusions prepared
using BS samples had lower TPC, TFC and antioxidant potential than the commercial samples
(p < 0.05). The batch averages presented high standard deviations mainly for the commercial samples,
corroborating sample heterogeneity. Sample volatile fractions were mainly composed of terpenes
(40 compounds identified). In the non-volatile fraction, 20 compounds were identified, with emphasis
on the CS3 sample, which comprised most of the compounds, mainly flavonoid derivatives. PCA
analysis demonstrated more chemical diversity in non-volatile than volatile compounds. The samples
also inhibited the a-amylase enzyme (ICsq value: 0.235-0.801 mg RE/mL). Despite the differences
observed in this work, B. forficata is recognized as a source of bioactive compounds that can increase
the intake of antioxidant compounds by the population.

Keywords: “pata-de-vaca”; phytochemical profile; bioactive compounds; antioxidant capacity;
«-amylase inhibition; SPME technique

1. Introduction

Bauhinia is a genus comprising over 300 species widely distributed in tropical and
subtropical forests. In Brazil, 64 species belonging to the Fabaceae family were identified
and are commonly known as “pata-de-vaca” due to the shape of their leaves. Most species
are of Asian origin; however, Bauhinia longifolia (Bong.) Steud. and Bauhinia forficata Link
are native species from Brazil [1,2].

B. forficata is widely used in Brazilian folk medicine due to its beneficial effects on
different diseases and human disorders such as rheumatism, local pain, uric acid, and
uterine problems [3], but it is primarily used to treat type II diabetes [4]. The beneficial
effects are associated with various biocompounds present in B. forficata, such as flavonoids,
alkaloids, and terpenes/terpenoids [2,5]. The flavonoid compounds are highlighted since
they are the major class in B. forficata extracts. Farag et al. [6] registered the presence of
quercetin and kaempferol derivatives in different species of the Bauhinia genus, including
B. forficata.
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In Brazil, B. forficata is mainly commercialized dried and used to prepare infusions.
Thus, under Brazilian law, the Bauhinia tea is associated to food products, so it is not
mandatory to indicate the content of bioactive or toxic compounds, as in a limited manner
in herbal products [7]. B. forficata infusions were used in different in vivo studies, such as
that reported by Salgueiro et al. [8], who evaluated the effects of infusions on oxidative
stress, liver damage, and glycemia in mice. Nevertheless, data on the content of bioactive
compounds, antioxidant capacity, and volatile compounds, among other parameters of this
plant, to compare botanically identified and commercialized samples and their infusions
are scarce in the literature. Since it is well known that various factors such as climate,
processing, and storage conditions may influence the content of bioactive compounds and
the volatile fraction of medicinal plants [9,10], there is a clear need for further studies.

Despite that, to date, there are no data available on the volatile composition of B.
forficata infusions. This fraction cannot be underestimated since B. forficata is prepared
by infusion or decoction and, therefore, some of the volatile content may disperse in
the beverage (hydrolate) and contribute to its beneficial actions besides the aroma. This
approach has already been evaluated for other medicinal plants, and the migration of
terpenoid and other compounds classes present in the essential oil of the plant for infusion
was observed [11,12].

For such an evaluation, headspace solid-phase microextraction coupled to gas
chromatography—mass spectrometry (HS-SPME/GC-MS) has been reported as a fast, sen-
sitive, and solvent-free technique for analyzing the extraction and isolation of volatile and
semi-volatile compounds, and it has been widely used since its invention in 1989 [13,14].
Furthermore, interference from the infusion matrix may be drastically reduced while the
headspace analytes are trapped in the fiber [15]. Thus, this technique has been successfully
applied to analyze volatile compounds in infusions and teas [16,17].

In this sense, this work aimed to perform a comprehensive chemical characterization
of the volatile and non-volatile fractions of botanically identified and commercial samples
of B. forficata used to prepare infusions at 5%. The antioxidant capacity measured by
ABTS**, DPPH® and FRAP assays and inhibitory activity of x-amylase of the samples were
also determined.

2. Results
2.1. Bioactive Compounds and Antioxidant Capacity of B. forficata Infusions

The TPC, TFC and antioxidant capacity of the B. forficata infusions are summarized in
Table 1. It should be pointed out that the results presented in this study for TPC and TFC
are expressed as rutin equivalents (RE) since this compound belongs to the flavonoids class,
which is the major class in this species [6]. The values of TPC varied from 1923 to 6355 mg
RE/100 g. Compared to the literature, the highest value found in this study, which was
for the dry basis (7222 mg RE/100 g), is superior to that reported by Port’s et al. [18], who
evaluated different infusions of herbs from the Brazilian Amazonian region. Even though
these authors did not evaluate B. forficata. However, their approach was the closest to this
study, reporting results of the chemical evaluation for a B. ungulata infusion at 2% (g/mL)
(2367 mg GAE/100 g dry basis). By calculation, at 5%, 5918 mg GAE/100 g dry basis would
be found. Comparisons with data from the literature are difficult since few studies used the
same species, and even when the species were the same, the results were expressed using
different chemical standards, as in the example above. Additionally;, it is easier to find
data on B. forficata extracted with organic solvent than with hot water (infusion). Thus, our
discussion will be focused on the differences observed among the brands and respective
batches evaluated herein.
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Table 1. Total phenolic content (TPC), total flavonoid content (TFC) and antioxidant capacity of B.
forficata infusions.

Assays
Samples
TPC! TFC! DPPH" 2 ABTS®+ 2 FRAP?3
BSB1 2126 + 15 &N 648 +19°¢ 20 4+ 2¢f 27 4+ 4f 89+ 3h
BSB2 2126 + 29 &h 630 £9¢ 19+0f 30 +2¢f 85+ 6h
BSB3 2772 + 49 ¢ 832 £11de 21 +16f 30 +20f 136 £38
Overall 2342 + 324 B 703 + 97 B 20+1€ 29 +3B 103 + 258
average
CS1B1 2364 + 164 8 1026 + 44 34 4+ 1def 41 + 0 def 127 +£28
CS1B2 2733 + 55 of 1042 + 244 39 +2de 46 +24 133+ 438
Overall 2549 + 230 B 1034 4 18B 36+ 3BC 43438 130 +48
average
CS2B1 4740 + 69 © 3122 + 114P 108 +1°¢ 99+1¢ 242 +5¢
CS2B2 2245 + 79 &h 944 + 404 37 + 3 def 45 +2de 120 +£28
CS2B3 3203 + 2154 626 +30°© 45+ 24 39 + 1 def 176 +1f
OverallAverage 3396 + 1097 B 1564 + 1178 B 63 +34BC 61+298 179 £53B
CS3B1 4681 + 251 ¢ 2006 + 64 4 114 +2¢ 109 +10°¢ 330+ 114
CS3B2 5448 + 144 P 2422 + 147 ¢ 173 £ 3P 135+ 12°P 385 +11°¢
CS3B3 4833 + 166 © 3700 + 1612 206 + 22 204+ 72 571 +4b
Overall 4987 + 389 A 2710 + 773 A 164 +42A 149 + 44 A 429 £ 109 A
average
CS4B1 2169 + 89 &h 1026 + 18 4 45+ 24 47 £ 34 129+18
CS4B2 6355 =+ 137 2 2628 £+ 90 © 185 + 8P 149 + 6P 644 + 192
CS4B3 1923 + 4h 482 +15f 25+ 16f 277 +1f 86+5h
Overallaverage 3483 £ 2158 AB 1378 £ 967 B 85+ 768 74 + 578 286 + 269 AP

Abbreviations in the “Samples” column represent the different batches of each one of the brands evaluated.
Different lowercase letters in the same column indicate that the results are statistically different (p < 0.05). Different
uppercase letters in the same column indicate a statistically significant difference among groups (BS, CS1, CS2, CS3
and CS4) (p < 0.05). ! Results expressed as mg RE/ 100 g. 2 Results expressed as pmol Trolox/g. 3 Results expressed
as umol Fe?t/ g. BSB1 = botanical sample batch 1; BSB2 = botanical sample batch 2; BSB3 = botanical sample batch
3; CS1B1 = commercial sample 1 batch 1; CS1B2=commercial sample 1 batch 2; CS2B1 = commercial sample 2
batch 1; CS2B2 = commercial sample 2 batch 2; CS2B3 = commercial sample 2 batch 3; CS3B1 = commercial sample
3 batch 1; CS3B2 = commercial sample 3 batch 2; CS3B3 = commercial sample 3 batch 3; CS4B1 = commercial
sample 4 batch 1; C54B2 = commercial sample 4 batch 2; CS4B3 = commercial sample 4 batch 3. Results as the
mean =+ standard deviation (triplicate).

The values for TPC, TFC, and antioxidant capacity measured by DPPH®, ABTS®,
and FRAP assays varied from 1923 to 6355 mg RE/100 g, 482 to 3700 mg RE/100 g, 19
to 206 umol Trolox/g, 27 to 204 umol Trolox/g, and 85 to 644 umol Fe?* /g, respectively.
This corroborates that variations among samples and batches were high (Table 1). Among
batches of the commercial samples, the highest values for TPC, TFC and antioxidant
capacity (CS4B2 and CS3B3) were observed. These were higher than values reported to
botanically identified sample (BS), which may be explained by differences in cultivation
practices and the way the plants were processed. For example, the drying time may
increase the degradation of plant bioactive compounds, whereas soil characteristics and
precipitation conditions may affect the biosynthesis of secondary metabolites [9,10].

CS4B2 presented the highest TPC and FRAP values. For the TFC and DPPH® and
ABTS®* assays, CS3B3 presented the highest values (Table 1). The literature points to
a direct relationship between TPC and antioxidant capacity; however, in this study, the
sample that presented the highest TPC did not show the highest values for antioxidant
capacity measured by all assays employed. This corroborates that the phytochemical
composition of plant extracts may interact differently with radical species, which helps
explain the results found.

High standard deviations were observed in CS2 and CS4 samples. The variation
coefficient for the TFC reached 75% in CS2, for example, confirming the heterogeneity
among the sample batches. The low standard deviation of the BS may be associated mainly
with the standardization of the processing, which was followed from the harvest of leaves
to drying. In addition, the harvest was from the same tree, although it took place in different
seasons. This may also justify the low standard deviation of CS1 and CS3. Furthermore,
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conditions such as storage time, temperature, and kind of package have influence on the
stability of bioactive compounds.

Since the samples showed heterogeneous batches according to the statistical analysis
for this set of experiments, two groups were observed from their averages: one composed
of the BS, CS1, CS2, and CS54 groups, for which no statistically significant differences were
observed for the TPC, TFC, DPPH®, ABTS®*, and FRAP assays (p > 0.05), and the other
represented by CS3 alone. These data provide important information about the production
chain of B. forficata, rendering evident the need to standardize the steps that involve from
harvest to distribution to deliver to consumers a product that guarantees its bioactive
properties. B. forficata is widely used in Brazilian folk medicine due to its beneficial effects
for treating rheumatism, local pain, uric acid, uterine problems [3], and, especially, type II
diabetes [4]. This is possible due to the phytochemical profile of B. forficata, which is mainly
composed of flavonoids, recognized for their antioxidant capacity [19].

2.2. LC-HRMS Analysis

A total of 20 phenolic compounds (Table 2), among flavonoids, phenolic acids, and
other phenolic compounds, were tentatively identified in the samples. The majority are
kaempferol and quercetin derivatives. The samples comprised flavonoid O-glycosides,
thus in accordance with previously reported results, which prove its pharmacological
action [20,21]. Additionally, polar compounds were identified in the samples in accordance
with the polarity of the infusions.

Table 2. Tentatively identified compounds of B. forficata infusions.

Compounds mlz MS? Molecular Samples
[M-H]" exp. Formula[M-HI~ BS CSs1 CS2 CS3 CS4
1 Caffeoyl tartarate 311.0401 179; 135 C13H1109 +
2 Epi-Catechin 289.0718 245,203 C15H130¢ +
3 Galloyl hexose 331.0670 169; 125 C13H15019 + + + +
4 Hydroxibenzoic acid 137.0244 - CyH503 + + + +
5 Dihydroxibenzoic acid hexoside 315.0719 108; 152 C13H1509 + +
6 3-Caffeoyl quinic acid 353.0875 191 C16H1709 + + + +
7 Kaempferol 3-O-rhamnosyl-rutinoside 739.2136 284 C33H39019 +
8 Rutin 609.1468 300 C27H29016 + + + + +
9 Myricitrin 463.0880 316 Cy1Hp9O1n +
10 Quercetin 3-O-glucopyranoside 463.0917 301; 300 Ca1HpoOr, o+ o+ o+
(Isoquercetin)
Quercetin-O-pentoside
11 (Quercetin—O-aI;‘)abmoside) 433.0780 300; 301 C20H17011 + + + + +
12 Quercetin 3-O-rhamnoside 447.0933 284; 285 Cy1Hp9O11 + + + + +
13 Kaempferol 3-O-glucoside 447.0975 - Cp1Hp9O11 + + + + +
14 Kaempferol 3-O-rutinoside 593.1533 327,284; 285 Cy7H29015 + + + +
15 Isorhamnetin 315.0502 300 C16H1107 + + + + +
16 Isorhamnetin 3-O-rutinoside 623.1638 300; 315 CpsH31016 +
17 Quercetin 3-O-rhamnosyl-rutinoside 755.2087 300; 489 C33H30059 + +
18  Isorhamnetin 3-O-rhamnosyl-rutinoside 769.2201 605; 315 C34H41 099 + +
19 Kaempferol 3-O-dirhamnoside 577.1595 431, 285, 284 Co7Hp9O14 +
20 Kaempferol-O-pentoside 417.0833 285, 284, 255, 227 CyoH17019 +

BS: botanic sample; CS1: commercial sample 1; CS2: commercial sample 2; CS3: commercial sample 3; CS4: com-
mercial sample 4. n/z—mass to charge ratio; MS>—fragments of the second stage of mass spectrometry.

Most phenolic compounds identified in this study were free phenolic compounds,
esterified with sugars or other compounds with low molecular masses, such as quercetin
3-O-thamnoside, Kaempferol 3-O-glucoside, and Isorhamnetin.

Rutin, Isoquercetin, Quercetin-O-pentoside, Quercetin 3-O-rhamnoside, Kaempferol
3-O-glucoside, Kaempferol 3-O-rutinoside and Isorhamnetin were the compounds detected
in all samples. CS3 is the infusion with the greatest number of compounds that vary ac-
cording to the batch. In CS1, CS2, and CS4, the same 11 flavonoids were identified with
differences in the relative abundance of the ions. Compound 3 showed a precursor ion
[M-H]  at 331.0670 m/z and a typical loss of a hexose in MS? resulting in a [M-H]

10
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m/z 169 fragment. It was assigned as galloyl hexose. Compound 4 was assigned as hydrox-
ibenzoic acid based on precursor ion [M-H] ~ at 137.0244 m/z and a very low error between
experimental and theoretical mass of 0.1 ppm [22]. Compound 6 showed a precursor ion
[M-H] ™ at 353.0875 n11/z and the quinic acid fragment in MS? at 11/z 191, been identified
as 3-Caffeoyl quinic acid. Compound 10 was assigned as Quercetin 3-O-glucopyranoside
by comparison with literature records (1 ppm error ((M-H]  m/z 463.0878) [23]. Com-
pound 19 was assigned as Isorhamnetin 3-O-rhamnosyl-rutinoside based on precursor
ion [M-H] ™ m/z 769.2190 and based in the loss of Isorhamnetin fragment at m/z 315.
Kaempferol fragment ion at m/z 284 was used to identify compound 20 as Kaempferol
3-O-dirhamnoside along with the precursor ion [M-H] ™ m/z 577.1595 [6]. Identification
of the other listed compounds by fragmentation data and exact mass were previously
described by the authors [24,25].

The UPLC-ESI-Q-TOF MS/MS chromatographic technique was an efficient tool to
characterize and identify the phenolic compounds in B. forficata infusions. It is important to
highlight that the advantage of this technique is that, although it is not quantitative, one may
relatively quantify the compounds, even the isomeric forms (e.g., Catechin, Epi-catechin,
and Quercetin-O-pentoside), and, in case of a lack of standards, the compound assignments
may be made by comparison of UV spectra and MS data (accurate mass and fragmentation)
with previous literature reports [6,22,23].

A PCA analysis of the non-volatile chemical composition showed three distinct groups:
I—CS3B2, CS3B3 and CS4B2; II—CS1B1, CS1B2, CS2B1, CS2B2, CS4B1, CS4B3 and BSB1;
III—CS3B1, BSB2 (Figure 1A). These results demonstrate great chemical variability between
the different samples, although flavonoids Rutin, Isoquercetin, Quercetin-O-pentoside,
Quercetin 3-O-rhamnoside, Kaempferol 3-O-glucoside, Kaempferol 3-O-rutinoside and
Isorhamnetin were detected in all samples.

A B
CSIB3 Lsanz
o BSB3
1.0 = 0.5 -
CS3B2 - .
e | .
€518
0.8 | .
0.0 ' csB

0.6 -
- — Cs4p2
3 =
o s
G 04t w 0
= CS1B1 =.
3 . Cs4B3 o
o I' . o

0.2 b Cs4B1  CS1B2

A P o - CSH
’,’ L. _CS2B1 csab Rl
oo s o - — BSB2 CS3 1o
: e o —— }
.- _ BSB1 ! :
.- T : - T~
”) 1 f
- Il * 2
0.2 v . *
mot -
— - _1-5
-0.4
1.2 -1.0 -0.8 -06 -0.4 -0.2 0.0 0.2 -2.0 -1.5 -1.0 -0.5 0.0 0.5
PC1 (49.56%) PC1 (74.04%)

Figure 1. Principal component analysis of (A) non-volatile compounds and (B) volatile compounds.
BS: botanic sample; CS1: commercial sample 1; CS2: commercial sample 2; CS3: commercial sample 3;
CS4: commercial sample 4. B is relative to the batch. *I—BSB3 (rich in Caryophyllene oxide), CS1B2,
CS3B2 and CS4B2 (rich in Spathulenol); *II—CS2B1 (rich in 2-Propyl-1-heptanol).

2.3. HS-SPME/CG-MS

The identification and relative concentrations of the volatile compounds in the five herbal
infusions of B. forficata are shown in Table 3, in order of retention time (Rt), and increasing
Linear Retention Index (LRI). Forty volatile compounds were tentatively identified, of which

11



Molecules 2022, 27, 5415

only seven were detected in all samples: 2-Propyl-heptanol (7.69-19.42%), Geranyl acetone
(4.38-7.31%), Dodecanol (3.11-11.37%), 3-Ionone (0.71-5.84%), Spathulenol (11.78-30.87%),
Caryophyllene oxide (2.76-17.46%), and Benzoic acid 2-ethylhexyl ester (1.12-20.14%). The
volatile compounds included terpenoids, represented by C;3-norisoprenoids, sesquiterpenes,
and monoterpenes, as well as hydrocarbons, alcohols, esters, aldehydes, ketones, and acids.
Among all chemical groups found in the volatiles of the B. forficata infusions, sesquiterpenes
(hydrocarbon and oxygenated) were present in a higher number (17) and represented most
of the composition of the BS (63%), CS1 (61%), CS3 (50%), and CS4 (53%). Esters (31%) and
alcohols (29%) accounted for most of the composition of CS2.

Table 3. Tentatively identified compounds of B. forficata infusions with their respective relative
percentage (%).

Rt LRI @ Compound Chemical BSB3 CS1B2 CS2B1 CS3B2 CS4B2
(min) Class
14.00 1185 1-Decanal A 0.10 £0.04 - 0.57 £0.22 - -
14.30 1193 2-Propyl-1-heptanol AL 3.35 £ 0.35 7.69 £ 0.62 19.42 252 9.66 = 4.93 8.96 £ 3.07
16.40 1195 Estragole PP - 0.30 £ 0.00 - - 0.44 £0.21
18.44 1357 Eugenol PP 0.24 £0.00 - - - -
20.10 1428 3-Caryophyllene S 0.85 +0.10 - - - -
20.30 1429 o-Ionone N 3.59 £ 0.47 1.55 +0.08 1.64 £ 0.04 - -
20.90 1448 Geranyl acetone N 6.88 £ 1.08 7.31 £ 0.00 518 £0.76 5.02 £ 1.08 438 £1.25
20.92 1452 «-Humulene S 1.22 + 045 - - - -
21.00 1461 Alloaromadendrene S 0.70 +0.03 - - - -
21.20 1472 p-Benzoquinone K - 0.66 £ 0.04 1.50 £0.22 0.99 £ 0.03 -
21.40 1480 Dodecanol AL 4.00 £ 3.75 311 £0.51 7.14 £1.39 394 £1.27 8.37 £0.01
21.70 1485 Deydro-{3-ionone N - - 5.30 4+ 0.50 - 1.17 £ 0.36
21.80 1486 {3-Ionone N 4.24 £+ 0.05 3.08 £0.11 0.71 £0.23 2.54 £ 0.38 5.84 +£1.19
21.99 1499 Germacrene D S - 0.99 £ 0.02 - - -
22.70 1530 5-Cadinene S 2.03 +0.24 2.72 £0.22 - 225 +0.28 -
22.80 1538 Dihydroactinidiolide oM 0.70 £0.10 - - - -
22.90 1545 Eudesma-3,7(11-diene) S 0.38 + 0.07 - - - -
23.20 1554 Nerolidol oxygenated S - - - 3.55 £0.76 -
23.20 1554 Nerolidol oxygenated S - - - 3.554+0.76 -
24.00 1582 Spathulenol oS 11.78 = 1.02 30.87 £ 0.15 8.53 = 2.34 13.98 = 1.39 25.86 £ 1.76
24.10 1585 Caryophyllene oxide oS 15.80 + 0.42 14.32 & 0.66 2.76 £ 2.58 17.46 148 14.11 £ 0.28
24.40 1598 Ledol os 4.05+£0.21 - - - -
24.50 1603 Globulol os 1.47 £+ 0.04 - - - -
24.70 1607 Humulene epoxide II oS 14.15+0.78 - 158 £0.14 571 +£0.14 7.08 £ 006

1,7,7-Trimethyl-2-vinylbicyclo

25.20 1631 [2.2.1]hept-2-ene (Vinylbornene) ) 521 £027 ) B ) )
25.40 1634 Longipinocarveol oS 1.68 +0.03 - - 2.57 £0.26 -
25.50 1647 T-Muurolol os 1.75 4+ 0.50 - - - -
25.70 1659 «-Cadinol oS 5.04 £ 0.50 11.99 £ 0.39 - 4.36 = 0.01 6.32 + 0.44
27.70 1745 Octanal 2-phenylmethylene A - - - 0.85 4 0.27 0.31+0.16
27.90 1768 Tetradecanoic acid CA - 0.36 £0.25 1.87 £0.93 1.58 £1.17 0.54 £0.63
28.30 1785 Anthracene H - - - - 0.68 & 0.05
28.70 1800 Octadecane H - - 1.04 £0.38 - -
29.60 1850 4,8,12-Tetradecatrienal-5,9,13-trimethyl A - - 191 +£0.59 - 1.08 + 0.05
30.40 1880 1-Hexadecanol AL - 0.63 £ 0.01 3.25 £1.85 1.49 +1.57 1.87 £1.02
34.20 1881 Cyclohexadecane H - 1.39 & 0.00 - 0.99 £ 0.54 -
34.50 1900 Nonadecane H - - 0.81 £0.24 - -
34.80 1909 Methyl hexadecanoate E - - 1.89 4+ 0.47 - -
35.00 1922 Dibutyl phtalate E - - 9.24 £ 3.89 - -
35.90 2108 Bisphenol A PH - 0.10 £ 0.06 3.82 £0.48 2.16 £ 0.30 -
39.60 2360 2-Methyltricosane H - - 123+ 1.15 - -

@ Linear Retention Index (LRI) calculated for all components using a homologous series of n-alkanes analyzed
under the same conditions as the samples; (-) not detected. A—aldehyde, AL—alcohol, PP—phenylpropanoid,
S—sesquiterpene, N—norisoprenoid, K—ketone, OM—oxygenated monoterpene, OS—oxygenated sesquiterpene,
CA—carboxylic acid, HC—hydrocarbon, E—ester, and PH—phenol. BSB3 = botanically identified sample, batch 3;
CS1B2 = commercial sample brand 1, batch 2; CS2B1 = commercial sample brand 2, batch 1; CS3B2 = commercial
sample brand 3, batch 2; CS4B2 = commercial sample brand 4, batch 2. Relative percentage as the mean =+ standard
deviation (duplicate).

There are no data in the literature on the volatile composition of B. forficata infusions
or any species of the Bauhinia genus. However, there are two studies that identified
constituents of essential oils of this species and demonstrated that they are essentially
composed of sesquiterpenoids. Duarte-Almeida et al. [26] and Sartorilli and Correa [27]
evaluated the composition of essential oils in B. forficata and reported that the content of
sesquiterpenoids was 87% and 96%, respectively. Our results and those from essential
oils [26,27] are a great evidence that a mostly sesquiterpenic volatile fraction composition
may be characteristic of this species.
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It is well established that many sesquiterpenes and their alcohol, aldehyde, and
ketone derivatives are biologically active or precursors of metabolites with biological
functions, while others have desirable fragrance and flavoring properties [28]. Spathu-
lenol (8.53-25.86%) and Caryophyllene oxide (2.76-17.46%) were two of the major com-
pounds in all samples. Both compounds are known to possess several biological activities.
Nascimento et al. [29] demonstrated antioxidant, anti-inflammatory, antiproliferative, and
antimycobacterial activities of spathulenol, and a moldy and herbaceous odor is attributed
to this compound [30]. In turn, Caryophyllene oxide has a floral and woody odor [31,32],
and biological activities such as anticholinesterase, analgesic, anti-inflammatory, and anti-
fungal activities were also reported [33,34]. Regarding the class of norisoprenoids (Cy3),
they were detected in all samples at concentrations ranging from 7.56% to 14.71%, highlight-
ing Geranyl acetone and (-Ionone. It is reported that they present a significant aromatic
impact in fruits such as grapes, apples, lychee, and mango [35,36], with a floral odor being
attributed to them [37].

Attention is drawn to the identification of Bisphenol A (BPA) and Dibutyl phthalate
(DBP) in some samples evaluated here, especially CS2, which showed important concen-
trations of these contaminants in its volatile fraction (9.24% and 3.82%, respectively). As
any agricultural product, these herbs may be subjected to chemical contaminations due to
agricultural practices, especially in stages when a plastic material is used as packaging or
support or due to soil treatment, cultivation in contaminated soil, and other factors [38,39].
Furthermore, the migration of these plasticizers that constitute the packaging cannot be
ruled out since it is known that this is the main source of exposure to this type of contam-
inant [39]. Di Bella et al. [39] and Lo Turco et al. [40] evaluated the BPA contamination
of spices and herbs from different origins and found it to be present in several samples.
Despite concluding that the ingestion of these contaminants does not imply a risk to human
health, one cannot disregard their existence, and mechanisms to mitigate them must be
evaluated, such as proposing other packaging materials free from them.

In general, the observed differences among the volatile fraction patterns of the infu-
sions were lower than those observed for non-volatile (Figure 1B). Only CS2B2 formed
another group by PCA analysis (Figure 1B). Indeed, different origins of the samples with
their unique ecological settings as well as features intrinsic to the medicinal herbs may ex-
plain this difference [12]. Moreover, Arsenijevi¢ et al. [12] stressed that compounds present
in the volatile fraction of infusions play an important role in the antioxidant capacity of
these products, thus rendering this evaluation relevant, although it was still not possible
to measure it in this work. Once again, we highlight that the results obtained herein are
the first step towards revealing the beneficial health effects of B. forficata infusions through
chemical diversity after evaluating their non-volatile and volatile fractions.

2.4. Assay for a-Amylase Inhibition

In this set of experiments the effect of B. forficata infusions that presented better results
for TPC, TFC and antioxidant capacity was investigated. The results revealed that all
infusions inhibited the x-amylase activity. Based on the ICsy values, which represent the
concentration required to inhibit 50% of the enzyme activity, the CS2B1 sample was the
one that showed the greatest potential for enzyme inhibition, as it showed the lowest
ICsp value (0.235 mg RE/mL). The ICsy values were 0.235 mg RE/mL, 0.245 mg RE/mL,
0.287 mg RE/mL, 0.489 mg RE/mL, and 0.801 mg RE/mL for CS2B1, CS4B2, CS1B2, BSB3,
and CS3B2, respectively. Even though CS4B2 presented the highest TPC, this sample
exhibited a higher ICs5; value. It is suggested that the inhibition of x-amylase activity may
be due to other phytochemicals also present in the infusions such as terpenoids, which were
detected in the samples by HS-SPME/CG-MS. However, it is well known that phenolic
compounds, mainly flavonoids, are excellent inhibitors of digestive enzymes. Flavonoids
and their derivatives have the ability to reduce the potency of x-amylase and x-glucosidase
by either interacting with or inhibiting specific positions of the enzyme [41]. However,
other classes of compounds should not be neglected as published by Papoutsis et al. [42],
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which reported in their review the positive effects of terpenoids, carotenoids, among
others compounds on inhibition of x-amylase activity. It is important to note that these
compounds should be bioavailable after digestion to act on digestive enzymes. Thus, future
studies on this subject should be addressed.

Acarbose is widely used in medicine as an inhibitor of digestive enzymes related to
the breakout of polysaccharides. As these enzymes are inhibited, there is a reduction in
glucose absorption and, consequently, a decrease in the postprandial blood glucose level
elevation, which helps reduce the risk of Diabetes mellitus, for example [42]. Its IC5( value
was found to be 0.034 mg/mL. Thus, a lower concentration of this substance is required to
inhibit 50% of the «-amylase activity when compared to B. forficata infusions. However, it
should be noted that this medicinal plant is widely used in folk medicine as an adjuvant in
treating hyperglycemia by the population, especially those in vulnerable conditions [43].

It is important to demonstrate that infusions prepared from commercially available
herbs showed an important inhibitory action on the enzyme despite being less potent
than acarbose. Furthermore, cytotoxicity was not observed when different fractions from
B. forficata were evaluated by Franco et al. [44]. These facts reinforce the biological and
pharmacological potential of B. forficata as hypoglycemiant agent, which has an important
role in Brazilian folk medicine, primarily because it is abundant and easily accessible.

3. Material and Methods
3.1. Plant Material

B. forficata leaves were collected in Petropolis, Rio de Janeiro, Brazil (22°30'04.63" S,
43°07"58.20" W, altitude: 958 m) in different seasons (winter, spring, and summer-2018/2019).
Voucher specimens were deposited at the Herbarium of the Department of Botany of the
Federal University of Rio de Janeiro, under registration number RFA 40.615. The samples
were dried in an oven with forced air circulation at 45 °C, then disintegrated in a domestic
blender to obtain a powered material, which was used to prepare the infusions. These
samples were named BSB1 (winter), BSB2 (spring), and BSB3 (summer).

Four commercial samples purchased from local markets in the city of Rio de Janeiro
were also evaluated. Two batches of commercial sample 1 (CS1) and three batches of the
other samples (CS2, CS3, and CS4) were acquired, resulting in samples CS1B1, CS1B2,
CS2B1, CS2B2, CS2B3, CS3B1, CS3B2, CS3B3, CS4B1, CS4B2, and CS4B3, which were used
to prepare the infusions.

3.2. Preparing the Infusions

The infusions were prepared by adding 50 mL of boiling water to 2.5 g of the samples
(5% w/v). After that, they were allowed rest at room temperature for 20 min. The extracts
were filtered and transferred to a volumetric flask, in which the volume was quenched with
distilled water until reaching 50 mL [45].

3.3. Analysis
3.3.1. Total Phenolic Content (TPC)

The TPC analysis was performed using the Folin-Ciocalteu reagent (Imbralab, Ribeirao
Preto, Brazil), following the method described by Singleton and Rossi [46]. For the reactions,
250 pL of the filtered and appropriately diluted extract was mixed with 1250 pL of 10%
Folin-Ciocalteu reagent and 1000 pL of a 7.5% (w/v) sodium carbonate solution. There-
after, the samples were heated at 50 °C for 15 min and cooled at room temperature. The
absorbance was measured at 760 nm. A calibration curve was constructed using the rutin
(Sigma-Aldrich, St Louis, MO, USA) standard with concentrations ranging from 16 mg/L
to 166 mg/ L (linear regression: y = 0.0034x—0.0128; R? = 0.9988). The TPC is expressed as
milligrams of rutin equivalent per 100 g (mg RE/100 g).
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3.3.2. Total Flavonoid Content (TFC)

The TFC was determined based on the method described by Zhishen et al. [47] with
minor modifications. Here, 0.5 mL of extract was mixed with 3.2 mL of ultrapure water and
150 puL of NaNO; (5%, w/v). After homogenization, the mixture was left to rest for 5 min.
Thereafter, 150 uL of AlCl3 (10%, w/v) was added to the mixture, and 1 mL of NaOH (1 M)
was added after 1 min. The absorbance was recorded at 510 nm with a spectrophotometer
(Metash, Shanghai, China) using ultrapure water as a blank. The TFC was calculated using
the calibration curve of rutin (Sigma-Aldrich, St. Louis, MO, USA) standard, with the
concentration ranging from 99 mg/L to 595 mg/L (linear regression: y = 0.001x + 0.013;
R? = 0.9974). The results are expressed as mg RE/100 g.

3.3.3. ABTS** Assay

The antioxidant capacity was determined by the reduction of radical monocation, 2,2'-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS®*), according to the procedure de-
scribed by Giao et al. [48]. The radical was obtained after the addition of 7 mmol/L of ABTS
(2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (Sigma-Aldrich,
Saint Louis, MO, USA) to 2.45 mmol/L of a potassium persulfate solution (1:1 (v/v)). The
mixture was left to react in the dark for 16 h. To obtain an absorbance of 0.700 = 0.020 at 734
nm, the ABTS** solution was diluted using ultrapure water. For the reactions, 30 uL of each
filtered and diluted extract was mixed with 3000 uL of the ABTS®* solution. After 6 min,
the absorbance was measured at 734 nm with a spectrophotometer (Metash, Shanghai,
China) using ultrapure water as a blank. The ABTS** antiradical activity was calculated
using Trolox solutions (Sigma-Aldrich, Buchs, Switzerland) with different concentrations
ranging from 240 to 2000 umol (linear regression: y = 0.0003x + 0.0094; R? = 0.9989). The
results are expressed as pmol of Trolox equivalents per gram (umol TE/g).

3.3.4. DPPH* Assay

The 2,2’-diphenyl-B-picrylhydrazyl radical (DPPH®) (Sigma-Aldrich, Steinheim, Ger-
many) scavenging activity of the extracts was determined according to the method de-
scribed by Hidalgo et al. [49]. For the reactions, 100 uL of each diluted extract was added
to 2900 puL of a DPPH?® solution (6 x 10~° M in methanol and diluted to an absorbance
of 0.700 at 517 nm). The resulting solutions were allowed to stand for 30 min in the dark
at room temperature. Then, the absorbance was measured at 517 nm with a spectropho-
tometer (Metash, Shanghai, China) using methanol as a blank. The DPPH® scavenging
activity was calculated using Trolox solutions (Sigma-Aldrich, Buchs, Switzerland) with
different concentrations ranging from 80 to 680 pmol (linear regression: y = 0.0008x + 0.017;
R? = 0.9962). The results are expressed as pmol TE/g.

3.3.5. FRAP Assay

The ferric reducing/ antioxidant power (FRAP) assay was performed according to
the procedure reported by Benzie and Strain [50] with minor modifications. The stock
solutions included 300 mM of an acetate buffer (pH 3.6), 10 mM of 2,4,6-tri(2-pyridyl)-s-
triazine (Sigma-Aldrich, Buchs, Switzerland) in 40 mM of HCI, and 20 mM of FeCl;-6H,0.
The working solution was prepared by mixing 25 mL of the acetate buffer, 2.5 mL of
the TPTZ solution, and 2.5 mL of FeCl;z-6H,O. Thereafter, 100 uL of each extract was
reacted with 3000 pL of the working solution at 37 °C for 30 min, and the absorbance
was measured at 593 nm. The FRAP activity was calculated using FeSO,4-7H,O solutions
with different concentrations ranging from 150 to 1200 pmol of Fe?* (linear regression:
y = 0.0008x + 0.0042; R? = 0.9992). The results are expressed as umol of Fe** per gram
(umol Fe?*/g).

3.3.6. LC-HRMS Analysis

The sample extract was dissolved in an aqueous solution containing formic acid (0.1%,
v/v) and subjected to an ultra-performance liquid chromatography-quadrupole/time-of-flight
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mass spectrometry (UPLCqTOF/MS; maXis Impact, Bruker Daltonics, Billerica, MA, USA)
analysis. The separation was performed using a Hypersil C18 column (3 um particle
size, 2.1 mm X 150 mm). The column temperature was maintained at 40 °C. Subsequently,
an aliquot of 20 pL was injected into the UPLC-ESI-qTOF system with a flow rate of
0.27 mL/min. The linear gradient elution of A (0.1% formic acid in water) and B (acetoni-
trile) was applied by employing the following method: 5% of B at the beginning; 5% to 9%
of B for 5 min, 9% to 16% of B for 10 min, 16% to 36% of B for 18 min, 36% to 95% of B for
1 min, 95% of B for 12 min, 95% to 5% of B for 1 min, and 5% of B for 13 min. Data Analysis
4.2 software (Bruker Daltonics, Billerica, MA, USA) was used to interpret the data. The
MS data were acquired in the negative mode using an electrospray ionization (ESI) source.
The data were scanned for each test sample at a mass-to-charge ratio (m/z) from 50 to 1200.
Highly pure nitrogen was used as the nebulizing gas and ultrahigh purity helium as the
collision gas, and the capillary voltage was set at 5000 V. The ESI parameters included dry
gas at 200 °C at a flow rate of 8 L/min and a nebulizer pressure of two bar [25].

3.3.7. HS-SPME/CG-MS

The infusions that presented better results for TPC, TFC and antioxidant capacity were
subjected to an analysis of the volatile fraction by Headspace Solid-Phase microextraction
followed by gas chromatography-mass spectrometry (HS-SPME/GC-MS).

The headspace volatiles analysis using SPME described by Wang et al. [51] was
adopted with minor modifications. Volumes of 10 mL of freshly prepared infusions were
placed into 20 mL clear glass vials and immediately capped and placed on a temperature-
controlled water bath at 60 °C for 60 min with a SPME fiber coated with 100 um of PDMS
(100% polydimethylsiloxane; Supelco®, Bellefonte, PA, USA) pre-conditioned at 250 °C for
60 min and inserted into the headspace above the liquid surface. A system blank with an
empty vial was run as a control assay. SPME fibers were desorbed at 250 °C for 5 min in
the injection port of the chromatographic system described below.

The GC-MS analysis of the volatile fractions was carried out using an Agilent 690N
gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) with an HP-5MS 5%
phenylmethylsiloxane capillary column (30 m x 0.25 mm, 0.25 pm film thickness; Restek,
Bellefonte, PA, USA) equipped with an Agilent 5975 mass selective detector in the electron
impact mode (ionization energy: 70 eV) operating according to the following conditions.
The oven temperature was initially maintained at 60 °C for one 1 min, then raised at the
rate of 8 °C/min to 300 °C, staying at this temperature for 15 min. The injector and detector
temperatures were set at 250 °C and 260 °C, respectively. The samples were injected
in the splitless mode. A normalization technique was used to obtain quantitative data.
Linear retention indices (LRI) were calculated for all components using a homologous
series of n-alkanes (C7—C30, Sigma-Aldrich, Laramie, WY, USA) analyzed under the same
conditions as the samples. The identification of the volatile fraction components was based
on LRI relative to n-alkanes and computer matching with the Wiley275.L and Wiley7n.L
libraries and comparisons of the fragmentation patterns of the mass spectra with published
data [52].

3.3.8. Assay for a-Amylase Inhibition

The infusions that presented better results for TPC, TFC and antioxidant capacity were
subjected to the inhibition assay for x-amylase, performed as reported by Meng et al. [53]
with minor modifications. Briefly, 100 uL of extract was mixed with an x-amylase so-
lution (100 pL, 1.0 U/mL) (Sigma-Aldrich, St. Louis, MO, USA) in a phosphate buffer
(pH 6.9) and 250 pL of a 1% starch solution. The incubation was carried out for 5 min at
37 °C. The enzyme reaction was stopped by adding dinitrosalicylic acid reagent (250 pL)
(Sigma-Aldrich, Steinheim, Germany), and incubation was carried out for 15 min in boiling
water. For the dilution, 2 mL of distilled water was added to the final reaction mixture.
The absorbance was measured at 540 nm. The inhibitory effect was calculated according
to Equation (1), where Abs.ontro1-1 results from the reaction without adding the enzyme,

16



Molecules 2022, 27, 5415

References

which was replaced by the buffer solution, while the mixture of the enzyme and starch
solution without extract was Absgonrol2- The results were expressed as ICs5p (mg RE/mL).
Acarbose (Supelco, Laramie, WY, USA) was used as a positive control to compare the
inhibitory effects.

Inhibition percentage (%) = [1 — (AbSsample —AbScontrol-1)/ AbScontro2] X 100 (1)

3.4. Statistical Analysis

The data were statistically analyzed using Statistica software version 13 (Dell Inc.,
Tulsa, OK, USA), performing an analysis of variance (ANOVA) and Tukey’s test to verify
the differences among averages, considering the 95% confidence level. Experiments were
performed in duplicate/triplicate, and the results are presented as the average + standard
deviation. Additionally, the principal component analysis (PCA) were used to assess the
variance in the non-volatile and volatile samples. Results were processed using STATIS-
TICA software version 10 (StartSoft Inc., Tulsa, OK, USA).

4. Conclusions

It is concluded that the samples presented different TPC, TFC and antioxidant po-
tentials. The commercial C54B2 and CS3B3 samples showed higher values for bioactive
compounds and antioxidant capacity than botanically identified samples. However, both
were mostly composed of flavonoid derivatives. PCA analysis demonstrated more chemical
diversity in non-volatile than volatile compounds. This analysis may justify the differences
observed in the results of the performed assays. To the best of our knowledge, this is the
first time that volatile fraction obtained from B. forficata infusions has been carried out.
It is very clear that it is an important fraction with regard to the aroma besides possible
contribution to the biological properties. An inhibitory effect of all B. forficata infusions
on the x-amylase enzyme was observed. Despite the differences reported in this work, B.
forficata presents itself as a source of bioactive compounds that may increase the intake of
antioxidant compounds by the population.
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Abstract: The phytochemical investigation of Placolobium vietnamense stems led to the isolation of
a new isoflavone derivative (1) and three new benzil derivatives (2-4), together with four known
pyranoisoflavones (5-8). The structures of all isolated compounds were determined on the basis of
extensive spectroscopic analyses, including NMR and HRMS spectral data, as well as comparison
of their spectroscopic data with those reported in the literature. The cytotoxicity of all isolated
compounds was assessed against the human liver hepatocellular carcinoma (Hep G2) cell line, and
compound 1 displayed the most significant cytotoxicity with an ICs, value of 8.0 uM. Furthermore,
all isolated compounds were also tested for their inhibitory activity against NO production in RAW
264.7 macrophages. Of these, compound 1 exhibited the strongest inhibitory efficacy against the
LPS-induced NO production with the ICsy value of 13.7 uM.

Keywords: Placolobium vietnamense; placovinones A-D; benzil and isoflavone derivatives; cytotoxicity;
NO production inhibition

1. Introduction

Placolobium is a genus of plants in the family Fabaceae, which contains three accepted
species. These are distributed throughout the world’s tropical regions, some extending into
temperate zones, especially in East Asia [1]. Placolobium vietnamense N.D.Khoi & Yakovlev
is an indigenous plant species, known in Vietnam as ‘Rang Rang’. It is a perennial tree
with a straight, cylindrical trunk, and brown bark. The fruit is a small pod with a single
seed. This plant is used as a folk remedy for snakebites, debility, and to increase strength
after childbirth [1]. There has only been one investigation into the chemical constituents of
P. vietnamense [1]. Previously, our group reported the isolation and structure elucidation
of six isoflavonoids, including afrormosin, cladrastin, 8-O-methylretusin, millesianin C,
barbigerone, and durallone from the EtOAc stem extract of this plant, together with their
cytotoxicity. Encouraged by structurally diverse bioactive compounds from Placolobium
species [2], the aim of this investigation is to revisit P. vietnamense in order to search for
new bioactive compounds. We report herein the isolation and characterization of benzil
and isoflavone derivatives from the stems of P. vietnamense. All isolated compounds were
assessed for their cytotoxicity against human liver hepatocellular carcinoma (Hep G2) cell
line, which is one of the most fatal cancers and has spread to the liver from other organs.
Additionally, the inhibitory activity toward NO production in RAW 264.7 macrophages of
all isolated compounds was also evaluated.
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2. Results and Discussion
2.1. Structural Elucidation of the Isolated Compounds

Chromatographic separation of benzil and isoflavone derivatives from P. vietnamense
stems allowed for the isolation of eight compounds, including a new isoflavone deriva-
tive, placovinone A (1), and three new benzil derivatives, placovinones B-D (2-4), along
with four known pyranoisoflavones (5-8) (Figure 1). The structures of all isolated com-
pounds were elucidated based on NMR and HRMS spectral data, as well as a compre-
hensive comparison of their spectroscopic and physical data with values from the pub-
lished literature. The known isolated pyranoisoflavones were characterized as ichthynone
(5) [3], durmillone (6) [4], calopogoniumisoflavone B (7) [5], and 4’,5'-dimethoxy-6,6-
dimethylpyranoisoflavone (8) [6].

R1 = R4 = OCH3, R2 = R3 = OCH20
R1 = H, R2 = R3 = OCHzo, R4 = OCH3
R1 =R4=H, R2=R3=OCH20

R1 =R4=H, R2=R3=OCH3

o~NOoOO;

Figure 1. Chemical structures of 1-8.

Compound 1 was isolated as a colorless gum. The HRESIMS revealed a protonated
molecular ion peak at m/z 367.1549 [M + H]* (calcd for CpyHy305 367.1545) corresponding
to the formula Cy,Hy,0s5. The 'TH NMR signal at dyy 8.42 (s, H-2) and 13C NMR signal at o¢
152.7 (C-2) were characteristic of the isoflavone skeleton [7]. The existence of AA’BB’ spin-
system indicated para-substituted B-ring. The presence of a 2,2-dimethyldihydropyrano [8]
and two methoxy substituents was identified from the 'H and '3C NMR spectral data
(Table 1). A singlet resonance at dyy 7.32 was assigned to the aromatic proton H-5 on the
basis of the long-range coupling to C-4 (6c 174.4), C-7 (6c 148.3), and C-8a (5c 109.9),
observed in the HMBC spectrum (Figure 2). The methoxy group dy 3.84 (s) was assigned as
6-OCHj3 according to the HMBC correlation between 6-OCHj3 and C-6 (d¢ 147.1). The long-
range correlations observed in the HMBC spectrum of H-1” (6y 2.87, t, ] = 6.5 Hz) to C-7
and C-8a were key correlations that revealed the position of 2,2-dimethyldihydropyrano
moiety was fused to C-7 and C-8, with the anticipated oxygenation at C-7 being supported
by the HMBC correlation from H-5 to C-7. Its 1D and 2D NMR spectral data were similar to
those of 6-methoxycalopogonlum isoflavone A [9], except for the replacement of a double
bond at C-1” and C-2” of the 2,2-dimethylpyrano substituent in 6-methoxycalopogonlum
isoflavone A by a C-C single bond in 1. Based on the above spectral evidence, the structure
of 1 was established and trivially named as placovinone A.
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Table 1. 'H (500 MHz) and '3C (125 MHz) NMR spectroscopic data of 1 recorded in DMSO-dg (¢
in ppm).

Position oy (J in Hz) dc Position Jy (J in Hz) dc
2 8.42, s 152.7 3/ 6.99,d (8.3) 113.6
3 122.8 4/ 158.9
4 1744 5/ 6.99,d (8.3) 113.6

4a 115.9 6’ 7.52,d (8.3) 130.0
5 7.32,s 101.8 1”7 2.87,t(6.5) 16.4
6 147.1 27 1.87,t (6.5) 30.6
7 148.3 3” 75.9
8 109.9 4”7 1.35,s 26.3
8a 149.5 5”7 1.35,s 26.3
1 124.4 6-OCHj; 3.84,s 55.1
2! 7.52,d (8.3) 130.0 4'-OCHj 3.79,s 55.5

(@] O
[ |
Hoco”
(@]

o] OH
H,CO t
© OCH,

Figure 2. Key COSY (red bold line) and HMBC (blue arrow) correlations of 1-4.

Compound 2 was obtained as a white amorphous powder. Its molecular formula
was determined to be Cp3H»4Og based on a protonated molecular ion peak at m/z 429.1566
(calcd for Cp3Hp50g 429.1549). The signal of a hydroxyl group at dy 10.11 (s, 2-OH) in
the 'H NMR spectrum, together with those of two carbonyl groups at 5c 190.7 (C-7) and
191.4 (C-8) in the 13C NMR spectrum, indicated that 2 was a derivative of 1,2-diphenyl-1,2-
ethanedione [10]. The 'H and 13C NMR spectral data (Table 2) further revealed the presence
of a 2,2-dimethylpyrano fragment and four methoxy substituents. In the 'H NMR spectrum,
two singlet protons at dyy 6.76 and 7.41, were assigned to the two para-positioned aromatic
protons H-3" and H-6’ of the B-ring [11], indicating the B-ring of 2 with 2/,4’,5'-trimethoxy
substituent. This was also supported by the strong correlations in the HMBC spectrum
(Figure 2). The singlet of the aromatic proton at d¢; 7.24 was identified as H-6 on the basis
of the HMBC correlations from H-6 to C-1 (d¢ 112.5), C-2 (d¢ 149.7), C-4 (6c 148.2), and
C-7 (6c 190.7). Consequently, the remaining methoxy group (éy 3.84, s) was located at
C-5, confirmed by the key HMBC correlation between 5-OCHj3 and C-5 (6c 142.5). Hence
the location of the 2,2-dimethylpyrano moiety was found to be at C-3 (6c 108.9) and C-4,
with the anticipated oxygenation at C-4 being confirmed by the HMBC correlation from
H-6 to C-4. A careful comparison of the 'H and '>C NMR spectral data (Table 2) of 2 with
dielsianone [12] identified similar signals, distinguished by the presence of two methoxy
groups at C-2’ and C-5'. The existence of these two methoxy substituents was confirmed
by the HMBC correlations from 2’-OCH3 (6y 3.33, s) and 5-OCHj (0 3.89, s) to C-2' (6¢
156.8) and C-5' (8¢ 155.6), respectively (Figure 2). From the aforementioned results, the
structure of 2 was identified and named as placovinone B.

22



Molecules 2022, 27,4624

Table 2. 'H (600 MHz) and '3C (125 MHz) NMR spectroscopic data of 2-4 recorded in DMSO-dg (¢
in ppm).

Position 2 > !
tSH (] in HZ) 5(: 5[{ (] in HZ) 5(: 5H (] in HZ) 5C

1 112.5 110.8 110.8
2 149.7 153.6 154.1
3 108.9 109.3 109.5
4 148.2 149.1 149.5
5 142.5 140.8 1411
6 7.24,s 108.7 743, s 113.0 741, s 113.7
7 190.7 202.9 203.3
8 191.4 4.20,s 38.8 4.26,s 43.6
1 114.8 114.2 126.9
2/ 156.8 151.3 7.21,d (8.7) 130.7
3/ 6.76, s 98.0 6.70, s 98.4 6.88,d (8.7) 114.1
4/ 143.6 142.5 158.2
5/ 155.6 140.8 6.88,d (8.7) 1141
6’ 741,s 110.0 6.83, s 115.7 7.21,d (8.7) 130.7
1” 6.55, d (9.9) 116.0 6.58, d (9.9) 115.1 6.56, d (9.6) 113.7
2" 5.63,d (9.9) 130.0 5.75,d (9.9) 129.1 6.74,d (9.6) 129.3
3” 76.8 77.8 78.0
4” 0.92,s 26.3 1.14,s 27.4 1.39,s 27.9
5" 0.92, s 26.3 1.14,s 27.4 1.39,s 27.9

5-OCHj; 3.84,s 56.1 3.76, s 56.1 3.76, s 56.5

2'-OCHj 3.33,s 56.7 3.73,s 56.2

4'-OCHj5 3.55,s 55.9 3.67,s 56.3 347,s 55.2

5'-OCHj3 3.89,s 56.1 3.79, s 55.8

2-OH 10.11, s 12.76, s 12.76, s

Compound 3 was isolated as a white amorphous powder. Its molecular formula,
Cp3Hy60O7, was determined from its protonated molecular ion peak at m/z 415.1759 [M + H]*
(calcd for Cy3HyyOy7 415.1757). This was further confirmed by the 13C NMR spectral
data, which disclosed one methylene, two methyl, two olefinic, three aromatic methine,
four methoxy, and ten quaternary carbons. The spectroscopic 'H and '3C NMR patterns
of 3 (Table 2) were very similar to those of 2, with the only difference being that the keto
carbonyl group at C-8 in 2 (d¢c 191.4) was replaced by a methylene substituent in 3. This
deduction was supported by the HMBC correlations from H-8 (dy 4.20, s) to C-7 (6¢ 202.9)
and C-1' (6c 114.2). Based on the above spectral evidence, compound 3 was identified and
named placovinone C.

Compound 4 was obtained as a white amorphous powder. The molecular formula
Cy1HO5 was obtained from its HRESIMS, which showed a protonated molecular ion
peak at m/z 355.1553 [M + H]* (caled for Cp;Ha305 355.1545). 1*C NMR and HSQC spectra
of 4 indicated 21 signals, including one carbonyl, one methylene, two methyl, two methoxy,
seven methine, and eight quaternary carbons. Two signals at 65 7.21 (d, ] = 8.7 Hz, H-2/,6')
and 6.88 (d, ] = 8.7 Hz, H-3/, 5') appearing as an AA’BB’ type confirmed the presence of a
simple para-substituted B-ring, with a methoxy group (i1 3.47, s) being positioned at C-4’
(6c 158.2). The careful comparison of the 'H and '*C NMR spectral data (Table 2) of 4 was
shown to be similar to those of 3, differing only in the absence of two methoxy groups at
C-2' (6¢ 130.7) and C-5' (6c 114.1) on the B-ring of 4, which was supported by the COSY
and HMBC correlations (Figure 2). On the basis of these spectral data, the structure of 4
was unambiguously established and named as placovinone D.

2.2. Cytotoxicity

The cytotoxicity of each isolated compound against Hep G2 cell line was assessed [13-15]
and the ICs values are listed in Table 3. Compounds 1-8 exhibited different degrees of
cytotoxicity toward Hep G2 cell line. Among them, compound 1 exhibited the most signifi-
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cant cytotoxicity against Hep G2 cell line with an ICs; value of 8.0 uM. Compounds 2—4
and 8 showed moderate cytotoxicity with the ICsy values of 19.8, 22.9, 23.4, and 35.6 uM,
respectively, while compounds 5-7 exhibited weak cytotoxicity with the ICsy values of
99.1,71.6, and 66.6 uM, respectively. Based on the above cytotoxic results, the presence of
the 2,2-dimethyldihydropyrano ring in the case of 1 might be responsible for enhancing
the activity.

Table 3. Cytotoxicity against Hep G2 cells and inhibition of NO production in macrophage RAW
264.7 cells of 1-8.

Compound Cytotoxicity (ICso, uM) 2 NO Production (IC5, utM) 2
1 8.0+ 0.2 13.7 £ 0.5
2 198 £1.5 31.0 £ 0.3
3 2294+ 0.5 474+ 0.3
4 234+ 0.5 155+ 04
5 99.1 £ 09 >100
6 71.6 £ 0.6 >100
7 66.6 + 0.5 >100
8 35.6 0.3 54.7 +£0.2
Ellipticine 0.43 £ 0.03
Celastrol ® 1.00 £ 0.10

2 [Csp values were expressed as the mean values of three experiments + SD. P Positive control.

2.3. Inhibition of Nitric Oxide Production

To determine the inhibitory effects of the isolated compounds on NO production
(Table 3), LPS-stimulated RAW 264.7 cells were treated with various concentrations of
tested compounds [16]. Additionally, the viability of RAW 264.7 cells using an MTT
assay to avoid the cytotoxic effects of the isolated compounds was evaluated. Among
eight isolated compounds, compounds 1 and 4 highly inhibited NO production in RAW
264.7 cells with the ICsq values of 13.7 and 15.5 uM, respectively, whereas compounds 2, 3,
and 8 moderately inhibited NO production with the ICs values of 31.0, 47.4, and 54.7 pM,
respectively. Compounds 1 and 4 demonstrated cytotoxicity toward RAW 264.7 cells
with the ICsg values of 79.2 and 42.6 uM, respectively, while most of the other compounds
showed no obvious cytotoxicity (ICsy >100 uM). These results demonstrate that the presence
of the para-substituted B-ring of 1 and 4 might be responsible for inhibiting NO production.

3. Materials and Methods
3.1. General Experimental Procedures

The NMR spectra were recorded on Bruker AvanceNEO 600 MHz and Bruker Avance
1™ HD 500 MHz NMR spectrometers in DMSO-dg (Merck, Darmstadt, Germany). Optical
rotations were measured on a A.KRUSS Optronic P8000 polarimeter (KRUSS, Hamburg,
Germany). The IR data were obtained with a Jasco 6600 FT-IR spectrometer using an ATR
technique (Jasco, Japan). The HRESIMS spectral data were generated with a X500r QTOF
model mass spectrometer (Sciex, Framingham, MA, USA) and Dionex Ultimate 3000 HPLC
system hyphenated with a QExactive Hybrid Quadrupole Orbitrap MS (Thermo Fisher
Scientific, Waltham, MA, USA). Silica gel 70-230 mesh (Merck) and Sephadex LH-20 gel
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) were used for column chromatography.

3.2. Plant Material

The stems of P. vietnamense were collected in Dak Nong province, Vietnam, in February
2017. The plant material was identified by botanist Vo Van Chi (former lecturer at the
University of Medicine and Pharmacy, Ho Chi Minh City, Vietnam). A voucher specimen
(No. SGU-A001) has been deposited in the Herbarium of the Laboratory of Chemistry-
Biology-Environment, Sai Gon University, Ho Chi Minh City, Vietnam.

24



Molecules 2022, 27,4624

3.3. Extraction and Isolation

The air-dried P. vietnamense stems (23 kg) were powdered prior to being extracted
with 95% EtOH (45 L x 5) at room temperature. The filtered solution was concentrated in
vacuo to afford EtOH crude extract (1200 g). This crude extract was suspended in water
and partitioned with n-hexane and then EtOAc to yield n-hexane (271.2 g) and EtOAc
(301.3 g) extracts, respectively. The n-hexane extract was subjected to silica gel column
chromatography (CC) and eluted with n-hexane-EtOAc (9:1-0:10, v/v) and then EtOAc—
MeOH (10:0-0:10, v/v). Based on their TLC behavior, the eluted fractions were grouped into
fractions HEX.1-HEX.7. Fraction HEX 4 (34.5 g) was subjected to further silica gel CC and
eluted with n-hexane-EtOAc (8:2, v/v) to give subfractions HEX.4.1-HEX.4.8. Subfraction
HEX.4.1 (3.0 g) was subjected to silica gel CC and eluted with n-hexane-EtOAc (85:15,
v/v) to yield 3 (7.0 mg), 5 (8.0 mg), and 6 (9.7 mg). Subfraction HEX.4.2 (0.9 g) was further
purified using silica gel CC and eluted with n-hexane-EtOAc (8:2, v/v) to yield 2 (6.5 mg), 7
(6.4 mg), and 8 (11.4 mg). Subfraction HEX.4.3 (1.1 g) was selected for further purification
using Sephadex LH-20 gel CC and eluted with MeOH to afford 1 (5.8 mg) and 4 (6.4 mg).

Placovinone A (1). Colorless gum. UV (CH30H) Amax (log €) 210 (4.49), 231 (4.25),
278 (4.81), 334 (3.47) nm; IR (ATR) vmax 2975, 1718, 1619, 1457, 1343, 1279, 1203, 1150,
1013, 757 cm~1; HRESIMS m1/z 367.1549 [M + H]* (calcd for CoyHy305 367.1545); 'TH NMR
(DMSO-dg, 500 MHz) and 13C NMR (DMSO-dg, 125 MHz) see Table 1.

Placovinone B (2). White amorphous powder. UV (CH3zOH) Amax (log €) 250 (4.39),
270 (4.72), 296 (4.30), 337 (3.18) nm; IR (ATR) vmax 3392, 2977, 2904, 1713, 1635, 1451, 1372,
1288, 1246, 900 cm™; HRESIMS m1/z 429.1566 [M + H]* (calcd for Co3Hy50g 429.1549); 1H
NMR (DMSO-dg, 600 MHz) and 3C NMR (DMSO-dg, 125 MHz) see Table 2.

Placovinone C (3). White amorphous powder. UV (CH3zOH) Amax (log €) 205 (4.07), 272
(4.87), 339 (2.98) nm; IR (ATR) vmax 3394, 2977, 2889, 1710, 1642, 1447, 1333, 1289, 1216, 763
cm ™!, HRESIMS m/z 415.1759 [M + H]* (caled for Co3H,707 415.1757); 'H NMR (DMSO-dg,
600 MHz) and 3C NMR (DMSO-d,, 125 MHz) see Table 2.

Placovinone D (4). White amorphous powder. UV (CH30H) Amax (log €) 205 (4.11), 270
(4.87), 333 (3.06) nm; IR (ATR) vmax 3395, 2977, 2896, 1712, 1643, 1448, 1339, 1287, 1218, 763
cm~!; HRESIMS m1/z 355.1553 [M + H]* (calcd for Cp1Hy305 355.1545); 'H NMR (DMSO-dg,
600 MHz) and ¥C NMR (DMSO-d,, 125 MHz) see Table 2.

3.4. Cytotoxicity Assay

According to a previous procedure [17], the cytotoxic evaluation of 1-8 against the
growth of human hepatocellular carcinoma (Hep G2) cell line was carried out. The positive
control was ellipticine, a powerful anticancer medication with various modes of action.
The cancer cells were grown in Dulbecco’s Modified Essential Medium (DMEM) at 37 °C in
a5 % CO, environment with 10% fetal bovine serum (FBS), 1% penicillin and streptomycin,
and 1% L-glutamine. The investigated compounds were added at concentrations ranging
from 0.5 to 128 pg/mL by dissolving in DMSO (20 mg/mL), and the incubation was carried
out once more for 72 h under the same conditions. Following the procedure, an MTT
solution (10 pL, 5 mg/mL) was added to each well. The percentage of cell viability vs.
sample concentration was plotted using SigmaPlot 10 (Systat Software Inc., San Jose, CA,
USA) to calculate the ICs, values.

3.5. Inhibition of Nitric Oxide Production Assay
3.5.1. Cell Culture

RAW 264.7 cells were stocked in Dulbecco’s Modified Essential and grown at the
condition of 37 °C in DMEM supplemented with 10% heat-inactivated FBS, streptomycin
sulfate (100 ug/mL), and penicillin (100 units/mL) in a humidified environment of 5%
CO;. The RAW 264.7 cells were pre-incubated every two days.
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3.5.2. Cell Viability Assay on RAW 264.7 Cells

The cell viability assay was used to determine the cytotoxic effect of the isolated
compounds on RAW 264.7 cells. At a density of 1 x 10° cells per well, RAW 264.7 cells were
seeded on a 96-well plate and allowed to adhere for 4 h. Then, the cells were treated with
0.5% DMSO, celastrol, and isolated compounds at the indicated concentrations. Celastrol
was used as a positive control [16]. After incubating 24 h, the viable cells were measured
with a colorimetric assay based on the mitochondria’s ability in viable cells to reduce
MTT [18]. The viability cells were treated with vehicle only and were defined as 100%
viable. [ODs5yq (treated cell culture) x 100]/ODsgyy was the formula used to determine the
percentage of macrophage surviving cells after treatment (vehicle control).

3.5.3. Measurement of Nitric Oxide (NO) Production

The RAW 264.7 cells were stimulated with or without 1 pg/mL of LPS (lipopolysaccha-
ride), which was purchased from Sigma Chemical Co. (St. Louis, MO, USA), for 24 h with
or without 0.5% DMSO, celastrol, and isolated compounds at the indicated concentrations.
The culture supernatant (100 uL) was then reacted with 100 pL of Griess reagent [16].
After the Griess assay, the remaining cells were used to screen for their viability using
colorimetric assay-MTT (Sigma Chemical Co., St. Louis, MO, USA).

4. Conclusions

In conclusion, we have conducted the successful isolation of eight compounds, in-
cluding a new isoflavone derivative (1) and three new benzil derivatives (2—4), together
with four known pyranoisoflavones (5-8) from P. vietnamense stems. To the best of our
knowledge, compounds 1-8 were isolated for the first time from the genus Placolobium. The
biological evaluations showed that 1 exhibited the most significant cytotoxicity toward Hep
G2 cell line and the strongest inhibitory activity against the LPS-induced NO production.
According to these investigation results, the structure of 1 is a promising candidate and
could be used as a template for discovering potential anticancer and anti-inflammatory
agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Two novel natural flavonoid substituted polysaccharides (MBAP-1 and MBAP-2) were ob-
tained from Tamarix chinensis Lour. and characterized by HPGPC, methylation, ultra-high-performance
liquid chromatography-ion trap tandem mass spectrometry (UPLC-IT-MS"), and NMR analysis. The re-
sults showed that MBAP-1 was a homogenous heteropolysaccharide with a backbone of 4)-3-D-Glep-(1—
and —3,4,6)-3-D-Glcp-(1—. MBAP-2 was also a homogenous polysaccharide which possessed a back-
bone of —3)-a-D-Glcp-(1—, —4)-p-D-Glep-(1— and —3,4)-3-D-Glep-2-OMe-(1—. Both the two polysac-
charides were substituted by quercetin and exhibited anticomplement activities in vitro. However,
MBAP-1 (CHsp: 0.075 % 0.004 mg/mL) was more potent than MBAP-2 (CHsp: 0.249 £ 0.006 mg/mL)
and its reduced product, MBAP-1R (CHsp: 0.207 £ 0.008 mg/mL), indicating that multiple monosac-
charides and uronic acids might contribute to the anticomplement activity of the flavonoid substituted
polysaccharides of T. chinensis. Furthermore, the antioxidant activity of MBAP-1 was also more potent
than that of MBAP-2. In conclusion, these two flavonoid substituted polysaccharides from T. chinensis
were found to be potential oxidant and complement inhibitors.

Keywords: Tamarix chinensis Lour.; flavonoid substituted polysaccharides; structural characterization;
anticomplement activity; quercetin

1. Introduction

The complement system, as the first defense line of human immune system, plays
an irreplaceable role in numerous diseases [1]. Our previous study showed that the
overactivation of complement system is involved with HIN1 induced pneumonia in
mice [2]. Moreover, the significant elevation of peripheral complement has been recognized
as a hallmark of respiratory distress syndrome associated with severe sepsis, cytokine storm,
and multiple organ failure [3]. The autopsy results of COVID-19 patients also suggested that
hyper complementation in plasma resulted in alveolar capillary wall damage with increased
vascular permeability and further enhanced release of inflammatory mediators, and then
intensified tissue damage [4]. In addition, two complement inhibitors, eculizumab and
compstatin, have been suggested as potential treatments for COVID-19 [5]. In our previous
research, anticomplement polysaccharides and flavonoids from several medicinal plants
could significantly alleviate lung injury and increase the survival rate of HIN1 induced
mice, and were non-toxic [2,6,7]. Hence, the medicinal plants provided a new resource of
complement inhibitors for the treatment of viral pneumonia.

Tamarix chinensis Lour. (Tamaricaceae) has been widely used to treat rheumatoid arthri-
tis, measles (Chinese Pharmacopoeia, 2020), and measles complicated with pneumonia [8].
Its flavonoids, triterpenoids, organic acids, and volatile oils showed anti-inflammatory;,
bacteriostatic, antioxidant, and hepatoprotective effects [9]. However, there were no reports
about T. chinensis polysaccharides. In our preliminary studies, the crude polysaccharides
of T. chinensis, MBAP90, showed significant anticomplement activity with CHs value of
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at 490 nm

Absorbance

Absorbance at 490 nm

0.186 £ 0.003 mg/mL. Interestingly, MBAP90 exhibited the characteristic color reaction
of flavonoids even after deproteinization and dialysis (cutting off Myy: 5000 Da). The 'H-
NMR signals at 6 6.5-8.0 also indicated that MBAP90 might contain flavonoid substituted
polysaccharides.

In recent years, numerous methods have been applied to graft flavonoids and polysac-
charides [10]. Some synthesized flavonoid-polysaccharide conjugates possessed unique
advantages compared with flavonoids or polysaccharides. For example, quercetin-grafted
carboxymethyl chitosan was amphiphilic with a low critical micelle concentration and
good stability [11]. Quercetin-grafted hyaluronic was designed as tumor cell-targeted pro-
drug for its significant intestinal permeability, oral bioactivity and antitumor efficacy [12].
However, there were no reports of natural flavonoid substituted polysaccharides.

To explore anticomplement polysaccharides in T. chininsis and their anticomplement
activities, MBAP90 was further purified by DEAE-cellulose and Sepharyl S-200, which led to
the isolation of two novel homogenous polysaccharides, MBAP-1 and MBAP-2. This paper
describes their structural characterization and anticomplement activities. As oxidative
stress is vital for inflammatory responses in viral pneumonia, antioxidant activities were
also determined herein as well [13].

2. Results
2.1. Isolation and Purification of MBAP-1 and MBAP-2

MBAP-1 and MBAP-2 were isolated from the most potent anticomplement fraction
(Fr. 2) of MBAP90, and the yields were 0.14% and 0.61%, respectively. The detailed elution
curves are shown in Figure 1A.
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Figure 1. The eluted profiles and HPSEC-MALLS-RI results. (A) The eluted profile of MBAP90 on
DEAE-52 column and Fr. 2 on Sepharyl S-200 column. (B) Superimposed spectra detected us-
ing RI and LC at angle of 90° on HPSEC-MALLS-RI. (C) Molar mass distribution detected by
HPSEC-MALLS-RL

2.2. Homogeneity and Molecular Weight Assessment

The homogeneity was evaluated by HPGPC-ELSD. As shown in Figure S1
(Supplementary Materials), MBAP-1 and MBAP-2 both showed one single narrow peak,
indicating that they were both homogenous. As displayed in Figure 1B,C, the two polysaccha-
rides were both further confirmed to be homogenous using HPSEC-MALLS-RI. Moreover, the
results suggested that the relative molecular weights of MBAP-1 and MBAP-2 were 269.3 and
46.5 kDa, respectively. The detailed parameters of MBAP-1 and MBAP-2 were summarized
in Table 1.
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Table 1. The molecular parameters of MBAP-1 and MBAP-2 determined by SEC-MALLS-RI.

Detection Results

Molecular Characteristics Parameter
MBAP-1 MBAP-2
. . Mw /Mn 1.01 1.07
Polydispersity Mz/Mn 1.04 1.05
Mw 2.693 x 10° 4.650 x 10*
5 4
Molar mass moments (g/mol) Mn 2.537 X 105 4.611 x 104
Mz 2.501 x 10 4.520 x 10
Mp 2,51 x 10° 3.91 x 10*
Rms radius moments (nm) Rz 1.5 nm 1.5 nm

2.3. Monosaccharide Composition and Absolute Configuration Analysis

The monosaccharide composition results of MBAP-1 and MBAP-2 are presented in
Figure 2A. Obviously, MBAP-1 was composed of glucose, galactose, arabinose, glucuronic
acid, and galacturonic acid with the molar ratio of 54.54:4.21:18.18:4.87:4.21. MBAP-2 was
mainly consisted of glucose. However, an unknown peak was presented at 24.67 min,
which was further identified by GC-MS. The unknown monosaccharide was attributed as
2-O-methyl glucose by ion fragments of its alditol acetate (Figure S2). Thus, MBAP-2 was
mainly composed of glucose and 2-O-methyl glucose with a molar ratio of 88.41:11.59. The
w/w (%) ratio of each monosaccharide in two polysaccharides is presented in Table 2.
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Figure 2. The chromatograms of monosaccharide composition (A), monosaccharide absolute configu-
ration analysis (B) and UPLC-MS identification results of substituted flavonoids (C,D) of MBAP-1 and
MBAP-2.
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Table 2. The primary chemical characteristics of MBAP-1 and MBAP-2.

Monosaccharide Composition (w/w)

Yield Total Sugar Uronic Protein (%) Flavonoids

Sample .
(%) Content (%) Acid (%) (%) Glc GlcA GalA Gal Ara

MBAP-1 0.14 8606 £276  9.64+056 190+015 1203120 6517 (5454%) 627 (487%) 542(421%) 503(421%)  18.10(18.18*)
MBAP-2 0.6 82.03 +1.77 - 206+013 1596+1.36  88.18 (88.41%) - - - -

# The molar ratio of each monosaccharide.

The monosaccharide absolute configurations were also analyzed. As shown in
Figure 2B, the monosaccharides of MBAP-1 included D-glucose, D-galactose, L-arabinose,
and D-galacturonic acid compared with the standard monosaccharides. Similarly, MBAP-
2 consisted of D-glucose and 2-O-methyl-D-glucose.

2.4. FT-IR Spectroscopy Assessments

The FT-IR results of MBAP-1 and MBAP-2 are presented in Figure S3. The intense
and broad peaks at 3267 and 3307 cm ! indicated the stretching vibrations of hydroxyl
groups of MBAP-1 and MBAP-2, respectively. The absorptions at 2924 and 2938 cm ! were
assigned to C-H stretching vibration, and the peak at 1593 cm~! in MBAP-1 was due to
the asymmetric C=0 stretching vibration. The peaks at 1378 and 1405 cm ! and shoulder
absorptions were assigned to C-H bending vibration [14]. The typical absorptions of the
pyranose ring of polysaccharide presented at 615 or 765 and 632 cm ™! [15]. The sharp
peaks at 1031, 1078 and 1106 cm~! were stretching vibrations of C-O-C [14].

2.5. Methylation Analysis

Methylation could provide the fundamental glycosidic linkages [16]. The detailed
methylation results of MBAP-1, MBAP-1R and MBAP-2 are summarized in Table 3. The
uronic acidic residues were confirmed by the comparison of MBAP-1 and MBAP-1R.
MBAP-1 was composed of seven kinds of partially methylated alditol acetates (PMAAs):
2-O-methyl-D-glucitol, 4,6-di-O-methyl-D-glucitol, 2,3-di-O-methyl-L-arabinitol, 2,3,5-tri-O-
methyl-L-arabinitol, 2,6-di-O-methyl-D-glucitol, 2,3,6-tri-O-methyl-D-galactitol and 2,3,6-
tri-O-methyl-D-glucitol. While two new PMAAs of 2,3,4,6-tetra-O-methyl-D-glucitol and
2,3,4,6-tetra-O-methyl-D-galactitol were presented in MBAP-1R, indicating they might be
uronic acidic residues. MBAP-2 was composed of 2,4-di-O-methyl-D-glucitol, 2,3,4-tri-O-
methyl-D-glucitol, 2,6-di-O-methyl-D-glucitol, 2,3,6-tri-O-methyl-D-glucitol, and 2,3,4,6-
tetra-O-methyl-D-glucitol. More detailed information concerning the residues was con-
firmed by NMR analysis.

Table 3. The PMAAs results of MBAP-1, MBAP-1R and MBAP-2.

Molar Ratio

PMAAs Linkages Major Mass Fragments (m/z)
MBAP-1 MBAP-1R MBAP-2
1,3,4,5,6-Penta-O-acetyl-1-deuterio-2-O-methyl-D-glucitol 1,3,4,6-linked-Glcp 1.00 1.00 43,59, 87,118,139, 333
1,2,3,5-Tetra-O-acetyl-1-deuterio-4,6-di-O-methyl-D-glucitol 1,2,3-linked-Glcp 1.03 0.95 43,59,71,87,101, 129, 161, 202, 262
1,4,5-Tri-O-acetyl-1-deuterio-2,3-di-O-methyl-L-arabinitol 1,5-linked-Araf 1.87 1.95 43,59,87,102,118,129, 189
1,4-Di-O-acetyl-1-deuterio-2,3,5-tri-O-methyl-L-arabinitol 1-linked-Araf 2.21 2.24 43,59,71,87,102,118, 129, 161, 162
1,5-Di-O-acetyl-1-deuterio-2,3,4,6-tetra-O-methyl-D-galactitol 1-linked-Galp n.d. 1.12 43,71,87, 1012 ézl 128651 29,145,161,
1,3,4,5-Tetra-O-acetyl-1-deuterio-2,6-di-O-methyl-D-glucitol 1,3,4-linked-Glcp 1.98 2.01 0.89 43,59,87,118,129, 160, 185, 305
1,4,5-Tri-O-acetyl-1-deuterio-2,3,6-tri-O-methyl-D-galactitol 1,4-linked-Galp 1.03 0.99 43,59, 71,87,102, 118, 129, 162, 233
1,4,5-Tri-O-acetyl-1-deuterio-2,3,6-tri-O-methyl-D-glucitol 1,4-linked-Glcp 8.01 7.89 0.35 43,59,71,87,102,118, 129, 162, 233
1,5-Di-O-acetyl-1-deuterio-2,3,4,6-tetra-O-methyl-D-glucitol 1-linked-Glep n.d. 1.10 1.20 43,71,87, 1012 6’21 128651 29,145,161,
13,5,6-Tetra-O-acetyl-1-deuterio-2,4-di-O-methyl-D-glucitol ~ 1,3,6-linked-Glep 0.38 4,59, 87, 115, 123, 139,160,189,
1,5,6-Tri-O-acetyl-1-deuterio-2,3,4-tri-O-methyl-D-glucitol 1,6-linked-Glcp 1.01 43,59, 87,99, 10;’3?8’ 129,162, 189,

Note: n.d. means not detected in GC-MS.

2.6. Identification of Substituted Flavonoid with UPLC-IT-MS" and NMR Analysis

The unpredicted signals between & 6.5-7.5 in 'H-NMR spectra (Figures S6A and S7A)
indicated that non-polysaccharide constituents might be existed in MBAP-1 and MBAP-2. Un-
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der consideration of their perfect homogeneity, it was speculated that the non-polysaccharide
components were linked with the polysaccharide chains. To identify the non-polysaccharide
part, UPLC-IT-MS" was applied for further identification. As shown in Figure 2C, compared
with MBAP-1, an obvious peak was presented in its full hydrolysates. The ions of m/z
301.05 [M — H]~ and m/z 303.07 [M + H]" suggested its relative molecular weight might be
302.04 Da. And typical fragmental ions of /2 179.00 and 151.00 in negative mode indicated it
might be quercetin [17]. Compared with the chromatogram and fragmental ions of quercetin
CRS, quercetin was confirmed in MBAP-1. The flavonoid in MBAP-2 was similarly identified
to be quercetin as well (Figure 2D). Meanwhile, the contents of quercetin in MBAP-1 and
MBAP-2 were 12.03% and 15.96%.

Furthermore, the existence of quercetin in MBAP-1 and MBAP-2 was confirmed by the
NMR data. As we all know, the signals of quercetin commonly presented at 4 6.0-8.0 in
IH-NMR spectrum and 6 90-180 in 13C-NMR spectrum [18], most of which were in lower
field regions and could be easily distinguished from polysaccharides’ signals. The '*C-NMR
signals at 177.32 in MBAP-1 (Figure S6B) and 175.57 in MBAP-2 (Figure S7B) were conclusively
assigned to carbonyl carbon at C-4 of quercetin. As shown in the grey area of Figures 3 and 4,
the signals in lower field mainly belonged to quercetin in the polysaccharides. However,
compared with the reported data [18], signals of quercetin herein were slightly shifted, which
might be induced by different NMR solvents and spatial effects from polysaccharides. The
effect of different solvents on chemical shifts of quercetin was further confirmed by Figure S8.
As expected, most of the NMR shifts of quercetin in the mixture of dg-DMSO and D,O (1:1)
were higher than the corresponding signals in pure dg-DMSO.
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Figure 3. HSQC (A) spectrum and HMBC (B) spectrum of MBAP-1.
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Figure 4. HSQC (A) spectrum and HMBC (B) spectrum of MBAP-2.

2.7. NMR Analysis of Glycosidic Residues

NMR is very useful in the characterization of anomeric configurations (x- or 3-),
patterns and sequences of glycosidic linkages. As shown in Figures 3A and S6B, the signals
at 4 5.13/109.84 and 5.07/110.23 in HSQC spectrum of MBAP-1 were obviously observed,
indicating they might be the anomeric signals of arabinose residues because the anomeric
carbon signals of arabinose residues were generally at 6 105-110. GC-MS results indicated
MBAP-1 consisted of —+5)-a-L-Araf-(1— and x-L-Araf-(1—, and the anomeric carbon signal
of «-L-Araf-(1— was commonly in lower field than that of —5)-a-L-Araf-(1— [19]. Thus,
the signals at 6 5.13/109.84 and 5.07/110.23 (Figure 3A) were assigned to —5)-a-L-Araf-
(1— and -L-Araf-(1—, and named as residues C and D, respectively. In addition, the cross
signals at 6 5.07/84.16 (DH1/DC2), 4.12/110.23 (DH2/DC1), 4.12/76.51 (DH2/DC3) and
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3.88/84.16 (DH3/DC2) in HMBC spectrum and 6 4.12/84.16 (DH2/DC2) and 3.88/76.51
(DH3/DC3) in HSQC spectrum suggested the chemical shifts of H2/C2 and H2/C3 of
a-L-Araf-(1— was 6 4.12/84.16 and 3.88/76.51, respectively. With the same approach,
the chemical shifts of H4/C4 and H5/C5 were assigned as 4 4.06/86.96 and 3.72/63.41,
respectively. Consequently, the whole chemical shifts of «-L-Araf-(1— were assigned and
further compared with reported literatures [20,21]. For the overlap of anomeric carbon
peaks at 90-105 ppm in 3C-NMR spectrum, the anomeric signals of other residues were
analyzed with HSQC spectrum (Figure 3A). The intense signal at 5 4.62/98.70 was attributed
to —4)-B-D-Glcp-(1— for its abundance in MBAP-1 and noted as residue H. According
to the 'H-NMR, 3C-NMR, HSQC, HMBC spectra and reported data [22], § 4.62 (H1)
was correlated to 6 98.70 (HC1) in HSQC and 72.40 (HC2) and 74.20 (HC3) in HMBC
spectrum, and & 3.92 (HH4) was correlated to 6 74.20 (HC3), 71.68 (HC5), and 58.92 (HC6)
in HMBC spectrum. Thus, the whole chemical shifts of —4)--D-Glcp-(1— were assigned
and compared with published data [22]. Accordingly, based on the methylation results
and NMR data, the anomeric signals at 4 5.26/101.76, 5.21/94.86, 4.95/100.47, 4.73/102.72,
4.70/98.66, and 4.48/105.32 in HSQC spectrum were assigned to —3,4,6)-«-D-Glcp-(1—,
—2,3)-a-D-Glep-(1—, B-D-GalpA-(1—, —3,4)-p-D-Glep-(1—, —4)-p-D-Galp-(1— and B-D-
GlcpA-(1—, and denoted as A, B, E, F, G, and I, respectively. Then, the complete chemical
shifts of glycosidic residues of MBAP-1 were confirmed by HSQC and HMBC spectra, as
summarized in Table 4, and were also consistent with reported literature [23-28].

Table 4. 'H-NMR (600 MHz) and 1*C-NMR (150 MHz) chemical shifts of MBAP-1 and MBAP-2.

Chemical Shifts (ppm)

Name Code Residues

H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 He/Cé
MBAP-1 A —3,4,6)-«-D-Glep-(1— 5.26/101.76 3.36/72.47 4.01/86.21 3.50/77.49 3.98/71.22 3.85/69.46
B —2,3)-a-D-Glep-(1— 5.21/94.86 4.33/84.89 4.00/80.62 3.88/72.97 3.92/73.13 3.61/61.54
C —5)-«-L-Araf-(1— 5.13/109.84 4.11/79.08 3.99/79.21 4.11/83.30 3.78/68.53
D o-L-Araf-(1— 5.07/110.23 4.12/84.16 3.88/76.51 4.06/86.96 3.72/63.41
E B-D-GalpA-(1— 4.95/100.47 3.77/69.59 3.47/72.12 3.53/73.99 3.73/68.31 -/175.87
F —3,4)-B-D-Glep-(1— 4.73/102.72 3.65/76.30 4.06/86.66 3.77/76.40 3.69/78.60 3.92/63.41
G —4)-B-D-Galp-(1— 4.70/98.66 3.79/74.14 3.97/75.00 3.65/76.18 4.32/78.82 3.80/59.78
H —4)-B3-D-Glep-(1— 4.62/98.70 3.30/72.40 3.55/74.20 3.92/78.55 3.63/71.68 3.73/58.92
I B-D-GlepA-(1— 4.48/105.32 3.50/72.33 3.60/76.54 3.62/75.58 3.59/77.17 -/178.66
MBAP-2 A —3,6)-a-D-Glep-(1— 5.32/98.91 4.40/80.62 4.31/81.47 3.76/70.88 3.84/73.76 3.71/69.56
B —6)-a-D-Glep-(1— 5.23/98.68 4.25/79.52 3.93/73.76 3.88/70.28 3.90/74.01 3.62/68.56
C —3,4)-a-D-2-OCH3-Glep-(1— 5.08/100.60 3.67/75.51 4.39/82.41 3.76/74.51 3.78/74.77 3.53/60.32
D —4)-B-D-Glep-(1— 4.92/100.26 3.62/70.51 3.48/72.21 3.64/74.82 3.35/72.40 3.74/60.23
E B-D-Glep-(1— 4.37/102.53 3.75/73.10 3.56/73.52 3.40/70.22 3.46/75.83 3.68/60.48

Note: The 'H and 3C chemical shifts of -OMe group were 3.71 and 55.20 ppm.

The monosaccharide composition result showed that MBAP-2 was a polysaccharide
mainly composed of glucose. Based on the literature [27-31] and the results of GC-MS,
the signals at 6 5.32/98.91, 5.23/98.68, 5.08/100.60, 4.92/100.26 and 4.37/102.53 (Figure 4A)
(labeled as residue A, B, C, D, and E) were attributed to —3,6)-a-D-Glcp-(1—, —6)-«-D-Glcp-
(1=, —=3,4)-a-D-Glcp-(1—, —4)-B-D-Glep-(1— and B-D-Glep-(1—, respectively. The chemical
shifts of glycosidic residues of MBAP-2 were confirmed by HSQC and HMBC spectra and
similarly assigned with the method above (Table 4). As shown in Figures 4 and S7, the signal
at 6 3.71/55.20 in HSQC spectrum and & 3.71/75.51 in HMBC spectrum demonstrated the
presence of OCHj3 [32], which was linked to C-2 of residue C in MBAP-2.

2.8. NMR Analysis of Linkages and Sequences

The sequences and linkage sites among glycosidic residues were confirmed by HMBC
analysis. As displayed in Figure 3B, the fiercely cross signal at 6 4.62/78.55 (HH1/HC4)
indicated O-1 of residue H was linked to C-4 of residue H in MBAP-1. And the GC-MS

results suggested that the residue H accounted for 41%, indicating it was an important part
of backbone chain. In addition, the strong signals at 6 4.73/78.55 (FH1/HC4) and 4.62/77.49
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(HH1/AC4) revealed that O-1 of residue F was linked to C-4 of residue H and O-1 of residue
H was linked to C-4 of residue A. Moreover, the cross peak at 6 5.26/76.40 (AH1/FC4)
suggested that O-1 of residue A was linked to C-4 of residue F, and it also indicated that the
backbone chains of MBAP-1 was residue A, repeating residue H and residue F in sequence.
Accordingly, the signals at 6 4.73/76.40 (FH1/FC4), 5.13/86.66 (CH1/FC3), 5.07/68.53
(DH1/CC5), 5.21/86.21 (BH1/AC3), 4.48/84.89 (IH1/BC2), 4.70/80.62 (GH1/BC3) and
4.95/76.18 (EH1/GC4) suggested that O-1 of residue F was linked to C-4 of residue F;
O-1 of residue C was linked to C-3 of residue F; O-1 of residue D was linked to C-5 of
residue C; O-1 of residue B was linked to C-3 of residue A; O-1 of residue I was linked to
C-2 of residue B; O-1 of residue G was linked to C-3 of residue B; O-1 of residue E was
linked to C-4 of residue G. As shown in Figure 3B, the cross peak at 6 3.85/136.31 was
obviously observed, indicating that O-6 of residue A was linked to quercetin. Consequently,
the proposed primary structure of MBAP-1 is shown in Figure 5.
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Figure 5. The putative structures of the repeating units of MBAP-1 and MBAP-2. The residues were
labeled as A, B,C,D,E,F G, Hand .

Similarly, the cross peaks at 6 5.32/74.82 (AH1/DC4), 5.23/74.51 (BH1/CC4), 5.08/81.47
(CH1/AC3),4.92/74.51 (DH1/CC3), and 4.37/68.56 (FH1/BC6) in the HBMC spectrum of
MBAP-2 (Figure 4B) indicated the linkage between O-1 of residue A and C-4 of residue
D, between O-1 of residue B and C-4 of residue C, between O-1 of residue C and C-3 of
residue A, between O-1 of residue D and C-3 of residue C, between O-1 of residue E and
C-6 of residue B. The cross signal at 5.08/82.47 (CH1/CC3) and molar ratio result in GC-MS
indicated O-1 of residue C was linked at C-3 of residue C and repeated three times. As
previous literature reported, the chemical shifts of C-6 and C-8 were lower than C-2/, C-5
and C-6' in quercetin [18]. Several cross signals were observed at quercetin signal area in
the HSQC spectrum (Figure 4A) and the signals at 4 6.36/102.50 and 6.70/105.36 might
belonged to ring A of quercetin for their relevant lower chemical shifts. Moreover, the
correlation signals at 6 6.36/157.92 and 6.86/153.21 in the HMBC spectrum (Figure 4B)
indicating the signals at 6 157.92 and 153.21 might belong to ring A of quercetin. Thus, the
cross signals at 4 5.23/157.92 and 3.71/153.21 in HMBC spectrum indicating that O-1 of
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residue B and O-6 of residue A were linked to quercetin. Above all, the possible repeating
units of MBAP-2 were displayed in Figure 5.

2.9. Morphological Analysis

SEM has become more commonly applied to directly observe the microstructures and
aggregation properties of polysaccharides. The morphological pictures of MBAP-1 and
MBAP-2 were obtained and shown in Figure 6. MBAP-1 macroaggregated state presented
as irregularly curled sheets with smooth surface and spatially as holes of varying sizes. The
stacks between sheets were irregular and varied in size, which was consistent with the primary
structure of MBAP-1. MBAP-2 appeared as sheets of varying size, with a flocculent surface,
and more regularly arranged and loose accumulations at the magnification of 3000 x, which
was consistent with fewer branches and shorter chains in its primary structure.
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Figure 6. SEM results of MBAP-1 and MBAP-2 at different magnifications ((A): 1000, (B): 3000 x ).

2.10. AFM Analysis

AFM is a powerful technique to observe the direct macromolecular morphology of
polysaccharides dissolved in water without interacted effects, which could help us to better
understand the natural parameters of polysaccharides [33]. In certain conditions, scanning
tunneling microscope could even characterize the structures of polysaccharides [34]. As
shown in Figure S9, they were aggregated loosely as a cloudy mass, with pores in the
middle. Compared with MBAP-2, MBAP-1 showed looser and more porous, which was
consistent with its larger molecular weight and more branches, which was also consistent
with their SEM images and primary structures.
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2.11. Anticomplement Activity

The anticomplement activities of MBAP-1 and MBAP-2, as well as MBAP-1R and
quercetin were evaluated in vitro by hemolytic assay [15]. As shown in Figure 7, MBAP-
1 and quercetin presented excellent hemolytic inhibition through classic pathway with CHsg
values of 0.075 £ 0.004 and 0.085 + 0.005 mg/mL, respectively, which were comparable
to that of heparin (CHsp: 0.079 £ 0.003 mg/mL). MBAP-2 (CHsg: 0.249 +£ 0.006 mg/mL)
and MBAP-1R (CHsp: 0.207 &£ 0.008 mg/mL) showed moderate anticomplement activities.
This indicated that different polysaccharide components might result in their different
anticomplement activities, even though they were both quercetin substituted. Moreover,
the activity of MBAP-1 was weakened when its uronic acids were reduced.
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Figure 7. Anticomplement activities of MBAP-1, MBAP-2, MBAP-1R and quercetin.

2.12. Antioxidant Activity

The antioxidant activities of MBAP-1 and MBAP-2 were evaluated in vitro by the
ABTS and FARP methods [35]. As displayed in Figure 8A, FRAP values of MBAP-1 were
from 0.0145 4 0.002 mmol/L to 4.483 + 0.348 mmol /L, while that of MBAP-2 were from
0.124 + 0.012 mmol/L to 3.455 £ 0.230 mmol/L. As shown in Figure 8B, both MBAP-
1 and MBAP-2 exhibited dose-dependent antioxidant activity in the concentration range
of 0.31-10.00 mg/mL. The IC5p values of MBAP-1 and MBAP-2 were calculated to be
0.935 £ 0.050 mg/mL and 3.286 =+ 0.030 mg/mL, respectively. The above results suggested
that both MBAP-1 and MBAP-2 exhibited antioxidant activity, and MBAP-1 with multiple
monosaccharide composition showed slightly stronger activity.
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Figure 8. Antioxidant activities of MBAP-1 and MBAP-2. (A) The FRAP results of MBAP-1 and
MBAP-2. (B) The ABTS results of MBAP-1 and MBAP-2.
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3. Discussion

Polysaccharides are macromolecules and present various beneficial bioactivities which
are directly influenced by their relative molecular weights, uronic acids, and monosac-
charide composition [36]. Our previous works showed that polysaccharides with richer
monosaccharide composition, higher uronic acid content, or more branches could exhibit
stronger anticomplement activity [16,37]. As expected, MBAP-1, with lager molecular
weight (263.9 kDa) and multiple monosaccharides, exhibited much more potent anti-
complement activity than MBAP-2, which was with smaller molecular weight and had
one monosaccharide. Compared with MBAP-1, its reduced product (MBAP-1R) showed
obviously weaker activity, revealing that uronic acids played an indispensable role in
anticomplement activity. In general, glucan has no anticomplement activity [38]. The
moderate activity of MBAP-2 should be owing to its quercetin component, which exhib-
ited potent anticomplement activity. Similarly, it had been demonstrated that the strong
antioxidant activity of polysaccharides was related to the composition of galactose and
uronic acid B-glycosidic linkages [39], which was consistent with the stronger antioxidant
activity of MBAP-1.

In recent years, flavonoid-polysaccharide conjugates have attracted more and more
attention for their improved activities or expanded properties in drug delivery attributed to
the synergistic effects of the two different components. It was reported that catechin-grafted
chitosan showed improved adsorption, controlled release abilities on dye, and increased
antioxidant activity compared to chitosan [40]. Quercetin-grafted hyaluronic exhibited
significant and sustained pH dependent drug release behaviors and higher selectivity
to CD4 cell than free quercetin solution [12]. Moreover, flavonoid grafted onto pectin
significantly improved the antioxidant activity of natural pectin [41]. MBAP-1 and MBAP-
2 were both quercetin substituted polysaccharides and possessed potent anticomplement
and antioxidant activities. They are supposed to have beneficial effects on viral pneumonia
based on the potential synergistic mechanism of the active flavonoid and polysaccharide
components. Their in vivo effects and mechanisms on HIN1-induced acute lung injury in
mice will be investigated and reported in the near future.

4. Materials and Methods
4.1. Materials

The leaves and twigs of Tamarix chinensis Lour. were purchased from Bozhou Chinese
herb market (Anhui, China) and authenticated by Professor Yan Lu of Fudan University,
Shanghai, China. A voucher specimen (TCL20180506) has been deposited at Department
of Natural Medicine, School of Pharmacy, Fudan University, Shanghai, China. Informa-
tion concerning chemical regents and bio-materials used for structural characterization,
anticomplement and antioxidant activities is shown in Supplementary Method S1.

4.2. Activity-Guided Extraction, Isolation and Purification

The leaves and twigs of T. chinensis (10 kg) were defatted with 10 vols of 95% ethanol
(100 L) three times (2 h each time) and extracted with 10 vols of water (100 L) three times (2 h
each time). The water extracts were concentrated to 15 L and followed by graded ethanol
precipitation at final concentrations of 80% and 90%. The extracts were further mixed with
20% trichloroacetic acid (v/v, 1:1) to deproteinize. After dialyzing with water for 72 h,
crude polysaccharides, MBAPS80 (239 g) and MBAP90 (120 g) were obtained. Because of
the stronger anticomplement activity (CHsy of MBAP80: 0.889 £ 0.007 mg/mL, CHs of
MBAP90: 0.296 +£ 0.006 mg/mL), MBAP90 (100 g) was further purified by chromatography
on DEAE-cellulose, eluted with water and successive concentrations of NaCl (0.2, 0.4,
0.8 and 2.0 M). Moreover, the fraction eluted with 0.2 M NaCl (Fr. 2) showed the most
potent anticomplement activity (CHsg: 0.102 =+ 0.006 mg/mL). It was further purified
by Sepharyl S-200 to obtain two homogeneous polysaccharides, MBAP-1 (205 mg) and
MBAP-2 (920 mg), respectively. The contents of total carbohydrate, uronic acid and protein

38



Molecules 2022, 27, 4532

of MBAP-1 and MBAP-2 were measured according to reported methods [6] and replicated
three times.

4.3. Homogeneity and Molecular Weight Determination

The homogeneity and molecular weights of MBAP-1 and MBAP-2 were analyzed by
HPGPC-ELSD and HPSEC-MALLS-RI. More details are shown in Supplementary Method S2.

4.4. Monosaccharide Composition and Absolute Configuration Analysis

The monosaccharide composition of MBAP-1 and MBAP-2 was determined using
HPLC on an Agilent 1260 HPLC system (Agilent Technologies, Santa Clara, CA, USA)
by the method reported before [42]. Briefly, the samples were fully hydrolyzed with TFA
(2.5M) and derivatized with PMP. The PMP-derivates were separated on an Agilent Eclipse
Plus C18 column (Agilent Technologies, Santa Clara, CA, USA) (4.6 x 250 mm, 5 um) at a
flow rate of 1.0 mL/min with the mobile phase of a mixture of phosphate buffered saline
(0.1 M, pH 6.7) and acetonitrile (83:17), and detected under the wavelength of 245 nm.

To identify the unknown monosaccharide in MBAP-2, MBAP-2 was hydrolyzed with
TFA, then converted into alditol acetates according to the methods described in Section 4.5
and then analyzed by GC-MS with a HP-5MS column (0.25 mm x 30 m, 0.25 um). More
details are shown in Supplementary Method S3.

The monosaccharide configuration of MBAP-1 and MBAP-2 was determined according
to the literature [43]. Briefly, the sample was hydrolyzed, and reacted with L-cysteine methyl
ester and pyridine, follow by O-tolyisothiocyanate. The reaction products were analyzed
on an Agilent 1260 HPLC system equipped with the Agilent Eclipse Plus C18 column
(4.6 x 250 mm, 5 um). It was eluted with the mixture of 0.1% acetic acid in water-acetonitrile
(25:75) at a flow rate of 0.8 mL/min and detected under the wavelength of 250 nm.

4.5. Reduction, Methylation and GC-MS Analysis

The methylation of MBAP-1 and MBAP-2 was performed with modified Hakomori
method according to the literature [18]. Furthermore, in order to confirm the residues of
uronic acid in MBAP-1, MABP-1 and its reduced product (MBAP-1R) were both determined.
Detailed information is described in Supplementary Method S4.

4.6. Qualitative and Quantitative Analysis of Flavonoid Component

In this part, ultra-high-performance liquid chromatography-ion trap tandem mass
spectrometry (UPLC-IT-MS™) was used to recognize the possible flavonoid component in
the two polysaccharides. MBAP-1, MBAP-2 and their full hydrolysates were determined
on a Dionex Ultimate 3000 UPLC system (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a LTQ Velos Pro mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) using a YMC-Triart C18 column (YMC Europe GmbH, Dinslaken, Germany)
(150 mm x 2.1 mm, 1.9 pm). The column temperature and detection wavelength were set
at 25 °C and 254 nm, respectively. The mobile phase consisted of water containing 0.1%
formic acid (A) and acetonitrile containing 0.1% formic acid (B). An optimized elution
gradient was set at follows: 0-2 min, 5% B; 2-35 min, 5-100% B. The injection volume and
flow rate were 10 uL and 0.3 mL/min, respectively.

MS data was acquired in both positive and negative ion modes, and the device
parameters were set as: auxiliary gas (N) flow, 10 arb; sheath gas (N5) flow, 40 arb; collision
gas (He); source voltage, 3.5 kV; capillary temperature, 350 °C; capillary voltage, 35 V. A
data-dependent scan mode was selected for MS" analysis. The flavonoid components were
recognized by the positive and negative MS fragments and further confirmed by comparing
with the reference substance.

The quantitative analysis was performed with colorimetry method [44] using quercetin
as reference and replicated three times. Briefly, a series of concentrations (0, 0.016, 0.032,
0.048, 0.064 and 0.080 mg/mL) of quercetin and the full hydrolysates were reacted with
AICl;5 (0.1%, 2 mL) in ethanol solution for 10 min, and then detected at 254 nm by a
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Multiskan Go microplate reader (Themo Fisher Scientific, Waltham, MA, USA). The content
of quercetin was calculated based on the standard curve.

4.7. NMR and FT-IR Spectroscopy Analysis

The samples of MBAP-1 and MBAP-2 detected for NMR and FT-IR were prepared
according to the method reported before [16].

Briefly, MBAP-1 and MBAP-2 were mixed with KBr, pressed into pellets, and then
measured with the FT-IR spectrometer (PerkinElmer, Waltham, MA, USA) from 4000 to
400 cm~! at a resolution of 2 cm ™! to obtain their FT-IR spectra.

For the NMR experiments, MBAP-1 and MBAP-2 (each 50 mg) were dissolved in D,O.
Then, the TH-NMR, 3C-NMR, HSQC and HMBC spectra were recorded at 24 °C with an
NMR spectrometer (600 M, AVANCE III HD, Bruker, Brno, Switzerland). The detailed
setting parameters are shown in the Supplementary Table S1.

4.8. Microstructure and Atomic Force Microscopy (AFM) Analysis

The micromorphology of MBAP-1 and MBAP-2 were examined with an environmental
scanning electron microscope (SEM) (VEGA3 XMU, Tescan, Hitacchi, Czech Republic).
Briefly, the dried powder was fixed on a silicon wafer, sprayed with gold powder via a
sputter-coater under 10 kV acceleration voltage, and SEM images at different magnifications
were obtained.

Furthermore, MBAP-1 and MBAP-2 were dissolved in deionized water and diluted to
1.0ng/mL. Then, 5 uL of the solution was deposited onto a freshly cleaved mica surface and
dried under infrared light. The samples were determined by Environment Control Scanning
Probe Microscope (Nanonavi E-Sweep, Hitachi High-Technologies, Hitachi, Marunouchi,
Japan) on tapping-mode.

4.9. Anticomplement Activity Evaluation

The anticomplement activity through the classical pathway (CP) was determined by
hemolytic assay with our laboratory’s protocol [16]. Guinea pig sera (GPS) were used as
complement source and heparin was used as positive control in this experiment. Hence,
2% SRBCs (sensitized sheep red blood cells) were prepared by washing with BBS three
times and then diluted with BBS. The GPS (1:80) was chosen to give sub-maximal lysis
in the absence of complement inhibitors. Various dilutions of the tested samples (200 pL)
were mixed with 200 puL of GPS, 100 pL of EAs, and 100 pL anti-sheep erythrocyte antibody
(1:1000 diluted). Then, the mixture was incubated at 37 °C for 30 min. After incubation, the
mixtures were centrifuged immediately (3500 rpm, 4 °C) for 10 min. The optical density of
the supernatant (200 pL) was measured at 405 nm by a Multiskan Go microplate reader
(Themo Fisher Scientific Inc., Waltham, MA, USA). Inhibition rate of lysis induced by the
test samples were calculated by the formula: Hemolytic inhibition rate (%) = [1 — (Agest
- Asample control)/ (A100%lysis — Avehicle control] X 100%. The CHsp value was the Sample
concentration resulting in 50% hemolytic inhibition.

4.10. Antioxidant Activity Evaluation

The antioxidant activities were evaluated by ABTS and FARP analysis with Beyotime
Elisa kits (Shanghai, China). The experiments were performed based on Elisa kit instructions.

5. Conclusions

Two novel natural flavonoid substituted polysaccharides were isolated and purified
from Tamarix chinensis Lour. and they both exhibited potent anticomplement and antioxi-
dant activities. Their primary structures were elucidated by monosaccharide composition,
IR, D/L configuration, methylation, NMR, and UPLC-MS/MS analysis. In addition, the
structure—activity relationship analysis demonstrated that uronic acids, monosaccharide
composition, and quercetin were important for their anticomplement activities. In con-
sideration of the advantages of flavonoid substituted polysaccharides in drug delivery
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and bioactivity, the quercetin substituted polysaccharides of T. chinensis might be better
complement and oxidation inhibitors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27144532 /s1. Methods S1: Materials; Methods S2:
Homogeneity and molecular weight determination; Methods S3: Monosaccharide analysis of MBAP-
2; Methods S4: Reduction, methylation and GC-MS analysis; Methods S5: NMR spectroscopy analysis;
Table S1: The detailed setting parameters in NMR experiments; Figure S1: The HPGPC-ELSD results
of MBAP-1 and MBAP-2; Figure S2: The GC-MS spectrogram of monosaccharide of MBAP-2; Figure
S3: FT-IR spectroscopy analysis of MBAP-1 and MBAP-2; Figure S4: The mass spectra of PMAAs
of MBAP-1; Figure S5: The mass spectra of PMAAs of MBAP-2; Figure S6: The 'H- and 3C-NMR
spectra of MBAP-1; Figure S7: The 'H- and '3C-NMR spectra of MBAP-2; Figure S8: The "H-NMR
and 3C-NMR spectra of quercetin in dg-DMSO and dg-DMSO: D,O (1:1).; Figure S9: The AFM
results of MBAP-1 and MBAP-2. References [45,46] are cited in the Supplementary Materials.

Author Contributions: Y.J. performed in the initial task of obtainment and bioactivity test of polysac-
charides and data analysis and wrote the original draft. Y.Y. and L.Z. performed in the task of data
analysis. D.C. and Y.L. acquired the funding and supervised the research work. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of China
(82173940), the Science and Technology of Tibet Autonomous Region, China (XZ202001YD0003C,
XZ201801-GA-13) and the Development Project of Shanghai Peak Disciplines-Integrative Medicine
(20180101).

Data Availability Statement: Data will be provided upon request.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the MBAP-1 and MBAP-2 are available from the authors.

References

1. Zoltan, P; Michael, K.; Ashley, FA. Complement analysis in the era of targeted therapeutics. Mol. Immunol. 2018, 102, 84-88.

2. Zhu, HY, Lu, XX,; Ling, L.J.; Li, H,; Ou, Y.Y,; Shi, X.L,; Lu, Y.,; Zhang, Y.Y.; Chen, D.F. Houttuynia cordata polysaccharides
ameliorate pneumonia severity and intestinal injury in mice with influenza virus infection. J. Ethnopharmacol. 2018, 218, 90-99.
[CrossRef] [PubMed]

3. Risitano, A.M.; Mastellos, D.C.; Huber-Lang, M.; Yancopoulou, D.; Lambris, ].D. Complement as a target in COVID-19? Nat. Rev.
Immunol. 2020, 20, 343-344. [CrossRef] [PubMed]

4. Polycarpou, A.; Howard, M.; Farrar, C.A.; Greenlaw, R.; Fanelli, G.; Wallis, R.; Klavinskis, L.S.; Sacks, S. Rationale for targeting
complement in COVID-19. EMBO Mol. Med. 2020, 12, e12642. [CrossRef] [PubMed]

5. Mastaglio, S.; Ruggeri, A.; Risitano, A.M.; Angelillo, P; Yancopoulou, D.; Mastellos, D.C.; Markus, H.L.; Piemontese, S.; Assanelli,
A.; Garlanda, C.; et al. The first case of COVID-19 treated with the complement C3 inhibitor AMY-101. Clin. Immunol. 2020,
215, 108450. [CrossRef] [PubMed]

6. Fu,ZL.;Xia, L;De,].; Zhu, M.X,; Li, H.; Lu, Y,; Chen, D.E. Beneficial effects on HIN1-induced acute lung injury and structure
characterization of anti-complementary acidic polysaccharides from Juniperus pingii var. wilsonii. Int. |. Biol. Macro. 2019, 129,
246-253. [CrossRef] [PubMed]

7. Ling, L]J;Lu, Y, Zhang, Y.Y.; Zhu, H.Y,; Tu, P; Li, H.; Chen, D.F. Flavonoids from Houttuynia cordata attenuate HIN1-induced
acute lung injury in mice via inhibition of influenza virus and Toll-like receptor signaling. Phytomedicine 2020, 67, 153150.
[CrossRef]

8. Zhang, Z.L. Clinical summary of 41 cases of measles complicated with pneumonia Pract. Clin. |. Integr. Tradit. Chin. West Med.
1992, 2, 41-42.

9.  Wang, Z.D.; Zhang, Y.; Dai, Y.D.; Ren, K; Han, C.; Wang, H.X,; Yi, S.Q. Tamarix chinensis Lour. inhibits chronic ethanol-induced
liver injury in mice. World ]. Gastroenterol. 2020, 26, 1286-1297. [CrossRef]

10. Liu, J.; Wang, X.; Yong, H.; Kan, J.; Jin, C. Recent advances in flavonoid-grafted polysaccharides: Synthesis, structural characteri-
zation, bioactivities and potential applications. Int. J. Biol. Macro. 2018, 116, 1011-1025. [CrossRef]

11. Wang, X.Y;; Chen, Y.H.; Dahmani, FZ.; Yin, L.E; Zhou, ].P; Yao, J]. Amphiphilic carboxymethyl chitosan-quercetin conjugate with
P-gp inhibitory properties for oral delivery of paclitaxel. Biomaterials 2014, 35, 7654-7665. [CrossRef] [PubMed]

12. Pang, X.; Lu, Z.; Du, HJ; Yang, X.Y.; Zhai, G.X. Hyaluronic acid-quercetin conjugate micelles: Synthesis, characterization, in vitro

and in vivo evaluation. Colloids Surf. B. 2014, 123, 778-786. [CrossRef] [PubMed]

41



Molecules 2022, 27, 4532

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Izadi, M.; Cegolon, L.; Javanbakht, M.; Sarafzadeh, A.; Abolghasemi, H.; Alishiri, G.; Zhao, S.; Einollahi, B.; Kashaki, M.;
Jonaidi-Jafari, N.; et al. Ozone therapy for the treatment of COVID-19 pneumonia: A scoping review. Int. Immunopharmacol. 2021,
92,107307. [CrossRef] [PubMed]

Gao, X.; Qu, H,; Shan, S.; Song, C.; Baranenko, D.; Li, Y.Z.; Lu, W.H. A novel polysaccharide isolated from Ulva Pertusa: Structure
and physicochemical property. Carbohyd. Polym. 2020, 223, 115849. [CrossRef]

Zhang, S.J.; Zhang, Q.; An, L].; Zhang, ].].; Li, Z.G.; Zhang, ].; Li, Y.H.; Tuerhong, M.; Ohizumi, Y,; Jin, J.; et al. A fructan from
Anemarrhena asphodeloides Bunge showing neuroprotective and immunoregulatory effects. Carbohyd. Polym. 2020, 229, 115477.
[CrossRef]

Xia, L.; Deji; Zhu, M.X,; Chen, D.E; Lu, Y. Juniperus pingii var. wilsonii acidic polysaccharide: Extraction, characterization and
anticomplement activity. Carbohyd. Polym. 2020, 231, 115728.

Martinez-Busi, M.; Arredondo, F.; Gonzalez, D.; Echeverry, C.; Vega-Teijido, M.A.; Carvalho, D.; Rodriguez-Haralambides, A.;
Rivera, F; Dajas, D.; Abin-Carriquiry, J.A. Purification, structural elucidation, antioxidant capacity and neuroprotective potential
of the main polyphenolic compounds contained in Achyrocline satureioides (Lam) D.C. (Compositae). Bioorgan. Med. Chem. 2019,
27,2579-2591. [CrossRef]

Zahmanov, G.; Alipieva, K.; Denev, P; Todorov, D.; Hinkov, A.; Shishkov, S.; Simova, S. Flavonoid glycosides profiling in dwarf
elder fruits (Sambucus ebulus L.) and evaluation of their antioxidant and anti-herpes simplex activities. Ind. Crop. Prod. 2015, 63,
58-64. [CrossRef]

Lian, Y.; Zhu, M.; Chen, J.; Yang, B.; Lv, Q.; Wang, L.; Guo, S.C.; Tan, X.B.; Li, C.; Bu, W.Q.; et al. Characterization of a novel
polysaccharide from Moutan Cortex and its ameliorative effect on AGEs-induced diabetic nephropathy. Int. J. Biol. Macro. 2021,
176, 589-600. [CrossRef]

Huang, F; Liu, H.; Zhang, R.; Dong, L.; Liu, L.; Ma, Y,; Jia, X.C.; Wang, G.J.; Zhang, M.W. Physicochemical properties and
prebiotic activities of polysaccharides from longan pulp based on different extraction techniques. Carbohyd. Polym. 2019, 206,
344-351. [CrossRef]

Chang, X.; Shen, C.Y,; Jiang, ].G. Structural characterization of novel arabinoxylan and galactoarabinan from citron with potential
antitumor and immunostimulatory activities. Carbohyd. Polym. 2021, 269, 118331. [CrossRef] [PubMed]

Ye, G.; Li, J.; Zhang, J.; Liu, H.; Ye, Q.; Wang, Z. Structural characterization and antitumor activity of a polysaccharide from
Dendrobium wardianum. Carbohyd. Polym. 2021, 269, 118253. [CrossRef] [PubMed]

Guo, R,; Xu, Z,; Wu, S.; Li, X;; Li, J.; Hu, H.; Wu, Y.; Ai, L.Z. Molecular properties and structural characterization of an alkaline
extractable arabinoxylan from hull-less barley bran. Carbohyd. Polym. 2019, 218, 250-260. [CrossRef]

Zhang, H.; Zou, P; Zhao, H.; Qiu, J.; Regenstein, ].M.; Yang, X. Isolation, purification, structure and antioxidant activity of
polysaccharide from pinecones of Pinus koraiensis. Carbohyd. Polym. 2021, 251, 117078. [CrossRef]

Dong, Z.; Zhang, M.; Li, H.; Zhan, Q.; Lai, F.; Wu, H. Structural characterization and immunomodulatory activity of a novel
polysaccharide from Pueraria lobata (Willd.) Ohwi root. Int. J. Biol. Macro. 2020, 154, 1556-1564. [CrossRef] [PubMed]

Wang, Y.P.; Guo, M.R. Purification and structural characterization of polysaccharides isolated from Auricularia cornea var. Li.
Carbohyd. Polym. 2020, 230, 115680. [CrossRef] [PubMed]

Gao, X.; Qi, J.; Ho, C.T.; Li, B;; Mu, J.; Zhang, Y.; Hu, H.P; Mo, W.P; Chen, Z.Z,; Xie, Y.Z. Structural characterization and
immunomodulatory activity of a water-soluble polysaccharide from Ganoderma leucocontextum fruiting bodies. Carbohyd. Polym.
2020, 249, 116874. [CrossRef]

Zhang, Y.; Pan, X,; Ran, S.; Wang, K. Purification, structural elucidation and anti-inflammatory activity in vitro of polysaccharides
from Smilax china L. Int. ]. Biol. Macro. 2019, 139, 233-243. [CrossRef]

Xu, S.; Xu, X.; Zhang, L. Branching structure and chain conformation of water-soluble glucan extracted from Auricularia
auricula-judae. J. Agr. Food. Chem. 2012, 60, 3498-3506. [CrossRef]

Gao, Y,; Guo, Q.; Zhang, K.; Wang, N.; Li, C,; Li, Z.; Zhang, A.L.; Wang, C.L. Polysaccharide from Pleurotus nebrodensis:
Physicochemical, structural characterization and in vitro fermentation characteristics. Int. J. Biol. Macro. 2020, 165, 1960-1969.
[CrossRef]

Wang, X.; Zhang, M.; Zhang, D.; Wang, S.; Yan, C. An O-acetyl-glucomannan from the rhizomes of Curculigo orchioides: Structural
characterization and anti-osteoporosis activity in vitro. Carbohyd. Polym. 2017, 174, 48-56. [CrossRef] [PubMed]

Wang, K.L.; Wang, B.; Hu, R.; Zhao, X;; Li, H.; Zhou, G.; Song, L.L.; Wu, A.M. Characterization of hemicelluloses in Phyllostachys
edulis (moso bamboo) culm during xylogenesis. Carbohyd. Polym. 2019, 221, 127-136. [CrossRef]

Marszalek, P.E.; Dufrene, Y.F. Stretching single polysaccharides and proteins using atomic force microscopy. Chem. Soc. Rev. 2012,
41, 3523-3534. [CrossRef] [PubMed]

Wu, X.; Delbianco, M.; Anggara, K.; Michnowicz, T.; Pardo-Vargas, A.; Bharate, P.; Sen, S.; Pristl, M.; Rauschenbach, S.; Schlickum,
U.; et al. Imaging single glycans. Nature 2020, 582, 375-378. [CrossRef] [PubMed]

Wolosiak, R.; Druzyniska, B.; Derewiaka, D.; Piecyk, M.; Majewska, E.; Ciecierska, M.; Worobiej, E.; Pakosz, P. Verification of the
conditions for determination of antioxidant activity by ABTS and DPPH assays—A practical approach. Molecules 2021, 27, 50.
[CrossRef] [PubMed]

Qu, J.L.; Huang, P; Zhang, L.; Qiu, Y.; Qi, H.; Leng, A.J.; Shang, D. Hepatoprotective effect of plant polysaccharides from natural
resources: A review of the mechanisms and structure-activity relationship. Int. J. Biol. Macro. 2020, 161, 24-34. [CrossRef]

42



Molecules 2022, 27, 4532

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lu, Y;; Zhang, ].J.; Huo, J.Y.; Chen, D.F. Structural characterization and anti-complementary activities of two polysaccharides
from Houttuynia cordata. Planta Med. 2019, 85, 108-1106. [CrossRef]

Wang, HW.,; Li, N.; Zhu, C,; Shi, S.S; Jin, H.; Wang, S.C. Anti-complementary activity of two homogeneous polysaccharides from
Eclipta prostrata. Biochem. Bioph. Res. Commun. 2017, 393, 887-893. [CrossRef]

Zeng, EK.; Chen, W.B.; He, P; Zhan, Q.P.; Wang, Q.; Wu, H.; Zhang, M.M. Structural characterization of polysaccharides with
potential antioxidant and immunomodulatory activities from Chinese water chestnut peels. Carbohyd. Polym. 2020, 246, 116551.
[CrossRef]

Zhu, W.L.; Zhang, Z]J. Preparation and characterization of catechin-grafted chitosan with antioxidant and antidiabetic potential.
Int. J. Biol. Macro. 2014, 70, 150-155. [CrossRef]

Ahn, S.; Halake, K.; Lee, J. Antioxidant and ion-induced gelation functions of pectins enabled by polyphenol conjugation. Int. J.
Biol. Macro. 2017, 101, 776-782. [CrossRef] [PubMed]

Jiao, YK,; Hua, D.H.; Huang, D.; Zhang, Q.; Yan, C.Y. Characterization of a new heteropolysaccharide from green guava and
its application as an x-glucosidase inhibitor for the treatment of type II diabetes. Food. Funct. 2018, 9, 3997-4007. [CrossRef]
[PubMed]

Chen, X.X,; Li, T.Y;; Qing, D.G,; Chen, J.; Zhang, Q.; Yan, C.Y. Structural characterization and osteogenic bioactivities of a novel
Humulus lupulus polysaccharide. Food. Funct. 2020, 11, 1165-1175. [CrossRef] [PubMed]

Kostalova, D.; Tekel’'ova, D.; Czigle, S.; Téth, J.; Lalkovi, S. The content of flavonoids in selected drug formulations containing
Ginkgo biloba. Farmaceuticky. Obzor. 2005, 74, 119-123.

Chen, X.; Cao, D.; Zhou, L; Jin, H.; Dong, J.; Yao, J.; Ding, K. Structure of a polysaccharide from Gastrodia elata Bl., and
oligosaccharides prepared thereof with anti-pancreatic cancer cell growth activities. Carbohyd. Polym. 2020, 86, 1300-1305.
[CrossRef]

Huo, J.; Lu, Y,; Jiao, Y.; Chen, D. Structural characterization and anticomplement activity of an acidic polysaccharide from Hedyotis
diffusa. Int. J. Biol. Macromol. 2020, 155, 1553-1560. [CrossRef]

43



molecules

Article

Bioactive Phenolic Compounds from Peperomia obtusifolia

Ismail Ware 12

, Katrin Franke 10, Hidayat Hussain 1@, Ibrahim Morgan 1@, Robert Rennert 1

and Ludger A. Wessjohann 1*

Citation: Ware, I; Franke, K.;
Hussain, H.; Morgan, I.; Rennert, R.;
Wessjohann, L.A. Bioactive Phenolic
Compounds from Peperomia
obtusifolia. Molecules 2022, 27, 4363.
https:/ /doi.org/10.3390/
molecules27144363

Academic Editor: Jacqueline
Aparecida Takahashi

Received: 8 June 2022
Accepted: 5 July 2022
Published: 7 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Bioorganic Chemistry, Leibniz Institute of Plant Biochemistry, D-06120 Halle, Germany;
ismailbin.ware@ipb-halle.de (I.W.); hidayat.hussain@ipb-halle.de (H.H.); ibrahim.morgan@ipb-halle.de (L.M.);
robert.rennert@ipb-halle.de (R.R.)

Institute of Bioproduct Development, Universiti Teknologi Malaysia, Johor Bahru 81310, Malaysia

*  Correspondence: katrin.franke@ipb-halle.de (K.F.); ludger.wessjohann@ipb-halle.de (L.A.W.);

Tel.: +49-345-5582-1380 (K.E.); +49-345-5582-1300 (L.A.W.)

Abstract: Peperomia obtusifolia (L.) A. Dietr., native to Middle America, is an ornamental plant also
traditionally used for its mild antimicrobial properties. Chemical investigation on the leaves of
P. obtusifolia resulted in the isolation of two previously undescribed compounds, named peperomic es-
ter (1) and peperoside (2), together with five known compounds, viz. N-[2-(3,4-dihydroxyphenyl)ethyl]-
3,4-dihydroxybenzamide (3), becatamide (4), peperobtusin A (5), peperomin B (6), and arabinothalic-
toside (7). The structures of these compounds were elucidated by 1D and 2D NMR techniques and
HREIMS analyses. Compounds 1-7 were evaluated for their anthelmintic (against Caenorhabditis elegans),
antifungal (against Botrytis cinerea, Septoria tritici and Phytophthora infestans), antibacterial (against
Bacillus subtilis and Aliivibrio fischeri), and antiproliferative (against PC-3 and HT-29 human cancer
cell lines) activities. The known peperobtusin A (5) was the most active compound against the
PC-3 cancer cell line with ICs values of 25.6 uM and 36.0 pM in MTT and CV assays, respectively.
This compound also induced 90% inhibition of bacterial growth of the Gram-positive B. subtilis at a
concentration of 100 uM. In addition, compound 3 showed anti-oomycotic activity against P. infestans
with an inhibition value of 56% by using a concentration of 125 uM. However, no anthelmintic activity
was observed.

Keywords: Piperaceae; Peperomia obtusifolia; isolation; cytotoxicity; anticancer; antibacterial

1. Introduction

Peperomia is one of the two major genera of the Piperaceae family, with approxi-
mately 1700 species common in almost all tropical areas [1]. Plants of the genus Peperomia
possess numerous uses as traditional medicine to treat asthma, gastric ulcers, bacterial in-
fection, pain, and inflammation [2]. Peperomia species produce several classes of secondary
metabolites such as flavonoids, secolignans, prenylated phenolic substances, chromenes,
polyketides [3], lignans, tetrahydrofurans, terpenoids, meroterpenoids, and amides [1,4,5].
Some compounds from P. pellucida, P. doclouxii, P. dindygulensis, and P. blanda were reported
to exhibit cytotoxic effects [2,6-8].

Peperomia obtusifolia (L.) A.Dietr. is widely distributed from Mexico to the northern
part of South America. It is widely known as baby rubber or the paragua plant. In spite
of its dominating decorative use, some communities in Central America use this plant to
treat insect and snake bites and also as a skin cleanser [9]. Previous studies on P. obtusifolia
resulted in the isolation of chromanes, flavonoids, lignans, and other secondary metabo-
lites [10-14]. Several biological activities were described for compounds isolated from this
species, such as trypanocidal [11], anti-inflammatory [15], and antibacterial activities [14].
In the present study, we report the isolation, structure elucidation, and biological effects
of two previously undescribed compounds (1 and 2), along with five known compounds
(3-7) from the methanolic leaf extract of P. obtusifolia.
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2. Results and Discussion

The dried leaves of P. obtusifolia were extracted with 80% aqueous methanol. The crude
extract was suspended in water and successively fractioned by liquid—liquid partition
between water and n-hexane, and water and ethyl acetate. The constituents were purified
by preparative HPLC and repeated column chromatography on silica gel, Sephadex LH20,
and Diaion HP20, which yielded two previously undescribed compounds (1 and 2), as
well as two amide derivatives (3 and 4), a chromane (5), a secolignan (6), and an unusual
phenolic nitroalkyl diglycoside (7) (Figure 1). The chemical structures of 1 and 2 were
elucidated by detailed spectroscopic techniques.
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Figure 1. Chemical structures of compounds 1-7.

Compound 1 was obtained as a brownish liquid from the aqueous fraction. The
HR-ESI-MS measurements of the deprotonated molecular ion at m/z 395.0975 [M — H]~
indicated the molecular formula C;gH9O19. The IR spectrum revealed the presence of
hydroxyl (3402 cm~!) and carbonyl groups (1715 cm~!). Inspection of the 'H NMR data
(Table 1) exhibited characteristic signals of an ABX aromatic system at & 7.06 (1H, d,
J=21Hz, H-2),6.79 (1H, d, ] =8.2 Hz, H-5), and 6.97 (1H, d, ] = 8.2, 2.1 Hz, H-6) and of one
E-configured double bond [7.59 (1H, d, | = 15.8 Hz, H-7) at 6.29 (1H, d, | = 15.8 Hz, H-8)]. In
addition, 'H NMR data also showed the presence of two saturated methine groups [ 5.46
(1H, d, ] = 3.9 Hz, H-1') at 3.62 (1H, ddd, ] = 9.0, 5.5, 3.9 Hz, H-2’), and one methylene
group [82.85 (1H, dd, ] =17.2,9.0 Hz, H-3'a) at 2.66 (1H, d, ] = 17.2, 5.5 Hz, H-3'b)] along
with three methoxy groups at & 3.68, 3.73, and 3.77. The 3C data (Table 1) exhibited one
sp2 quaternary carbon [6c 127.4 (C-1)], two oxygenated sp2 tertiary carbons [5¢ 146.8 (C-3),
150.0 (C-4)], and four carbonyl groups [5¢ 167.5 (C-9), 173.2 (C-4), 170.2 (C-5'), 172.1 (C-6')].
The scaffold of compound 1 was established by an HMBC experiment, showing long-range
correlations from H-7 to C-1, C-2, C-6, C-8, and C-9, indicating that the aromatic ring and the
carbonyl group C-9 were linked to C-7 in the form of a caffeic acid moiety. In addition, COSY
correlations of H-1'/H-2/, H-2' /H-1' /H-3'a/H-3'b, H-3’a/H-2, and H-3b/H-2’, together
with HMBC correlations of the three methoxy groups to their respective carbonyls (C-4’, C-
5/, and C-6') and HMBC correlations of H-1’ and C-2/, C-3/, C-5/, C-6’ and of H-2 and C-1/,
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C-3/,C-4/, C-5', and C-6' suggested the presence of an isocitrate core. The C-1" hydroxyl of
the isocitrate unit is attached to the caffeic acid moiety at C-9 indicated by the long-range
correlation from H-1" (85 5.46) to C-9 (8¢ 167.5) (Figure 2). The methylated isocitrate moiety
of 1is similar to those found in cryptoporic acids isolated from Cryptoporus sinensis [16] and
Cryptoporus volvatus [17,18], which are also conjugates of isocitrate. Since compound 1 was
also detected in an ethanolic crude extract (Figure S9), the methylation is not a processing
artifact. The absolute configuration of C-1" and C-2’ of the isocitrate group was suggested
to be (1'S,2'R) by comparison of its optical rotation sign (negative optical rotation value)
with published compounds having a (1'R,2’S) absolute configuration and opposite-in-sign
specific rotation (positive optical rotation value) [16,19]. Thus, the methylated isocitrate
moiety is in accordance with an L-threo-isocitric acid core ((1S,2R)-1-hydroxypropane-
1,2,3-tricarboxylic acid). Based on the above-mentioned evidence, the structure of 1 was
elucidated as trimethyl (15,2R)-1-(((E)-3-(3,4-dihydroxyphenyl)acryloyl)oxy)propane-1,2,3-
tricarboxylate and given the trivial name peperomic ester.

Table 1. 'H- and 3C-NMR data of 1 (in CD;0D; § in ppm, | in Hz).

No. 5(H)? 5P HMBC
1 - 127.4
2 7.06 (d, ] =2.1) 115.2
3 - 146.8
4 - 150.0
5 6.79 (d,]=82) 116.5
6 6.97 (dd, ] =8.2,2.1) 123.3
7 7.59 (d, ] = 15.8) 148.6 C1,C2, C6,C8, C9
8 6.29 (d, ] = 15.8) 113.4
9 k 1675 C1,C7,C9
1 5.46 (d, ] =3.9) 72.6 C2’,C3’,C5,C6’, CY’
2’ 3.62 (ddd, ] =9.0, 5.5, 3.9) 442 C1/, C3’, C4’, C5', C6’
3a 2.85(d,]=17.2,9.0) 32.8 C2,C1, C4’, C6'
3'b 266 (d,]=17.2,5.5) 32.8 C2’,C1’, C4’, C6'
4 - 173.2
5’ - 170.2
6’ - 1721
OMe 3.73 52.9 ce’
OMe 3.77 53.1 C5’
OMe 3.68 53.4 ca

a Recorded at 400 MHz. ® Recorded at 100 MHz.

HO

HO

'H-TH COSY (), and HMBC (—>)

Figure 2. Key 'H-'H COSY and HMBC correlation of 1.

Compound 2 (Figure 3) was obtained as a white amorphous powder from the ethyl
acetate fraction. The HR-ESI-MS measurements of the deprotonated molecular ion at
m/z 450.1379 [M — H]~ indicated the molecular formula Cy1HpsNOjg. The IR spectrum
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displayed absorption for hydroxyl (3250 cm ') and carbonyl groups (1607 cm~1). The NMR
data of compound 2 (Table 2, Figure 3) show the presence of an N-[2-(3,4-dihydroxyphenyl)
ethyl]-3,4-dihydroxybenzamide moiety [20]. The structure of the aglycon part is the same
as in compound 3.

"H-"H COSY ( s ), HMBC (—» ), and ROESY ( =—» )

Figure 3. Key 1H-TH COSY, HMBC, and ROESY correlation of 2.

Table 2. 'H- and 3C-NMR data of 2 (in CD;0D; § in ppm, J in Hz).

No. 5 (H)2 s(©P HMBC
1 - 132.2
2 6.70 (d, ] =2.1) 117.0 C1, C3,C4, C6,C7
3 - 144.7
4 - 146.2
5 6.69 (d, ] = 8.0) 116.5 C1, C3,C4, C6,C7
6 6.59 (dd, ] = 8.0,2.1) 121.1 C2,C3,C7
7 275 (t, ] =7.6) 35.9 C1,C2,C6,C8
8a 3.57 (dt, ] = 13.2,7.6) 428 C1,C7,C7
8b 3.50 (dt, ] =13.2,7.6) 428 C1,C7,C7
1 - 126.3
2’ 7.25(d, ] =3.1) 120.7 C1’,C3,C4’, C5,C6', C7
3 - 154,3
vy - 150.1
5’ 7.24(d, ] =8.8) 117.3 C1’,C3,C4’, C6’
6’ 6.86 (dd, ] = 8.8,3.1) 120.3 C1’,C3,C4’, C5
7 - 167.8
17 479 (d, ] =7.5) 105.1 Cc4’,C3”,C5”
2” 3.38 (m) 74.9
3” 3.41 (m) 78.1
47 3.38 (m) 785
5” 3.39 (m) 71.3
6a” 3.70 (dd, J = 12.0, 5.0) 62.5
6b” 3.89 (d, ] =12.0) 62.5

a Recorded at 400 MHz. P Recorded at 100 MHz.

In addition, NMR data indicate the presence of an anomeric carbon [(511 4.79 (1H, d,
J = 7.5 Hz); 6c 105.1] together with four methine carbon signals between 71.3 and 78.5 ppm,
which is typical for glucose. The coupling constant value of the sugar anomeric proton
(] = 7.5 Hz) revealed the B-configuration of the glucosyl moiety. The linkage of C-1"” from
the sugar moiety to 4’OH of the 3,4-dihydroxybenzoate moiety was established based on
the HMBC long-range correlation from H-1" (5 4.79) to C-4’ (5¢ 150.1) (Figure 3). This
conclusion is supported by the ROESY correlation of H-1" (8 4.79) with H-5" (8 7.24).
From the above spectroscopic data, the structure of compound 2 was established as N-[2-
(3/4-dihydroxyphenyl)ethyl]-3,4-dihydroxybenzamide 4'-O-B-D-glucoside, given the trivial
name peperoside.

The phytochemical investigation of the P. obtusifolia (L.) A.Dietr. leaves allowed the isolation
of five other known compounds, N-[2-(3,4-dihydroxyphenyl)ethyl]-3,4-dihydroxybenzamide
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(3) [20], becatamide (also known as houttuynamide A, 4) [21], peperobtusin A (5) [10],
peperomin B (6) [22], and arabinothalictoside (7) [23]. These compounds were identified by
comparing their MS and NMR spectral data with published data, which agree with the data
reported for the respective compounds. Among the known constituents, compound 5 was
already reported from P. obtusifolia, while compounds 3, 4, and 6 were isolated from other
Peperomia species such as P. duclouxii [7], P. tetraphylla [24], and P. japonica [22], respectively.
Compound 7 is an unusual nitro natural product which was isolated for the first time from
the Japanese plant Sagittaria trifolia [25] and later reported in Aristolochia fordiana [26], which
belong to Piperales and Annona squamosa [23].

Peperomia species constituents have previously been reported to exhibit a variety of
biological activities, either as extracts or pure compounds [2,27-29]. Thus, the compounds
isolated from this species were evaluated for their anthelmintic, antifungal, antibacterial,
and anticancer properties. These biological examinations were conducted by using es-
tablished non-pathogenic model organisms and human cancer cell lines (all BSL-1) in
fast-screening assays (Tables 3 and 4).

Table 3. Anthelmintic (Caenorhabditis elegans), antifungal (Botrytis cinerea, Septoria tritici and
Phytophthora infestans), and antibacterial (Bacillus subtilis, Aliivibrio fisheri) activities of isolated com-
pounds (1-7) from P. obtusifolia.

Anthelmintic Assay Antifungal Assays Antibacterial Assays
Mortality [%] Growth Inhibition [%] @ Growth Inhibition [%] 2
C. elegans B. cinerea S. tritici P. infestans B. subtilis A. fischeri
Compound 200 uM 125 uM 125 uM 125 uM 100 pM b 100 pM P
1 19+0.8 —-13.6+173 —125+179 10.1 +2.3 8.0£19.0 —5.6 +2.60
2 0.0+ 0.0 —276+7.6 21.8 £8.9 —51.5 +16.0 70+£15.0 —3.1+1.80
3 0.0+ 0.0 —18.5+3.1 —40.0 £ 35.2 56.2 £10.3 70+£28 —211.6 £ 27.6
4 29+14 —32.3 £28.7 -9.8+83 —66.4 £ 30.4 —21.0 £ 28.0 —35.9+19.4
5 48+14 27.0 £25.8 469 +£8.3 —6.0 - 64.4 90.0 £2.0 —32.7 +12.7
6 20£17 514 £223 -129+23 —9.4 4274 —5.0+£51.0 304 £84
7 17+24 2.8 +19.5 —-72+19 171+ 121 50=£17.0 1.6 £3.0
Pos. control .10 ug/m.L 1%5 M 12.5 ’”LM 100 uM .
ivermectin epoxiconazole terbinafine chloramphenicol
98.7 £1.9 920+14 96.8 £1.2 99.0£0 100.0+0

2 Negative values indicate an increase in fungal or bacterial growth in comparison to the negative control (0%
inhibition); ® Growth inhibition rates below 50% indicate ICsq values > 100 pM.

Table 4. Antiproliferative and cytotoxic activities of isolated compounds (1-7) from P. obtusifolia
against human prostate (PC-3) and colorectal (HT-29) cancer cell lines.

Metabolic cell Viability (MTT)/Cytotoxicity (CV) Assays
Cell Viability/Survivals [%]

PC-3 (MTT Assay) PC-3 (CV Assay) HT-29 (MTT Assay) HT-29 (CV Assay)
Compound 10 uM 10 uM 10 uM 10 uM
1 1014 +5.8 975+ 4.1 100.3 +44 91.0 £5.1
2 84.1+49 84.0 £ 6.9 749 £ 6.5 782+ 44
3 90.6 + 3.3 983+ 1.3 82.6 £ 4.8 100.3 + 3.7
4 1144+ 1.2 929 +5.0 1119+ 1.8 89.0 £ 3.0
5 24+63 —34+247 59.7 £20.5 82.5+43
6 1209 +4.3 93.7 £ 2.6 117.1 £ 3.0 88.2 £ 3.9
7 113.7 £ 4.0 1122 + 4.7 115.3 + 3.9 107.5+ 29

Digitonin (125 uM) was used as a positive control, compromising the cells to the point of 0% cell viability /cancer
cell survival after 48 h.

The anthelmintic activity was evaluated against Caenorhabditis elegans, however, the
compounds did not significantly kill the nematodes even when applying a high concentra-
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tion of 200 M. Moreover, most of the compounds tested for antifungal effects against the
phytopathogens B. cinerea, S. tritici, and P. infestans were considered as inactive since the
inhibition of fungal growth at a concentration of 125 uM was less than 50%. An exception
was N-[2-(3,4-dihydroxyphenyl)ethyl]-3,4-dihydroxybenzamide (3), which displayed inter-
esting anti-oomycotic activity against P. infestans with an inhibition value of 56% at the same
concentration. For the antibacterial assays, the compounds were tested in concentrations of
1 and 100 uM. None of the compounds inhibited the Gram-negative bacterium A. fischeri
even at the highest test concentration of 100 uM. However, against the Gram-positive
B. subtilis, peperobtusin A (5) induced a 90% inhibition of bacterial growth when treating
at a concentration of 100 uM, prompting further investigations against human pathogens.
Prenylated benzopyrans seem to be the active principle of Peperomia against Gram-positive
bacteria, including resistant Staphylococcus aureus and Enterococcus faecalis strains [14]. Since
all other isolated compounds induced less than 50% inhibition of bacterial growth when
applying a concentration of 100 uM (Table 3), their half-maximal inhibitory concentration
(ICsp) values must be estimated to be greater than 100 uM.

Furthermore, the compounds 1-7 were screened for their potential antiproliferative
or cytotoxic activity against two human cancer lines, namely prostate adenocarcinoma
cells (PC-3) and colorectal adenocarcinoma cells (HT-29). The compounds’ effect on the
metabolic cancer cell viability was determined by conducting an MTT assay, general
cytotoxic effects were determined by using a CV assay, both after 48 h cancer cell treatment
with the compounds under investigation. A very potent permeabilizer of cell membranes,
digitonin (125 uM), was used as a positive control, compromising the cells to the point of
0% of cell viability after 48 h. The compounds were tested at two different concentrations,
namely 10 nM and 10 pM.

As shown in Table 4, most of the compounds exhibited no significant antiproliferative
and cytotoxic effects on PC-3 and HT-29 cancer cells, with the exception of peperobtusin
A (5), which strongly inhibited the viability and growth of PC-3 cells in an MTT and CV
fast-screening assay after treating the cells with 10 uM of the compound for 48 h. Under
the same fast-screening assay conditions, a moderate activity of compound 5 against the
HT-29 colorectal cancer cell line was also observed.

Based on its antiproliferative and cytotoxic effects, as determined with a 10 pM
concentration in the initial fast-screening assay, compound 5 was subjected to further
evaluations of its IC5( values in both cancer cell lines. The cells were treated with increasing
concentrations of up to 100 uM of compound 5 for 48 h, followed by an MTT and CV
assay read-out, data analyses, and calculation of ICsy values. The IC5 values of compound
5 determined by MTT assay, indicating the metabolic viability of the cancer cells, were
25.6 2.8 uM and 45.5 £ 8.8 uM in PC-3 and HT-29 cells, respectively (see Figure 4A).
The CV assay, reflecting general cytotoxic and antiproliferative impacts, showed similar
ICsp values of 36.0 + 4.1 pM and 58.1 £ 11.2 uM for PC-3 and HT-29 cells, respectively
(Figure 4B). However, given the result of the preliminary fast-screening (fixed concentration
10 uM) of compound 5, which estimated an ICsg value of less than 10 uM, the lower
efficacy at the above actual calculated ICs; values based on the dose-response curves was
unexpected, especially in the case of PC-3 cells. However, the ICs) values were reproduced
in three different assay formats, each with 2-3 biological replicates, namely MTT, CV,
and resazurin assays (data not shown), which revealed an ICsy range of 25-45 uM. This
implies that fast-screening with a single concentration and a single biological replicate,
although with technical quadruplicates, is only a very rough, initial estimation of the
compounds’ activity.
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Figure 4. Effect of peperobtusin A (5) on (A) the metabolic cell viability of prostate PC-3 cancer
cells and colon HT-29 cancer cells, as determined by MTT assay after 48 hours of cell treatment.
(B) General cytotoxic and antiproliferative effect of 5 on both cancer cell lines under comparable
treatment conditions, as determined by using crystal violet (CV) assay. Data represent biological
duplicates, each comprising technical quadruplicates. IC5 curves were analyzed and drawn using
SigmaPlot and GraphPad Prism software, respectively. ICsy values are given as mean =+ SD.

Peperobtusin A (5) is a prenylated benzopyran with a chiral center at C-2. It was
obtained with an optical activity of [a]2 0 (c 0.28, CHCl;), implying a racemic mixture of
the molecule. This result corroborated previously published data [11,30]. The compound
was isolated before from the same species [10,11,14] and other Peperomia species, such as
P. tetraphylla [31] and P. clusiifolia [32]. Although there are a few existing studies addressing
the biological activities of peperobtusin A (5), this study is the first report related to the
antiproliferative and cytotoxic effect against PC-3 (prostate) and HT-29 (colon) cancer cell
lines. Previous investigations indicated the antitrypanosomal and antitumor potential of
peperobtusin A. Regarding the antitrypanosomal activity, the compound with an ICsj value
of 3.1 uM was almost three times more active than the positive control benznidazole [11].
Furthermore, Da Silva Mota and collaborators also evaluated its cytotoxicity in mammalian
cells (murine peritoneal macrophages) and found the compound to not be toxic at the
concentration level of its trypanocidal activity [11]. A recent study by Shi et al [31] revealed
that peperobtusin A (5) had antiproliferation effects against the human lymphoma cell line
U937 with an ICs( value of 63.26 M at 24 h, however, exerted only minor effects on other
human cancer cell lines such as human melanoma (A375), human bladder carcinoma (T24),
and human breast epithelial cells (HBL-100). According to Shi et al. [31], the intracellular
ROS formation and the activation of caspases and P38 MAPK played significant roles in
the apoptosis induced by peperobtusin A. Therefore, in future investigations, the mode of
action of peperobtusin A (5) in PC3 and HT29 cell lines should be addressed in detail and
expanded; toxicological investigations should be performed to validate the safety of this
compound before developing it as trypanocide.

3. Materials and Methods
3.1. General Methods

The following instruments were used to obtain physical and spectroscopic data: col-
umn chromatography was performed on silica gel (400-630 mesh, Merck, Darmstadt,
Germany), Sephadex LH-20 (Fluka, Steinheim, Germany), and Diaion HP20 (Supelco,
Bellefonte, PA, USA). Fractions and substances were monitored by TLC. TLC was con-
ducted on precoated Kieselgel 60 F 254 plates (Merck, Darmstadt, Germany) and the spots
were detected either by examining the plates under a UV lamp at 254 and 366 nm or by
treating the plates with vanillin or natural product reagents. UV spectra were recorded on
a Jasco V-770 UV-Vis/NIR spectrophotometer (Jasco, Pfungstadt, Germany), meanwhile
specific rotation was measured with a Jasco P-2000 digital polarimeter (Jasco, Pfungstadt,
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Germany). The IR (ATR) spectra were carried out in MeOH using a Thermo Nicolet 5700
FT-IR spectrometer (Thermo Nicolet Analytical Instruments, Madison, WI, USA).

NMR spectra were obtained with an Agilent DD2 400 system at +25 °C (Varian, Palo
Alto, CA, USA) using a 5 mm inverse detection cryoprobe. The compounds were dissolved
in CD30D (99.8% D) or CDClj3 (99.8% D) and the spectra were recorded at 399.915 MHz (‘H)
and 100.569 MHz (*3C). One-dimensional ('H and '3C) and two-dimensional (*H,'3C HSQC,
1H,13C HMBC, 'H,'H COSY, and 'H,'H ROESY) spectra were measured using standard
CHEMPACK 8.1 pulse sequences implemented in the Varian VNMR] 4.2 spectrometer
software (Varian, Palo Alto, CA, USA). I'H chemical shifts are referenced to internal TMS
(Hs=0 ppm), while 13C chemical shifts are referenced to CD;0D (13C & = 49 ppm) or
CDCl3 (13C 8 = 77.0 ppm).

The semi-preparative HPLC was performed on a Shimadzu prominence system (Kyoto,
Japan) equipped with LabSolutions software, LC-20AT pump, SPD-M20A diode array
detector, SIL-20A auto sampler, and FRC-10A fraction collector unit. Chromatographic
separation was carried out using a YMC Pack C18 column (5 pm, 120 A, 150 mm x 10 mm
LD, YMC, USA) using HO (A) and CH3CN (B) as eluents at a flow rate of 2.2 mL min~!.

The high-resolution mass spectra in both positive and negative ion modes were ac-
quired using either an Orbitrap Elite Mass spectrometer or API 3200 Triple Quadrupole
System. The Orbitrap Elite Mass spectrometer (Thermofisher Scientific, Bremen, Germany)
was equipped with an HESI electrospray ion source (spray voltage 4.0 kV, capillary tem-
perature 275 °C, source heater temperature 80 °C, FTMS resolution 100.000), whereas the
API 3200 Triple Quadrupole System (Sciex, Framingham, MA, USA) was equipped with
a turbo ion spray source, which performs ionization with an ion spray voltage on 70 eV.
During the measurement, the mass/charge range from 50 to 2000 was scanned.

3.2. Plant Material

The aerial part of P. obtusifolia (L.) A. Dietr. was collected in April 2018 at the Leibniz
Institute of Plant Biochemistry (IPB), Halle (Saale), Germany from an ornamental plant
grown for 20 years on an east oriented window sill. A voucher specimen (ISW010) was
deposited in the IPB collection.

3.3. Extraction and Isolation

The fresh leaves (267.3 g) of P. obtusifolia were dried using a freeze drier and ground to
powder form (29.7 g). The powdered material was extracted five times (1.0 L/each) with
80% aqueous methanol at room temperature, yielding 6.4 g of residue after evaporating
the solvent in vacuo. The residue was suspended in H,O (250 mL) and then successively
partitioned with n-hexane and ethyl acetate, resulting in the two respective fractions (1.4 g
n-hexane, 0.8 g EtOAc), as well as an aqueous fraction (3.6 g) (See Figure S20 for the
isolation scheme).

Part of the EtOAc fraction (0.74 g) was chromatographed on a silica gel column and
eluted with a stepwise gradient of CH,Cly: MeOH (1:0 to 0:1) to give seven fractions (E1-E7).
Fraction E1 (32.5 mg) underwent column chromatographic separation over a Sephadex
LH-20 column (CH,Cl, /MeOH 1:1), affording four subfractions (A-D). Further separation
of subfraction C (4.3 mg) over silica gel (CH,Cl,:MeOH 95:5-90:10) yielded becatamide (4,
1.4 mg, Rr=0.25in 5% MeOH in CH,Cly) [21]. Fraction E2 (190.5 mg) was chromatographed
over a Sephadex-LH20 column (100% MeOH) to afford an amorphous powder that was
identified as N-[2-(3,4-dihydroxyphenyl)ethyl]-3,4-dihydroxybenz amide (3, 142.5 mg,
R¢=0.37 in 10% MeOH in CH,Cl,) [20]. Fraction E4 (106.3 mg) was purified over semi-
preparative HPLC in a gradient system [H,O (A), CH3CN (B); 0 min: 5% B > 0-17 min:
85.5% B > 17-20 min: 100% B, UV at 330 nm, 9.8 min], affording compound 2 (14.5 mg).

The n-hexane fraction (1.4 g) was chromatographed over a silica gel column and eluted
with a stepwise gradient of n-hexane, ethyl acetate, and methanol to give six fractions
(H1-H6). Fraction H1 (197.4 mg) was further chromatographed over a Sephadex-LH
20 column (100% CH,Cly) to afford four subfractions (A-D). Purification of subfraction C
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(29.1 mg) by silica gel CC (n-hex:CH,Cl, 7:3) yielded peperobtusin A (5, 8.1 mg, Ry = 0.76 in
5% CH3OH in CH,Cly) [10]. Fraction H2 (279.6 mg) was chromatographed over a Sephadex
LH-20 column (CH;,Cl;:MeOH 1:1) to give five subfractions (A-E). Subfraction C (14.7 mg)
was purified by silica gel CC (n-hex: CH,Cl, 3:7-0:1) to afford peperomin B (6, 3.1 mg,
Rf=0.04 in CHyCly) [22].

The aqueous fraction (2.3 g) was fractionated over a Diaion-HP20 column eluted with
an increasing solvent ratio of water and methanol to give five fractions (A1-A5). Fraction
A3 (404.7 mg) was chromatographed over a Sepahdex-LH20 column (100% MeOH) to
afford seven subfractions (A-G). Subfraction B (55.2 mg) was further separated by silica gel
CC (CH2C1x:MeOH 7:3) to afford arabinothalictoside (7, 14.6 mg, Ry = 0.57 in 30% MeOH
in CH,Clp) [23]. Subfraction D (69.4 mg) was further chromatographed over a silica gel
column (CHCly:MeOH 8:2-0:1), yielding compound 1 (7.4 mg, Rf =0.88 in 30% MeOH
in CH2C12)

Peperomic ester (trimethyl (15,2R)-1-(((E)-3-(3,4-dihydroxyphenyl)acryloyl)oxy)- propane-
1,2,3-tricarboxylate, 1): brownish liquid; IR (ATR) vmax: 3402, 1715 cm L. UV Amax
(MeOH) (log e) 218 (4.15), 333 nm (4.21): 'H-NMR (400 MHz, CD;0D): Table 1; '3C-
NMR (100 MHz, CD50D): Table 1; negative-ion HR-ESI-MS m/z 395.0975 [M — H]~ (calcd.
for C18H19010: 395.0984).

Peperoside (N-[2-(3,4-dihydroxyphenyl)ethyl]-3 4-dihydroxybenzamide 4'-O--D-glucoside,
2): white amorphous powder, IR (ATR) vmax: 3250, 2931, 2360, and 1607 cm L. UV Apmax
(log e) (MeOH) 290 (3.14), 317 nm (3.32). 'H-NMR (400 MHz, CD;0D): Table 2; 3C-NMR
(100 MHz, CD30D): Table 2; negative-ion HR-ESI-MS m/z 450.1379 [M — H] ™ (calcd. for
C21H24N0102 450.1406).

3.4. Biological activities
3.4.1. Anthelmintic Activity

The anthelmintic bioassay was conducted by applying the method developed by
Thomsen et al. using the model organism C. elegans, which was previously demonstrated
to correlate with anthelmintic activity against parasitic trematodes [33]. The C. elegans
Bristol N2 wild-type strain was obtained from the Caenorhabditis Genetic Center (CGC),
Minnesota University, Minneapolis, USA. The nematodes were grown on petri plates of
NGM (Nematode Growth Media) using uracil auxotroph E. coli strain OP50 as the food
source. The solvent DMSO (2%) and the anthelmintic drug ivermectin (10 ug/mL, nearly
100% dead worms after 30 min incubation) were used as negative and positive controls in
all assays, respectively. All assays were carried out in triplicate.

3.4.2. Antifungal Activity

The antifungal activity was examined against the phytopathogenic ascomycetes B.
cinerea Pars and S. triciti Desm. and the oomycete P. infestans (Mont.) de Bary in 96-
well microtiter plate assays according to protocols from the Fungicide Resistance Action
Committee (FRAC) with minor modifications as described by Otto et al. [34]. Briefly, the
isolated compounds were tested at the highest concentration of 125 uM, while the solvent
DMSO was used as a negative control (max. concentration 2.5%). The commercially used
fungicides, epoxiconazole and terbinafine (Sigma-Aldrich, Darmstadt, Germany), served as
reference compounds. The pathogen growth was evaluated seven days after inoculation by
measurement of the optical density (OD) at £ 405 nm with a TecanGENios Pro microplate
reader (five measurements per well using multiple reads in 3 x 3 square). Each experiment
was carried out in triplicate.

3.4.3. Antibacterial Activity

The isolated compounds (1 and 100 M) were evaluated against the Gram-negative
A. fischerii (DSM507) and the Gram-positive B. subtilis 168 (DSM 10), as described by
dos Santos et al. [35]. The tests were conducted in 96-well plates based on the biolumi-
nescence (A. fisheri) or absorption (B. subtilis) read-out. Chloramphenicol (100 uM) was
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used as a positive control to induce complete inhibition of bacterial growth. The results
(mean = standard deviation value, n = 6) are given in relation to the negative control (bac-
terial growth, 1% DMSO without test compound) as relative values (percent inhibition).
Negative values indicate an increase in bacterial growth.

3.4.4. Cytotoxic Activity

The cytotoxicity and impact on the metabolic cell viability of isolated compounds
at 10 nM and 10 pM was evaluated against PC-3 (human prostate adenocarcinoma) and
HT-29 (human colorectal adenocarcinoma) cancer cell lines. Both cell lines were purchased
from ATCC (Manassas, VA, USA). The cell culture medium RPMI 1640, the supplements
FCS and L-glutamine, as well as PBS and trypsin/EDTA were purchased from Capricorn
Scientific GmbH (Ebsdorfergrund, Germany). Culture flasks, multi-well plates, and further
cell culture plastics were from Greiner Bio-One GmbH (Frickenhausen, Germany) and
TPP (Trasadingen, Switzerland), respectively. Resazurin used for the cell viability assays
was purchased from Sigma-Aldrich GmbH (Taufkirchen, Germany). PC-3 and HT-29
cells were cultured in RPMI 1640 media supplemented with 10% heat-inactivated FCS,
2 mM L-glutamine, and 1% penicillin/streptomycin in a humidified atmosphere with 5%
CO; at 37 °C. Routinely, cells were cultured in T-75 flasks until reaching subconfluency
(~80%); subsequently, cells were harvested by washing with PBS and detaching by using
trypsin/EDTA (0.05% in PBS) prior to cell passaging and seeding for subculturing and
assays in 96-well plates, respectively [36].

The cell handling and assay techniques were in accordance with the method de-
scribed by Khan et al. [36]. In brief, antiproliferative and cytotoxic effects of the com-
pounds were investigated by performing colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) and CV (crystal violet)-based cell viability assays (Sigma-
Aldrich, Taufkirchen, Germany), respectively. For this purpose, cells were seeded in low
densities in 96-well plates using the aforementioned cell culture medium. The cells were
allowed to adhere for 24 h, followed by the 48 h compound treatment. Based on 20 mM
DMSO stock solutions, the compounds were serially diluted in standard growth media to
reach final concentrations of 100, 50, 25, 12.5, 6.25, 3.125, and 1.56 uM for cell treatment. For
control measures, cells were treated in parallel with 125 uM digitonin (positive control, for
data normalization set to 0% cell viability). Each data point was determined in technical
quadruplicates and two independent biological replicates. As soon as the 48 h incubation
was finished, cell viability was measured.

For the MTT assay, cells were washed once with PBS, followed by incubation with
MTT working solution (0.5 mg/mL MTT in culture medium) for 1 h under standard growth
conditions. After discarding the MTT solution, DMSO was added in order to dissolve the
formed formazan, followed by measuring formazan absorbance at 570 nm, and additionally,
at the reference/background wavelength of 670 nm by using a SpectraMax M5 multi-well
plate reader (Molecular Devices, San Jose, CA, USA).

For the CV assay, cells were washed once with PBS and fixed with 4% paraformalde-
hyde (PFA) for 20 min at room temperature (RT). After discarding the PFA solution, the
cells were left to dry for 10 min and then stained with 1% crystal violet solution for 15 min
at RT. The cells were washed with water and dried overnight at RT. Afterwards, acetic acid
(33% in ultrapure water) was added to the stained cells and absorbance was measured at
570 nm and 670 nm (reference wavelength) using a SpectraMax M5 multi-well plate reader
(Molecular Devices, San Jose, CA, USA). For data analyses, GraphPad Prism version 8.0.2,
SigmaPlot 14.0 and Microsoft Excel 2013 were used.

The results are shown as a percentage of the control values obtained from untreated
cultures, i.e. cell viability in percent.

4. Conclusions

The present investigation of a methanol extract from the leaves of P. obtusifolia led to the
isolation of two new compounds named peperomic ester (1) and peperoside (2), along with
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five known compounds. The isolated compounds were evaluated for their anthelmintic,
antifungal, antibacterial, and anticancer activities. Peperoside (2) and its related compounds
(3, 4) have the advantage of low activity against all organisms/cells tested. Since similar
phenethylamides show taste and neuroactive properties [37,38]—which were not part
of this study—their use in such tests, which usually include human panels or animals,
appears acceptable.

The known peperobtusin A (5) was the most active compound against B. subtilis and
showed an antiproliferative and cytotoxic effect in the lower micromolar concentration
range towards human PC-3 (prostate) and HT-29 (colon) cancer cell lines. The observed
antibacterial activity supports the traditional use of P. obtusifolia as a skin cleanser. These
findings suggest that P. obtusifolia might have some general toxicity and thus should be
used with care in applications where cytotoxicity is not desired. However, prenylated
benzopyran derivatives structurally related to 5 were shown to exhibit selective activity
against breast cancer cells but did not influence normal breast cells [39]. The impact of this
compound class on the mitochondrial respiratory chain [39,40] and their function as PPAR
agonists may play a role in compound selectivity [41]. Thus, more extensive and detailed
studies on the anticancer activity of natural prenylated benzopyrans should be undertaken
in order to provide an understanding of structural requirements (SAR) for such cytotoxic
(or other) activity.
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Abstract: From the aerial parts of Cymbidium ensifolium, three new dihydrophenanthrene derivatives,
namely, cymensifins A, B, and C (1-3) were isolated, together with two known compounds, cypri-
pedin (4) and gigantol (5). Their structures were elucidated by analysis of their spectroscopic data.
The anticancer potential against various types of human cancer cells, including lung, breast, and
colon cancers as well as toxicity to normal dermal papilla cells were assessed via cell viability and
nuclear staining assays. Despite lower cytotoxicity in lung cancer H460 cells, the higher % apoptosis
and lower % cell viability were presented in breast cancer MCF7 and colon cancer CaCo; cells treated
with 50 pM cymensifin A (1) for 24 h compared with the treatment of 50 uM cisplatin, an available
chemotherapeutic drug. Intriguingly, the half-maximum inhibitory concentration (ICsp) of cymensifin
A in dermal papilla cells at >200 uM suggested its selective anticancer activity. The obtained informa-
tion supports the further development of a dihydrophenanthrene derivative from C. ensifolium as an
effective chemotherapy with a high safety profile for the treatment of various cancers.

Keywords: Cymbidium ensifolium; Orchidaceae; dihydrophenanthrene; dihydrophenanthrenequinone;
anticancer

1. Introduction

Cymbidium spp. (Orchidaceae) comprises about fifty species widely dispersed across
tropical and temperate Asia, especially in Thailand, China, and Nepal. Their beautiful
flowers and structural appearance have made them more known for ornamental purposes
rather than medicinal potentials. However, various parts of Cymbidium spp. are used in
folkloric medicine to treat/manage many diseases. The leaves, roots, and pseudobulb of
some Cymbidium spp. are employed in Nepali folkloric medicine for the treatment of boils,
fever, paralysis, chronic illnesses, otitis, and as a tonic on rift bones [1]. Some species in this
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genus have been used as traditional Thai medicine. For example, the leaves of C. aloifolium
and C. findlaysonianum have been used to treat otitis media [2]. Cymbidium plants are rich
sources of phenanthrenes and bibenzyls, some of which exhibit several pharmacological
activities such as cytotoxic, antimicrobial, free radical scavenging, and anti-inflammatory
activities [3-5].

Cymbidium ensifolium (L.) Sw., known as “nang kham” or “chulan” in Thai [6], is an
elegantly shaped orchid with beautiful aromatic flowers. Its flowers are white blended
with yellow and red longitudinal lines along with the sepals and petals (Figure 1). It is
distributed in north and northeastern Thailand [7]. The roots of this plant have been used
as traditional Thai medicine to alleviate liver dysfunction and nephropathy [2,8]. In our
continuing studies on bioactive compounds from orchids [9,10], we have explored the
chemical constituents from the aerial parts of C. ensifolium with no previous reports on the
chemical investigation. In the present study, a methanolic extract prepared from the aerial
parts of this plant exhibited a significant cytotoxic effect against various cancer cells. This
prompted us to investigate the plant to identify the cytotoxic compounds.

Jv’

N
\
W\ e

Figure 1. Cymbidium ensifolium (L.) Sw.

2. Results and Discussion
2.1. Structure Determination

The phytochemical study of a methanolic extract from the leaves of Cymbidium ensi-
folium resulted in the purification of three novel dihydrophenanthrene derivatives (1-3)
(Supplementary Materials), along with two known compounds cypripedin (4) [11] and
gigantol (5) [12] (Figure 2). The structures of the new compounds were elucidated through
extensive spectroscopic data.
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Figure 2. Chemical structures of compounds 1-5 isolated from Cymbidium ensifolium.

Compound 1 was purified as a red amorphous solid. The molecular formula C14H1405
was analyzed from its [M—H] ™~ at 285.0770 (calcd. for C14H130s5, 285.0763) in the HR-ESI-
MS. The IR spectrum displayed absorption bands for hydroxyl (3432 cm 1), aromatic (2924,
1638 cm 1), and ketone (1733 cm ™) groups. The UV absorptions at 255, 330, and 491 nm
were indicative of a dihydrophenanthrenequinone nucleus [13]. The chemical structure
was supported by the presence of two carbonyl carbons at 5 181.9 (C-1) and 188.0 (C-4).
A 9,10-dihydro partial structure of 1 was confirmed by the signals of two methylene carbons
at 620.0 (C-10) and 20.1 (C-9), which showed HSQC correlations to the protons at 6 2.59 (2H,
dd, ] =8.4,7.2 Hz, H,-10) and 2.80 (2H, m, H-9), respectively. The I'H NMR spectrum of
1 also exhibited a singlet olefinic proton signal at 6 5.99 (1H, s, H-3), two doublet proton
signals at 6 6.90 (1H, d, ] = 8.8 Hz, H-6) and 7.63 (1H, d, | = 8.8 Hz, H-5), a singlet hydroxyl
signal at 6 7.71 (HO-8) and signals for two methoxyl groups at & 3.91 (3H, s, MeO-7) and
3.86 (3H, s, MeO-2) (Table 1). The quinone structure of ring A was deduced from the
HMBC correlations of C-1 (6 181.9) with H»-10 and H-3 (Figure 3). The first methoxyl
group (b 3.86) was located on ring A at C-2 based on its NOESY interaction with H-3. For
ring B, the doublet proton signal at 5 7.63 was assigned as H-5 according to the HMBC
correlations of C-4a (5 137.3) with H-3 and H-5. The analysis of the 'H-'H COSY spectrum
was supported by an ortho-coupled correlation between H-5 and H-6. The presence of a
hydroxyl group at C-8 (6 143.4) on ring B was supported by the HMBC correlation of C-8a
(6 125.6) with H-5, H»-10, and HO-8 and the NOESY crosspeak between HO-8 and H,-9.
The second methoxyl group (6 3.91) was substituted at C-7 (6 150.0) according to its NOESY
correlation with H-6 (Figure 3). Based on the above spectral data, 1 was characterized as
8-hydroxy-2,7-dimethoxy-9,10-dihydrophenanthrene-1,4-dione and named cymensifin A.

Compound 2, a red amorphous solid, showed a similar molecular formula with 1
as C16H1405 based on its [M—H]~ at 285.0764 (calcd. for C14H130s5, 285.0763) in the
HR-ESI-MS. The UV absorptions and IR bands of 2 are similar with 1, suggestive of a
dihydrophenanthrenequinone skeleton. This was confirmed based on two carbonyl carbons
at 5 181.8 (C-1) and 188.0 (C-4), and two methylene carbons at 6 20.5 (C-10) and 20.8 (C-9).
The 'H NMR of 2 was similar to that of 1 by the presence of a singlet proton signal at &
5.99 (1H, s, H-3), two aromatic doublet proton signals at 6 6.83 (1H, d, ] = 8.8 Hz, H-6) and
7.75 (1H, d, ] = 8.8 Hz, H-5), a singlet hydroxyl signal at 5 8.59 (HO-7), two methylene
proton signal at § 2.59 (2H, dd, | = 8.4, 7.6 Hz, H»-10) and 2.78 (2H, m, H»-9), and signals
for two methoxyls at 4 3.76 (3H, s, MeO-8) and 3.86 (3H, s, MeO-2) (Table 1). On ring
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A of 2, a methoxyl group (6 3.86) was placed at C-2 according to its NOESY interaction
with H-3. On ring B, the position of the methoxy and hydroxyl groups of 2 was alternated
when compared with 1. The second methyl group (6 3.76) of 2 was located at C-8, as
evidenced by the HMBC correlations of C-8 (5 145.3) with MeO-8, H-6, H,-9, and HO-7.
The HMBC correlations of C-7 (6 153.1) with H-5 and HO-7 and the NOESY correlation
between H-6 and HO-7 support the placement of the hydroxyl group at C-7 (Figure 3).
Based on the above spectral evidence, 2 was identified as 7-hydroxy-2,8-dimethoxy-9,10-

dihydrophenanthrene-1,4-dione and named cymensifin B.

Table 1. 'H (400 MHz) and 3C-NMR (100 MHz) spectral data of 1-3 in acetone-dg.

1 2 3
i s (Multiplicity, 5 (Multiplicity, 5 (Multiplicity,
Position Jin my d¢ Jin my d¢ Jin my 8¢

1 - 181.9 - 181.8 - 139.3

2 ; 159.5 ; 159.5 ; 149.8

3 5.99 (s) 108.6 5.99 (s) 1085 6.52 (s) 99.9

4 - 188.0 i 188.0 - 1549

sa ; 1373 ; 1372 ; 1167

4b ; 123.8 ; 123.0 ; 127.6

5 7.63(d, ] = 8.8 Hz) 123.8 7.75(d, ] = 8.8 Hz) 128.4 770 (d, ] = 8.8 Hz) 120.4

6 6.90 (d, ] = 8.8 Hz) 109.3 6.83 (d, ] = 8.8 Hz) 1149 6.78 (d, ] = 8.8 Hz) 109.0

7 ] 150.0 : 153.1 : 1463

8 ; 143.4 ; 1453 ; 1429

8a - 125.6 ; 1340 ; 124.8

9 2.80 (m) 201 2.78 (m) 208 2.71 (brs) 231

10 259(dd,[=84,72Hz) 200  259(dd,J=84,76Hz) 205 2.71 (brs) 2138

10a i 137.9 - 137.4 - 133.6

MeO-1 - - - - 3.69 (s) 61.1
MeO-2 3.86 (s) 56.6 3.86 (s) 56.6 i ;

MeO-4 - ; - ; 3.79 (s) 56.1

MeO-7 3.91 (s) 56.3 - - 3.85 (s) 563
MeO-8 - ; 3.76 (s) 61.0 i ;
HO-2 ; ; - ; 8.16 (s) ;
HO-7 ; - 8.59 (s) ; - ;
HO-8 771 (s) ; i : 7.36 (s) ;

~-—>» NOESY

— HMBC

Figure 3. Selected HMBC and NOESY correlations of 1, 2, and 3.
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Compound 3, as a brown amorphous solid, gave a [M—H]™ at 301.1074 (calcd. for
C17H170s, 301.1076) in the HR —ESI-MS, suggesting a molecular formula C17H150s5. The
IR spectrum demonstrated the exhibition of hydroxyl (3367 cm™!), aromatic ring (2924,
1606 cm 1), and methylene (1461 cm~!) functionalities. The UV absorptions at 279 and
312 nm and the 3C NMR signals of two methylene carbons at 4 21.8 (C-10) and 23.1 (C-9),
which exhibited HSQC correlation with the 'H NMR signal at 6 2.71 (4H, br s, Hy-9, H>-10),
indicate a dihydrophenanthrene structure [14]. The 'H NMR displayed three aromatic
proton signals at 6 6.52-7.70, resonances for three methoxy groups at  3.69 (3H, s, MeO-
1), 3.79 (3H, s, MeO-4), and 3.85 (3H, s, MeO-7), and signals for two hydroxyl groups
at 6 7.36 (1H, s, HO-8) and 8.16 (1H, s, HO-2) (Table 1). For ring A, the assignments of
H-3 (6 6.52, 1H, s), MeO-1, and HO-2 are in accord with the HMBC correlations of C-1
(6 139.3) with H-3, H»-10, MeO-1, and HO-2 (Figure 3). A NOESY interaction of the second
methoxy group at 6 3.79 with H-3 placed this methoxy group at C-4. Compound 3 exhibited
structural similarity in ring B to that of 1 by the presence of two doublet proton signals
of H-5 and H-6 at 6 7.70 (1H, d, | = 8.8 Hz) and 6.78 (1H, d, | = 8.8 Hz), respectively.
A methoxy group at C-7 was supported by its NOESY interaction with H-6. A hydroxyl
group at b 7.36 was located at C-8 as evidenced by the HMBC correlations of C-8a (5 124.8)
with H-5, H,-10, and HO-8 (Figure 3). Compound 3 was assigned as 2,8-dihydroxy-1,4,7-
trimethoxydihydrophananthrene and given the trivial name cymensifin C.

2.2. Cytotoxic Effects against Various Cancer Cells

Because cytotoxic effects of cypripedin (4) and gigantol (5) were previously demon-
strated in lung cancer cells [11,15], compounds 1-3 were evaluated for their anticancer
potential against various human cancers, including lung, breast, and colon cancer cells.
Cisplatin, a recommended chemotherapeutic agent [16], which at 50 uM caused the 50%
reduction of viability in lung cancer cells, was selected for a positive control. The prelim-
inary investigation via MTT assay showed that a culture with methanolic extract from
C. ensifolium at 50 pg/mL for 24 h significantly diminished viability in lung cancer H460
and breast cancer MCF7 cells, but not in colon cancer CaCo; cells when compared with
control cells which were treated with the solvent vehicle 0.5% DMSO (Table 2). It should
be noted that treatment with a lower concentration (10 ug/mL) of the methanolic extract
did not obviously decrease cell viability in all cancer cells (data not shown). Among the
three new dihydrophenanthrene derivatives, 24 h treatment with compound 1 (50 uM)
showed the highest anticancer effect against H460, MCF7, and CaCo; cells, as evidenced
with the lowest % cell viability assessed via an MTT assay. When compared with cisplatin
(Sigma-Aldrich Chemical, St. Louis, MO, USA), the higher anticancer potency of com-
pound 1 was indicated with the lower % viability in MCF7 and CaCo; cells. Additionally,
Figure 4a—c illustrate the dose-response relationship of three new dihydrophenanthrene
derivatives in H460, MCF7, and CaCo, cells, respectively. In all cancer cells, compound
1 and cisplatin demonstrated anticancer activity in a concentration dependence. When
compared with cisplatin treatment at the same concentration, the significantly lower % cell
viability was presented in CaCo; cells cultured with 50-200 uM of compound 1.

Table 2. Cell viability percentage in various cancer and normal cells cultured with 50 uM of new
dihydrophenanthrene derivatives (1-3) from Cymbidium ensifolium for 24 h.

% Cell Viability
Cell Type Extract 1 2 3 Cisplatin
(50 pg/mL) (50 uM) (50 uM) (50 uM) (50 uM)
H460 4349 +642* 57.65 + 1.39 *# 79.48 +1.11% 99.12 +291*# 46.02 +2.07 *
MCF7 52.76 +2.09 * 61.51 +=5.46 * 100.45 + 9.85 * 96.45 +5.11 * 74.05 £ 5.69 *
CaCo; 95.37 +£2.21 56.92 + 6.35 *# 95.26 + 5.05 90.96 + 1.44 90.20 4+ 4.27
DPCs 7341 £4.72% 75.66 + 1.28 * 84.39 + 5.78 *# 92.68 +£2.22# 66.18 4+ 6.44 *

* p < 0.05 compared with control cells treated with 0.5% DMSO as the solvent vehicle, # p < 0.05 compared with
the cisplatin treatment group.
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Figure 4. The relationship between cytotoxicity and the concentration of dihydrophenanthrene
derivatives (1-3) from Cymbidium ensifolium in (a) lung cancer H460, (b) breast cancer MCF7, (c) colon
cancer CaCoy, and (d) dermal papilla cells (DPCs). Cisplatin, a recommended anticancer drug, was
used as a positive control. The data were presented as means =+ standard error of the mean (SEM)
from three independent experiments. * p < 0.05 compared with control cells treated with 0.5% DMSO
as the solvent vehicle, # p < 0.05 compared with treatment of cisplatin at the same concentration.

All data were presented as means + standard error of the mean (SEM) from three
independent experiments.

These were corresponded with apoptosis cell death detected via costaining with
Hoechst 33342 and propidium iodide. Figure 5a—c respectively demonstrates apoptosis
cells presenting with bright-blue fluorescence of condensed DNA or fragmented nuclei
stained with Hoechst 33342 in H460, MCF7, and CaCos cells, which were cultured with
either compound 1 (50 uM) or cisplatin (50 uM) for 24 h. Notably, there were no necrosis
stained with the red fluorescence of propidium iodide in all treated cells. When compared
with cisplatin treatment, the culture with compound 1 significantly increased % apoptosis
in breast cancer MCF7 and colon cancer CaCo; cells, although there was lower % apoptosis
in lung cancer H460 cells (Figure 6a—c).

It is the fact that the purity of an isolated natural compound critically influences its
bioactivity [17]. Composed of known anticancer compounds, cypripedin (4) and gigantol
(5), as well as compound 1, a new dihydrophenanthrenequinone with a higher potency
anticancer effect, the methanolic extract from C. ensifolium exhibited potent cytotoxicity
against lung cancer and breast cancer cells (Table 2 and Figure 5a,b). Despite no toxicity
presented in C. ensifolium extract-treated CaCo, cells (Table 2 and Figure 5c), the dramatic
reduction of % cell viability (Figure 4c) and accumulated apoptosis indicated in CaCop
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cells (Figures 5c and 6c) incubated with compound 1 suggested specific cytotoxicity of
compound 1 against colon cancer cells.

a)
k7]
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[&]
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o
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o
Control Extract Cisplatin
50 pg/mL
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k7]
i =
Q
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[=]
iE
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Control Extract Cisplatin
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k7]
=
[]
(7]
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<
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Control Extract Cisplatin
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Figure 5. A nuclear staining assay demonstrated apoptosis presented with bright-blue fluorescence
of Hoechst 33342 in (a) lung cancer H460, (b) breast cancer MCF7, (c) colon cancer CaCo,, and
(d) dermal papilla cells (DPCs) cultured with methanolic extract and isolated compounds 1-3 from
Cymbidium ensifolium for 24 h. Cisplatin, a recommended anticancer drug, was used as a positive
control. Notably, there were no detected necrosis cells stained with red fluorescence of propidium
iodide (PI) in all treated cells.
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Figure 6. The percent (%) apoptosis calculated from nuclear staining assay in (a) lung cancer H460,
(b) breast cancer MCF?7, (c) colon cancer CaCo,, and (d) dermal papilla cells (DPCs) cultured with
methanolic extract and isolated compounds 1-3 from Cymbidium ensifolium for 24 h. Cisplatin, a recom-
mended anticancer drug, was used as a positive control. The data were presented as means + standard
error of the mean (SEM) from three independent experiments. * p < 0.05 compared with control cells
treated with 0.5% DMSO as a solvent vehicle, # p < 0.05 compared with the cisplatin treatment group.

As the most affected normal cells, human dermal papilla cells (DPCs) are chosen for
evaluating the safety profile of potential anticancer compounds [18,19]. Intriguingly, DPCs
cultured with 50 uM of three new dihydrophenanthrene derivatives (1-3) exhibited higher
% cell viability (Table 2 and Figure 4d) and less apoptosis cells (Figures 5d and 6d) com-
pared with the treatment of cisplatin. Due to the highest anticancer potential among three
new dihydrophenanthrene derivatives, the half-maximum inhibitory concentration (ICsp)
and selectivity index (S.1.) of compound 1 were calculated. Table 3 indicates that when com-
pared with cisplatin, compound 1 possessed lower ICs values in MCF7 (93.04 & 0.86 uM)
and CaCoy cells (55.14 £ 3.08 uM), but it accounted for higher values of ICs5y in H460
(66.71 & 6.62 uM) and DPCs cells (>200 pM). It has been reported that the selectivity index
of an anticancer agent, which selectively causes toxicity to cancer cells, should be more
than 1 [20]. The higher selectivity index of compound 1 was indicated in MCF7 (>2.15)
and CaCo, cells (>3.62) compared with cisplatin treatment (MCF7: <0.59, CaCoj,: <0.59).
Although the selectivity index of compound 1 (>3.00) was lower than cisplatin (5.48 £ 0.25)
in lung cancer cells, both values are more 1. These data clearly demonstrate the selective
anticancer activity of compound 1 against various cancer cells.

Taken together, these results strongly suggest the potent anticancer effect against vari-
ous types of cancer with the high safety profile of compound 1 isolated from the C. ensifolium
extract. Nevertheless, the underlying mechanisms involved in the apoptosis inducing effect
of compound 1 should be further investigated to clarify the therapeutic target.
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Table 3. The half-maximum inhibitory concentration (ICsg) and selectivity index (S.I.) of compound 1
from Cymbidium ensifolium and cisplatin.

1 Cisplatin
Cell Type
IC50 (}J,M) S.L IC5() (HM) S.L
H460 66.71 + 6.62 >3.00 21.57 £4.13 5.48 +£0.25
MCF7 93.04 + 0.86 >2.15 >200 <0.59
CaCop 55.14 + 3.08 >3.62 >200 <0.59
DPCs >200 N/A 117.63 +=17.19 N/A

N/A: not applicable. All data were presented as means =+ standard error of the mean (SEM) from three indepen-
dent experiments.

3. Materials and Methods
3.1. General Experimental Procedures

UV spectra were measured on a Milton Roy Spectronic 300 Array spectrophotometer
(Rochester, Monroe, NY, USA). IR spectra were recorded on a Perkin-Elmer FT-IR 1760X
spectrophotometer (Boston, MA, USA). Mass spectra were obtained on a Bruker micro TOF
mass spectrometer (ESI-MS) (Billerica, MA, USA). NMR spectra were recorded on a Bruker
Avance Neo 400 MHz NMR spectrometer (Billerica, MA, USA). Vacuum liquid column
chromatography (VLC) and column chromatography (CC) were performed on silica gel
60 (Merck, Kieselgel 60, 70-320 um) and silica gel 60 (Merck, Kieselgel 60, 230—400 pum)
(Darmstadt, Germany).

3.2. Plant Material

Cymbidium ensifolium was purchased from Chatuchak market, Bangkok, in September
2020. Plant identification was performed by Mr. Yanyong Punpreuk, Department of
Agriculture, Bangkok, Thailand. A voucher specimen (BS-CE-092563) has been deposited at
the Department of Pharmacognosy and Pharmaceutical Botany, Faculty of Pharmaceutical
Sciences, Chulalongkorn University.

3.3. Extraction and Isolation

The air-dried aerial parts of Cymbidium ensifolium (798 g) were cut, pulverized, and ex-
tracted with MeOH (3 x 6 L) at room temperature. The resultant organic solvent was evap-
orated under reduced pressure to give a dried mass (97.68 g). The methanolic extract was
fractionated by vacuum liquid chromatography on silica gel (hexane—ethyl acetate, gradi-
ent) to give five fractions (A-E). Fraction C (23 g) was separated by column chromatography
(CC, silica gel hexane—ethyl acetate, gradient) to yield seven fractions (C1-C7). Fraction C3
(46.8 mg) was further separated by CC (silica gel, hexane-dichloromethane, gradient) and
then purified on silica gel (hexane—-dichloromethane-methanol, gradient) to afford 1 (3 mg).
Fractions C5 (32.6 mg) and C7 (25.1 mg) were separated on a hexane—dichloromethane
gradient and thereafter, on silica gel (hexane-dichloromethane-methanol gradient) to yield
cypripedin (4) (3.2 mg) and 2 (4 mg), respectively. Fraction D (16 g) was fractionated by
CC (silica gel, hexane—ethyl acetate, gradient) to yield 12 fractions (D1-D12). Fraction D1
(76.3 mg) was further separated on silica gel (hexane-dichloromethane-methanol, gradient)
to furnish 3 (1.8 mg). Gigantol (5) (2.1 mg) was obtained from fraction D7 (8.0 mg) after
purification on Sephadex LH-20 (acetone).

Cymensifin A (1): Red amorphous solid; UV (MeOH) Amax (log €): 255 (4.86), 330 (2.55),
491 (1.28) nm; IR (film) viax: 3432, 2924, 2854, 1733, 1638, 1461, 1271 cm~!; HR-ESI-MS:
[M—H]~ at m/z 285.0770 (calcd. for 285.0763, C1¢H1305).

Cymensifin B (2): Red amorphous solid; UV (MeOH) Apax (log €): 254 (4.32), 333 (2.13),
493 (1.01) nm; IR (film) viax: 3370, 2924, 2854, 1732, 1642, 1460, 1246 cm™~!; HR-ESI-MS:
[M—H]~ at m/z 285.0764 (calcd. for 285.0763, C14H1305).

Cymensifin C (3): Brown amorphous solid; UV (MeOH) Amax (log €): 279 (3.74),
312 (2.48) nm; IR (film) Vmax: 3367, 2924, 2854, 1606, 1510, 1461, 1246 cm~!; HR-ESI-MS:
[M—H]~ at m/z 301.1074 (calcd. for 301.1076, C17H1705).
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3.4. Cell Culture

Human lung cancer H460, breast cancer MCF7, and colon cancer CaCo; cells were
obtained from The American Type Culture Collection (ATCC, Manassas, VA, USA). Lung
cancer H460 cells were cultured in the Roswell Park Memorial Institute (RPMI; Gibco,
Gaithersburg, MA, USA) medium whereas human MCF7 and CaCo, cells were maintained
in Dulbecco’s modified eagle medium (DMEM; Gibco, Gaithersburg, MA, USA). Human
dermal papilla cells (DPCs) purchased from Applied Biological Materials Inc. (Richmond, BC,
Canada) were cultured in a Prigrow III medium (Applied Biological Materials Inc., Richmond,
BC, Canada). All culture mediums were supplemented with 2 mM L-glutamine, 10% FBS
(fetal bovine serum) and 100 units/mL penicillin/streptomycin. The cells were maintained
in at 37 °C with 5% CO, until 70-80% confluence before using in further experiments.

3.5. Cell Viability Assay

After 24 h of indicated treatment, cells seeded at a density of 1 x 10% cells/well in
a 96-well plate was further incubated with 0.4 mg/mL of MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich Chemical, St. Louis, MO, USA)
for 3 h at 37 °C and kept from light. Then, the formed formazan crystal was solubilized
in a DMSO prior measurement of optical density (OD) at 570 nm by using a microplate
reader (Anthros, Durham, NC, USA). The OD ratio of treated to control cells, which were
incubated with 0.5% DMSO as a solvent vehicle, was calculated and presented as percent
cell viability [19,21].

Furthermore, the half-maximum inhibitory concentration (ICsq) was calculated and
used for determination of selective index in each cancer cell. The selectivity index was
represented from the ratio between the ICs( value in dermal papilla cells and the ICsj value
in cancer cells [20].

3.6. Detection of Mode of Cell Death

Apoptosis and necrosis cell death were evaluated by nuclear staining assay. The
treated cells were costained with 0.02 ug/mL Hoechst 33342 (Sigma-Aldrich Chemical,
St. Louis, MO, USA) and 0.01 pg/mL propidium iodide (Sigma-Aldrich Chemical, St. Louis,
MO, USA) at 37 °C for 30 min. The mode of cell death was visualized under a fluorescence
microscope (Olympus IX51 with DP70, Olympus, Tokyo, Japan). Apoptosis cells were char-
acterized with a bright-blue fluorescence of Hoechst 33342 which stained fragmented DNA
and condensed nuclei. Meanwhile, necrosis cells were distinguished by red fluorescence of
propidium iodide. The percentage of apoptosis was represented from the ratio between the
number of apoptosis cells to the total cell number [19,22].

3.7. Statistical Analysis

The statistical analysis was performed via SPSS version 22 (IBM Corp., Armonk, NY, USA)
with one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Any p-value
under 0.05 was considered as a statistical significance.

4. Conclusions

In this study, three novel dihydrophenanthrenes derivatives, cymensifins A-C (1-3),
together with two known compounds, cypripedin (4) and gigantol (5), were isolated from
the aerial parts of C. ensifolium. The structures of the new compounds were elucidated by
spectroscopic analysis. The three new compounds from this plant were evaluated for their
cytotoxicity on human lung cancer H460, breast cancer MCF?7, and colon cancer CaCo; cells.
Cymensifin A (1) showed a promising anticancer effect against various cancer cells with
higher safety profiles compared with cisplatin, an available chemotherapy. To the best of
our knowledge, this research is the first record on the chemical constituents and biological
activity of this plant.
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Abstract: Chemical investigation of Dendrobium delacourii revealed 11 phenolic compounds, and the
structures of these compounds were determined by analysis of their NMR and HR-ESI-MS data.
All compounds were investigated for their a-glucosidase inhibitory activity and anti-adipogenic
properties. Phoyunnanin E (10) and phoyunnanin C (11) showed the most potent a-glucosidase
inhibition by comparing with acarbose, which was used as a positive control. Kinetic study revealed
the non-competitive inhibitors against the enzyme. For anti-adipogenic activity, densifloral B (3)
showed the strongest inhibition when compared with oxyresveratrol (positive control). In addition,
densifloral B might be responsible for the inhibition of adipocyte differentiation via downregulating
the expression of peroxisome proliferator-activated receptor gamma (PPARy) and CCAAT enhancer-
binding protein alpha (C/EBPa), which are major transcription factors in adipogenesis.

Keywords: Dendrobium delacourii; Orchidaceae; a-glucosidase; anti-adipogenic; densifloral B; phoyunnanin
E; phoyunnanin C

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by a high level of
blood glucose resulting from a relative or absolute deficiency of insulin action. Type Il is the
most common type of diabetes, caused by B-cell dysfunction and insulin resistance [1]. The
inhibition of a-glucosidase is effective for the treatment of type II diabetes [2]. a-Glucosidase
is a membrane-bound enzyme produced from the epithelial cells of the small intestine. This
enzyme is capable of converting starch and disaccharides into monosaccharides (glucose).
Thus, glucose absorption can be reduced by inhibition of this enzyme, and postprandial
blood glucose levels can also be decreased [3,4].

The relation between diabetes and obesity is well established in both traditional and
modern therapy. The World Health Organization (WHO) estimates that 44% of diabetes
cases are associated with overweightness and obesity [5]. Obesity is a risk factor of type
2 diabetes, coronary heart disease, and hypertension and is becoming a major health
problem [6]. As a complex multifactorial chronic disease, obesity is characterized by an
excessive adipocyte tissue mass. Adipogenesis is the process of cell differentiation during
which fibroblast-like preadipocytes develop into mature adipocytes. Recently, the inhibition
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of adipogenesis has been proposed as a promising anti-obesity approach [7]. Moreover,
anti-obesity is able considerably to reduce the prevalence rate of type 2 diabetes [8].

Currently, drugs from natural sources that specifically inhibit peroxisome proliferator-
activated receptor gamma (PPAR<y) and CCAAT enhancer-binding protein alpha (C/EBP«)
expression are being targeted for the treatment of obesity [9]. PPARy and C/EBPu« increase
adipocyte differentiation by activating the gene transcription for generating the adipocyte
phenotype [10]. The anti-adipogenic activities of several natural compounds such as cate-
chin [11] and procyanidin [12] via the downregulation of C/EBPa and PPAR<y have been
reported. Moreover, AMP-activated protein kinase (AMPK) is a common regulator that
is involved in various lipid metabolisms [13], and the regulation of the AMPK signaling
pathway is essential for anti-obesity [14]. The activation of AMPK can downregulate adi-
pogenic key transcription factors such as PPARy and C/EBPu, resulting in the suppression
of adipocyte differentiation [15]. Acetyl-CoA carboxylase (ACC) is also responsible for the
reduction in fatty acid synthesis [16]; in other words, fat accumulation is inhibited by the
activation of ACC [17,18]. Adipogenesis can be inhibited by increasing the phosphorylation
of both AMPK and ACC [19]. Protein kinase B (Akt) and glycogen synthase kinase-3 beta
(GSK3p) are important protein kinases in adipogenesis. The activation of Akt is associ-
ated with phosphorylated GSK3p triggering adipogenesis via upregulating C/EBPx and
PPAR1 [20,21].

The drugs currently available for the treatment of diabetes and obesity are accompa-
nied by severe adverse effects such as insomnia, headache, hypoglycemia, weight gain,
constipation, and renal damage [22,23]. There are increasing reports of natural drugs
from plant sources, due to their lesser side-effects. Dendrobium species are widely used
in traditional medicine for the treatment of various diseases, as they possess a variety of
pharmacological properties, such as being antidiabetic, antioxidant, anti-inflammatory,
antimicrobial, immunomodulatory, and anticancer [24]. In China, Dendrobium has been
used as traditional medicine for thousands of years as source of tonic, astringent, analgesic,
antipyretic, and anti-inflammatory action [25,26]. About 41 species of the Dendrobium
genus have been recorded in traditional Chinese medicine (TCM); of these, 30 species
are collectively known under the Chinese name ‘shihu’ and are used for nourishing the
stomach and increasing bodily fluid production [27]. Some species of this genus have been
used in Thai traditional medicine, including D. cumulatum, D. draconis, D. indivisum, D.
trigonopus, and D. leonis [28].

Dendrobium delacourii, named ‘Ueang Dok Ma Kham' in Thai, belongs to the family
Orchidaceae (Figure 1a). The common name is Delacour’s dendrobium, and the plant
is native to Thailand, Vietnam, Laos, and Myanmar. There is no previous study on the
phytochemical constituents and biological activities of this plant. Our screening of the
methanolic extract of D. delacourii exhibited a-glucosidase inhibition (80% inhibition at
100 pug/mL). It also showed an inhibitory effect on adipocyte differentiation in 3T3-L1 cells
(51% inhibition at 5 pg/mL). In this study, we report the phytochemical constituents of
D. delacourii, along with their inhibitory effects on a-glucosidase and adipocyte differentiation.
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Figure 1. (a) Dendrobium delacourii. (b) The structures of isolated compounds (1-11).

2. Results and Discussion
2.1. Structure Determination

A MeOH extract of D. delacourii was separated by solvent partition to give ethyl
acetate, butanol, and aqueous extracts. These extracts were evaluated for their inhibition of
the a-glucosidase enzyme and adipocyte differentiation of 3T3-L1 cells. Only the EtOAc
extract showed potent inhibition of a-glucosidase (85.5% inhibition at 100 png/mL) and
an anti-adipogenic effect (49% inhibition at 5 pg/mL). Therefore, the EtOAc extract was
selected for further phytochemical investigation. Chromatographic separation of the EtOAc
extract resulted in the isolation of 11 compounds. The structures of isolated compounds
were characterized through analysis of their spectroscopic data and in comparison with
previous reported values and were identified as hircinol (1) [29], ephemeranthoquinone
(2) [30], densifloral B (3) [31], moscatin (4) [32], 4,9-dimethoxy-2,5-phenanthrenediol (5) [33],
gigantol (6) [34], batatasin III (7) [35], lusianthridin (8) [36], 4,4’,7,7'-tetrahydroxy-2,2'-
dimethoxy-9,9’,10,10'-tetrahydro-1,1’-biphenanthrene (9) [36], phoyunnanin E (10) [36],
and phoyunnanin C (11) [37] (Figure 1b).

2.2. a-Glucosidase Inhibitory Activity

All the isolated compounds (1-11) were evaluated for their a-glucosidase inhibitory activ-
ity. In this study, each compound was initially tested at 100 pg/mL. An ICs was determined if
the compound showed more than 50% inhibition of the enzyme. The results are summarized
in Table 1. Moscatin (4), gigantol (6), and lusianthridin (8) showed moderate a-glucosidase inhi-
bition, having ICs( values of 390.1 £ 9.8 uM, 191.3 £ 6.8 uM, and 195.4 + 9.6 puM, respectively.
In addition, 4,4',7,7'-tetrahydroxy-2,2’-dimethoxy-9,9',10,10'-tetrahydro-1,1"-biphenanthrene
(9), phoyunnanin E (10), and phoyunnanin C (11) showed stronger a-glucosidase inhibitory
activities, with ICs values of 18.4 + 3.4 uM, 8.9 £ 0.8 uM, and 12.6 £ 0.9 uM, respectively,
as compared with the positive control acarbose (ICsy 514.4 + 9.2 pM). It can be observed
herein that the dimeric phenanthrene derivatives 9, 10, and 11 were more potent than the
monomers 4 and 8.
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Table 1. a-Glucosidase inhibitory activity of compounds 1-11 from the EtOAc extract.

Compounds 1Cs¢ (LM)
Hircinol (1) NA
Ephemeranthoquinone (2) NA
Densifloral B (3) NA
Moscatin (4) 390.1 £9.8
4,9-Dimethoxy-2,5-phenanthrenediol (5) NA
Gigantol (6) 1913+ 6.8
Batatasin I1I (7) NA
Lusianthridin (8) 1954 +9.6

4,4',7,7'-Tetrahydroxy-2,2’-dimethoxy-9,9’,10,10/

-tetrahydro-1,1’-biphenanthrene (9) 184 £ 34
Phoyunnanin E (10) 89408
Phoyunnanin C (11) 12.6 £ 09

Acarbose 5144 £9.2

NA = no inhibitory activity.

For further investigation of the mechanism of enzyme inhibition, a kinetic study was
carried out on the most potent compounds, phoyunnanin E (10) and phoyunnanin C (11).
The experiment was performed by using Lineweaver-Burk plots of the reciprocal of velocity
(1/V) against the reciprocal of substrate concentration (1/[S]) (Figure 2). The substrate
p-nitrophenol-a-D-glucopyranoside concentration was varied from 0.25 to 2.0 mM in the
absence or presence of compound 10 at 12 uM and 22 uM and compound 11 at 12 pM and
24 uM. As summarized in Table 2, the different concentrations of 10 and 11 reduced the
Vinax but did not affect the K;, value, indicating that 10 and 11 are non-competitive types
of enzyme inhibitors. On the other hand, the drug acarbose showed an intersection of the
lines on the y-axis, indicating a competitive type of inhibition. A secondary plot of each
compound was then constructed to evaluate the inhibition constant (K;). We found that the
K; value of acarbose 190.57 uM was obtained, and both 10 (K; 5.89 uM) and 11 (K; 5.97 uM)
showed much greater affinity to the enzyme than acarbose. Compounds 10 and 11 as
non-competitive inhibitors have some benefit over competitive inhibitors according to their
binding to the allosteric site of the enzyme; therefore, they do not depend on the substrate
concentration [38]. Furthermore, non-competitive inhibitors demand lower concentrations
than competitive inhibitors to generate the same result [39].

Table 2. Kinetic parameters of a-glucosidase inhibition in the presence of phoyunnanin E (10) and
phoyunnanin C (11).

Inhibitors Dose (uM) Vinax AOD;/min K;; (mM) K; (uM)
None - 0.10 1.22
10 22 0.024 1.22 5.89
12 0.049 1.21
11 24 0.023 1.21 5.97
12 0.049 1.21
Acarbose 930 0.11 6.47 190.57
465 0.10 417

Vnax, maximum rate of velocity; K;;, Michaelis constant; K;, inhibitor constant.
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Figure 2. Lineweaver-Burk plots of (a) acarbose, (b) phoyunnanin E (10), and (c¢) phoyunnanin C
(11). The secondary plot of each compound is on the right.

2.3. Anti-Adipogenic Activity
2.3.1. Ethyl Acetate Extracts from D. delacourii Attenuate Lipid Accumulation in
Differentiated Adipocytes

To investigate their anti-adipogenic effect, the cytotoxic profile of D. delacourii ex-
tracts in preadipocytes was determined using MTT (methyl-thiazolyl-diphenyl-tetrazolium
bromide) and nuclear staining assays. After culturing with 5 pg/mL of the methanolic,
ethyl acetate, or butanolic extracts for 48 h, there were no significant alterations in the
viability percentage observed via MTT assay in mouse embryonic preadipocyte 3T3-L1 cells
(Figure 3a), compared with the untreated control. It is worth noting that treatment with
all extracts at 10-20 pg/mL reduced viability in 3T3-L1 cells to lower than 90% (data not
shown). Figure 3b depicts neither apoptosis nor necrosis, which were respectively observed
as bright blue fluorescence of Hoechst33342 and propidium iodide red fluorescence in all
treated 3T3-L1 cells. Thus, the extracts at 5 ng/mL, which were considered as non-toxic con-
centration, were chosen for the investigation of anti-adipogenic activity. Notably, treatment
with oxyresveratrol (positive control), an anti-adipogenic natural compound, at 20 uM
for 48 h also caused no change in cell viability percentage and cell death in preadipocyte
3T3-L1 cells.

For determination of their anti-adipogenic effect, preadipocyte 3T3-L1 cells were incu-
bated with the differentiation medium with or without D. delacourii extracts, as mentioned
in Materials and Methods. After the differentiation period was complete, the accumulated
intracellular lipid droplets were analyzed by oil red O staining. As shown in Figure 3c,
the lower level of oil red O percentage was indicated in 3T3-L1 cells cultured either with
5 ug/mL methanolic extract or 5 pg/mL ethyl acetate extract, compared with the control
group. Meanwhile the significant decrease in oil red O staining percentage was not demon-
strated in the treatment of the butanolic extract. A comparable inhibition of adipocyte
differentiation between the methanolic extract, the ethyl acetate extract, and oxyresveratrol
(20 uM) was evidenced with not only the reduction in the oil red O percentage but also the
diminution of cellular lipid droplets presented in differentiated 3T3-L1 cells stained with oil
red O (Figure 3d). Taken together, the ethyl acetate extract that indicated anti-adipogenic
potential was selected for further investigation.
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Figure 3. Effect of extracts from Dendrobium delacourii on cell viability and intracellular lipid accumu-
lation during adipocyte differentiation. (a) MTT viability assay revealed no alteration of cell viability
percentage in preadipocyte 3T3-L1 cells cultured with 5 ug/mL of methanolic extract (MeOH), ethyl
acetate extract (EtOAc), or butanolic extract (BuOH) from D. delacourii for 48 h. (b) Treatment with all
D. delacourii extracts for 48 h did not cause apoptosis or necrosis cell death detected via costaining of
Hoechst33342 /propidium iodide (PI) in 3T3-L1 cells. The suppression of lipid accumulation during
adipogenesis in preadipocyte 3T3-L1 cells incubated with 5 pg/mL MeOH, 5 ug/mL EtOAc or
20 uM oxyresveratrol (Oxy) as a positive control was evidenced with (c) lower oil red O staining
percentage and (d) lower amount of lipid droplets containing cells stained by oil red O compared
with untreated control (Ctrl) group. Data are presented as means + SD from three independent
experiments. * p < 0.05 versus non-treated control cells.

2.3.2. Screening for Anti-Adipogenic Activity of Compounds (1-11)

According to previous report about anti-adipogenic activity of phenolic compound,
batatasin I, at 20 pM [40], the suppressive effect of compounds (1-11) isolated from ethyl
acetate extract of D. delacourii at the same concentration (20 uM) was preliminarily demon-
strated by the remarkable reduction in both oil red O staining percentage (Figure 4a) and
oil red O staining cells (Figure 4b) in differentiated 3T3-L1 cells. Although ephemeran-
thoquinone (2) and densifloral B (3) showed the highest anti-adipogenic activity among
various isolates as well as positive control (oxyresveratrol), with approximately 64.7% and
65.2% reduction in oil red O staining, respectively, compound 2 at 20 pM significantly de-
creased viability in 3T3-L1 cells (data not shown). Therefore, compound 3, which caused no
cytotoxicity in 3T3-L1 cells, was selected to further investigate the related anti-adipogenic
mechanisms.
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Figure 4. The effect of compounds (1-11) from Dendrobium delacourii on lipid accumulation in differenti-
ated adipocyte was indicated with (a) the percentage of oil red O staining and (b) the accumulation of
lipid droplets detected by oil red O staining. In comparison with a positive control, oxyresveratrol (Oxy),
(c) dose—response relationship and (d) half-maximum inhibitory concentration (IC5y) demonstrated the
more potent anti-adipogenic activity of compound 3 in 3T3-L1 cells. (e) Immunoblot analysis revealed
the decreased protein levels of key lipid transcriptional regulators in 3T3-L1 cells cultured with
20 M compound 3 for both early (38 h) and late (48 h) time points. The significant reduction in
(f) PPAR7y and (g) C/EBPa presented early in preadipocyte 3T3-L1 cells after the incubation with
20 pM compound 3 for 38 h in comparison with the no treatment control (Ctrl) at the same time point.
B-actin was used as an internal control. Data are presented as means + SD from three independent
experiments. * p < 0.05 versus non-treated control cells at the same time point.

To compare the potency with another natural compound, preadipocyte 3T3-L1 cells were
cultured with differentiation medium containing either various concentrations (0-50 uM) of
compound 3 or oxyresveratrol. Figure 4c presents the relationship between concentration
and oil red O staining percentage in response to compound 3 and oxyresveratrol treatment.
The results indicate that compound 3 and oxyresveratrol clearly restrained the adipocyte
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differentiation in 3T3-L1 cells in a dose-dependent manner. In addition, the effect of
a 50% inhibitory concentration (ICsp) of compound 3 and oxyresveratrol on adipocyte
differentiation was about 14.8 + 1.6 uM and 21.1 £ 1.5 uM, respectively (Figure 4d).
According to ICsy data, compound 3 showed higher potency in anti-adipogenesis compared
with oxyresveratrol.

2.3.3. Densifloral B (3) Suppresses Adipocyte Differentiation-Related Proteins

Adipogenesis involves a network of transcription factors that contribute to adipocyte
differentiation and lipid accumulation [41]. Although the adipogenic gene CCAAT-enhancer-
binding protein beta (C/EBPp) is expressed soon after exposure to the adipogenic inducers,
the upregulation of PPARy and C/EBPu is acquired after 36—48 h of the induction [42]. In
this regard, the translational level of PPARy and C/EBPa was examined to elucidate the
anti-adipogenic mechanism in preadipocyte 3T3-L1 cells cultured with 20 uM densifloral B
(3) at both early (38 h) and late (48 h) stage. Western blot analysis indicated the prolong
expression of PPARy and C/EBPu, the adipogenic transcription factors, in 3T3-L1 cells
from early until late stage of adipogenic process. Moreover, the expression level of PPARy
and C/EBPa was restrained in densifloral B-treated 3T3-L1 cells compared with untreated
control cells (Figure 4e). Interestingly, the diminution in PPARy and C/EBPa relative
protein levels, which was promptly detected at 38 h, was sustained until 48 h of adipocyte
differentiation in the presence of 20 uM densifloral B (Figure 4f,g, respectively).

Recent reports indicate that the downregulation of PPARy and C/EBPw are correlated
with the activation of AMPK« /B and ACC [43]. As presented in Figure 5a, treatment
with 20 pM densifloral B (3) upregulated the phosphorylated form of AMPKa« (p-AMPKu),
AMPKp1 (p-AMPKp1), and ACC (p-ACC) in 3T3-L1 cells at both 38 h and 48 h of the
differentiation period. The increased expression level of p-ACC/ACC (Figure 5b), p-
AMPK«a/AMPKa (Figure 5c), and p-AMPKB1/AMPKp1/2 (Figure 5f) was correlated
with suppression of PPARy and C/EBPa protein expression (Figure 4e) as well as lipid
accumulation in differentiated 3T3-L1 cells (Figure 4a). The results presented in this
study correspond with the evidence of the stimulation of AMPK and ACC protein being
associated with the inhibition of 3T3-L1 adipocyte differentiation [44]. Interestingly, the
densifloral B (3) also suppressed the activated Akt (p-Akt), an upstream regulator of the
AMPK-ACC signal [45] to reduce the adipocyte formation (Figure 5d).

Due to the expression of adipogenic transcription factors also modulated via Akt/
GSK3p [46—48], the alteration of the p-GSK3p/GSK3p level was additionally examined in
densifloral B-treated 3T3-L1 cells. The phosphorylation by p-Akt results in the inactivation
of the GSK3p degradation complex following the initiation of targeted gene expression [49].
Surprisingly, the presence of 20 uM densifloral B (3) in differentiation medium significantly
lessened p-GSK35/GSK3p expression level in preadipocyte 3T3-L1 cells at 38—48 h of
differentiation time (Figure 5e). Taken together, the present results suggest that densifloral
B (3) isolated from D. delacourii might inhibit adipocyte differentiation via suppression of
the Akt-mediating GSK38 and AMPK-ACC signals (Figure 6).
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Figure 5. Effect of densifloral B (3) on adipocyte differentiation via Akt-related pathways (a) The
alteration of adipogenesis-related proteins was determined in preadipocyte 3T3-L1 cells after culture
with differentiation medium containing 0-20 uM densifloral B for 38-48 h via Western blotting. The
upregulated levels of (b) p-ACC/ACC, (c) p-AMPKa/AMPKg, and (f) p-AMPKB1/AMPKp1/2,
as well as the reduction in (d) pAkt/Akt and (e) p-GSK3p8/GSK3p, were obviously presented in
densifloral B-treated 3T3-L1 cells. B-actin served as an internal control. Data are presented as
means £ SD from three independent experiments. * p < 0.05 versus non-treated control cells at the

same time point.
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Figure 6. Proposed mechanism of densifloral B (3) on inhibition of adipogenesis via modulating Akt-
related pathways. Activated Akt (p-Akt) mediates adipocyte differentiation through upregulation
of p-GSK3p and suppression of AMPK-ACC signal that both trigger the expression of adipogenic
transcription factors PPARy and C/EBPa. Therefore, the downregulation of p-Akt moderated by
densifloral B (3), as a consequence of the restraint of p-GSK3p and stimulated AMPK-ACC cascades,
effectively inhibits the differentiation of preadipocytes into mature adipocytes.

3. Materials and Methods
3.1. General Experimental Procedures

Mass spectra were recorded on a Bruker micro TOF mass spectrometer (ESI-MS). NMR
spectra were recorded on a Bruker Avance DPX-300FT-NMR spectrometer or a Bruker
Avance IIT HD 500 NMR spectrometer. Vacuum-liquid column chromatography (VLC)
and column chromatography (CC) were performed on silica gel 60 (Merck, Kieselgel 60,
70-320 mesh), silica gel 60 (Merck, Kieselgel 60, 230—400 mesh) (Darmstadt, Germany), and
Sephadex LH-20 (25-100 pm, Pharmacia Fine Chemical Co. Ltd.) (Piscataway, NJ, USA).
Acarbose was purchased from Fluka Chemical (Buchs, Switzerland). Mouse embryonic
preadipocyte 3T3-L1 cells were acquired from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum
(FBS), penicillin/streptomycin, and L-glutamine were obtained from Gibco (Gaithersburg,
MA, USA). Yeast alpha-glucosidase enzyme, p-nitrophenol-a-D-glucopyranoside, isobutyl-
methylxanthine, dexamethasone, MTT (methyl-thiazolyl-diphenyl-tetrazolium bromide),
Hoechst33342, propidium iodide, dimethylsulfoxide (DMSO), and oil red O were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Insulin was obtained from Himedia
(Mumbai, India). The radio-immunoprecipitation assay (RIPA) buffer, chemiluminescent
substrates, and the bicinchoninic acid (BCA) protein assay kit were from Thermo Scientific
(Rockford, IL, USA), and the nitrocellulose membranes were from Bio-Rad Laboratories
(Hercules, CA, USA). All primary and secondary antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). Oxyresveratrol was provided by Prof. Kittisak
Likhitwitayawuid.
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3.2. Plant Material

The whole plant of Dendrobium delacourii was purchased from a Chatuchak market
in May 2018. Plant identification was performed by Dr. Boonchoo Sritularak. A voucher
specimen (BS-Ddela-052561) was deposited at the Department of Pharmacognosy and
Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Chulalongkorn University.

3.3. Extraction and Isolation

The dried powder of whole plant D. delacourii (3.5 kg) was macerated with MeOH
(4 x 15 L), and a methanolic extract (300.6 g) was obtained. This extract was dissolved in
water and then partitioned with ethyl acetate (EtOAc) and butanol to give an EtOAc extract
(159.7 g), a butanol extract (98.2 g), and an aqueous extract (42.1 g), respectively, after
evaporation of the solvent. The EtOAc extract exhibited 85.5% inhibition of x-glucosidase
enzyme at 100 pg/mL and also showed 49.0% inhibition of adipocyte differentiation of 3T3-L1
cells at 5 pg/mL, whereas the other extracts were devoid of both activities. Therefore, the
EtOAc extract was subjected to further investigation.

The EtOAc extract was separated by vacuum liquid chromatography (silica gel,
acetone-hexane, gradient) to give five fractions (A-E). Fraction D (54.2 g) was fractionated
on a silica gel column (acetone-hexane, gradient) to give four fractions (DA-DD). Fraction
DB (5.4 g) was separated by Sephadex LH-20 (methanol) to yield six fractions (DBA-DBF).
Fraction DBB (612.0 mg) was subjected to column chromatography (CC) (silica gel, acetone—
hexane, gradient), and then the pure compounds hircinol (1) (11.4 mg) and ephemeran-
thoquinone (2) (6.4 mg) were obtained. Densifloral B (3) (7.9 mg), moscatin (4) (17.1 mg),
and 4,9-dimethoxy-2,5-pheneanthrenediol (5) (3.6 mg) were obtained from fractions DBD,
DBE, and DBEF after purification on a silica gel column (acetone-hexane, gradient). Fraction
DC (6.1 g) was separated by Sephadex LH-20 (methanol) to yield four fractions (DCA-
DCD). The separation of fraction DCA (1.2 g) by CC (silica gel, acetone-hexane, gradient)
resulted in gigantol (6) (166.5 mg). Fraction DCB (170.9 mg) was separated on a silica
gel column (EtOAc-CH,Cl,, gradient) to yield batatasin III (7). Fraction DCD (428.0 mg)
was isolated by a silica gel column (acetone-hexane, gradient) to give lusianthridin (8).
Fraction DD (6.7 g) was separated by Sephadex LH-20 (methanol) to yield three fractions
(DDA-DDC). Quantities of 4,4',7,7'-tetrahydroxy-2,2’-dimethoxy-9,9,10,10'-tetrahydro-1,1’-
biphenanthrene (9) (4.7 mg) and phoyunnanin E (10) (7.0 mg) were obtained from fraction
DDB, and phoyunnanin C (11) (6.8 mg) was obtained from fraction DDC after separation
in a silica gel column (methanol-CH,Cl,, gradient).

Hircinol (1): yellow amorphous solid; HR-ESI-MS: m/z 243.1059 [M + H]* calcd. for
Ci5H1503, 243.1021, suggesting C15H1405, 'H NMR (500 MHz, acetone-dg) &: 2.59 (4H, m,
H,-9 and H,-10), 3.97 (3H, s, 4-MeO), 6.56 (1H, d, ] =2.5 Hz, H-1), 6.60 (1H, d, ] = 2.5 Hz,
H-3), 6.80 (2H, d, ] = 8.0 Hz, H-6, H-8), 7.06 (1H, t, ] = 8.0 Hz, H-7); 13C NMR (125 MHz,
acetone-dg) &: 31.6 (C-10), 31.8 (C-9), 57.2 (4-MeO), 99.8 (C-3), 109.8 (C-1), 114.6 (C-4b), 118.2
(C-6), 120.1 (C-8), 128.1 (C-7), 130.4 (C-4a), 141.3 (C-8a), 144.2 (C-10a), 154.7 (C-4), 156.3
(C-5),158.5 (C-2).

Ephemeranthoquinone (2): reddish powder; HR-ESI-MS: m/z 279.06185 [M + Na]*
caled. for C15H1204Na, 279.06333 suggesting C15H;204. 'H NMR (300 MHz, acetone-dg)
8: 2.62 (2H, m, Hy-10), 2.69 (2H, m, H,-9), 3.85 (3H, s, 2-OMe), 5.98 (1H, s, H-3), 6.76 (2H,
m, H-6, H-8), 7.97 (1H, d, ] = 9.3 Hz, H-5); 13C NMR (75 MHz, acetone-dg) &: 20.0 (C-10),
27.2 (C-9), 55.7 (2-OMe), 107.4 (C-3), 113.4 (C-5), 114.8 (C-8), 121.2 (C-4b), 132.0 (C-6), 136.1
(C-4a), 136.2 (C-10a), 141.5 (C-8a), 158.6 (C-2), 159.1 (C-7), 180.8 (C-1), 187.2 (C-4).

Densifloral B (3): orange powder, HR-ESIMS: m/z 277.0473 [M + Na]* calced. for
Ci5H1004Na, 277.04768 suggesting C15H;9O4. 'H NMR (300 MHz, acetone-dg) 5: 3.92 (3H,
s, 2-OMe), 6.20 (1H, s, H-3), 7.31 (1H, d, ] = 2.4 Hz, H-8), 7.35 (1H, dd, ] = 2.4, 9.3 Hz, H-6),
8.04 (2H, br s, H-9 and H-10), 9.49 (1H, d, ] = 9.3 Hz, H-5); 13C NMR (75 MHz, acetone-dg)
b: 55.8 (2-OMe), 109.9 (C-8), 110.9 (C-3), 122.0 (C-5, C-6), 124.2 (C-4b), 127.5 (C-4a), 130.1
(C-10a), 132.3 (C-10), 134.2 (C-9), 139.4 (C-8a), 157.8 (C-7), 160.2 (C-2), 180.5 (C-1), 188.4
(C-4).
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Moscatin (4): brown amorphous solid, HR-ESIMS: m/z 241.0888 [M + H]* calcd. for
C15H1303 241.0865, suggesting C15H1,03. 'H NMR (500 MHz, acetone-dg) &: 4.15 (3H, s,
4-OMe), 6.99 (1H, d, ] = 2.5 Hz, H-3), 7.07 (1H, d, ] = 2.5 Hz, H-1), 7.10 (1H, dd, ] = 7.5, 2.0
Hz, H-6), 7.41 (1H, dd, ] = 7.5, 2.0 Hz, H-8), 7.43 (1H, t, ] = 7.5 Hz, H-7), 7.49 (1H, d, ] = 9.0
Hz H-10), 7.63 (1H, d, ] = 9.0 Hz, H-9); 13C NMR (125 MHz, acetone-dg) 5: 58.6 (4-OMe),
102.5 (C-3), 107.8 (C-1), 113.9 (C-4a), 116.9 (C-6), 119.8 (C-4b), 121.0 (C-8), 126.9 (C-10), 127.4
(C-7),129.7 (C-9), 135.0 (C-8a), 137.1 (C-10a), 155.2 (C-5), 156.4 (C-2), 157.3 (C-4).

4,9-Dimethoxy-2,5-phenanthrenediol (5): brown amorphous solid. HR-ESIMS: at m/z
271.1009, [M + H]* caled for C16H1504; 271.0970, suggesting C14H1404. H NMR (500 MHz,
acetone-dg) 6: 4.03 (3H, s, 9-OMe), 4.11 (3H, s, 4-OMe), 6.81 (1H, d, | = 2.5 Hz, H-3), 6.92
(1H, s, H-10), 6.99 (1H, d, ] = 2.5 Hz, H-1), 7.12 (1H, dd, | = 1.5, 7.5 Hz, H-6), 7.43 (1H, t,
J=75Hz, H-7),7.85(1H, dd, ] = 1.5, 7.5 Hz, H-8), 8.82 (1H, s, 2-OH), 9.43 (1H, s, 5-OH);
13C NMR (125 MHz, acetone-dg) 6: 55.9 (9-OMe), 58.5 (4-OMe), 100.3 (C-3), 102.8 (C-10),
106.9 (C-1), 110.0 (C-4a), 114.3 (C-8), 117.6 (C-6), 120.9 (C-4b), 127.9 (C-7), 129.2 (C-8a), 137.9
(C-10a), 154.9 (C-9), 155.2 (C-5), 156.3 (C-4), 157.5 (C-2).

Gigantol (6): brown amorphous solid. HR-ESIMS: at m/z 297.1102, [M + Na]* calcu-
lated for C16H;304Na; 297.1102, suggesting C14H1304. "H NMR (500 MHz, acetone-dg) 5:
2.79 (4H, m, Hy-, Hy-o), 3.69 (3H, s, 3-OMe), 3.77 (3H, s, 3-OMe), 6.25 (1H, t, | = 1.5 Hz,
H-4),6.29 (1H, t, ] = 1.5 Hz, H-6), 6.32 (1H, t, | = 1.5 Hz, H-2), 6.65 (1H, dd, | = 8.0, 2.0 Hz,
H-6'), 6.73 (1H, d, ] = 8.0 Hz, H-5'), 6.79 (1H, d, | = 2.0 Hz, H-2'); 13C NMR (125 MHz,
acetone-dg) &: 37.9 (C-o), 38.9 (C-x), 55.2 (3’-OMe), 56.1 (3-OMe), 99.7 (C-4), 106.3 (C-6),
108.9 (C-2), 112.8 (C-5"), 115.5 (C-2'), 121.5 (C-6'), 134.1 (C-1'), 145.1 (C-4'), 145.4 (C-1), 147.9
(C-3'),159.2 (C-3), 161.8 (C-5).

Batatasin III (7): brown amorphous solid. HR-ESIMS: at m/z 267.10556, [M + Na]*
calculated for C15H;603Na; 267.099715, suggesting C15H;40s. 'H NMR (500 MHz, acetone-
dg) 5: 2.79 (4H, m, H-, H-«’), 3.70 (3H, s, 3-OMe), 6.23 (1H, t, ] = 2.0 Hz, H-4), 6.30 (1H, t,
] =2.0Hz, H-2), 6.32 (1H, br t, ] = 2.0 Hz, H-6), 6.63 (1H, m, H-4), 6.69 (1H, br d, ] = 9.0 Hz,
H-6'), 6.71 (1H, br d, ] = 2.4 Hz, H-2), 7.07 (1H, t, ] = 8.0 Hz, H-5'); 13C NMR (125 MHz,
acetone-dg) 8: 38.2 (C-«’), 38.5 (C-x), 55.2 (3-OMe), 99.8 (C-4), 106.2 (C-2), 108.8 (C-6), 113.6
(C-4), 116.2 (C-2'), 120.4 (C-6'), 130.0 (C-5'), 144.3 (C-1/), 145.0 (C-1), 158.2 (C-3), 159.2
(C-3), 161.8 (C-5).

Lusianthridin (8): brown amorphous solid. HR-ESIMS: at m/z 265.08251, [M + Na]*
calculated for C15H1403Na; 265.084065, suggesting C15H1403. 'H NMR (500 MHz, acetone-
dg) 0: 2.67 (4H, m, Hy-9 and H»-10), 3.72 (3H, s, 2-OMe), 6.37 (1H, d, | = 2.5 Hz, H-1), 6.45
(1H, d, ] = 2.5 Hz, H-3), 6.73 (1H, br d, ] = 7.5 Hz, H-6), 6.72 (1H, br s, H-8), 8.24 (1H, d
J = 7.5 Hz, H-5); 13C NMR (125 MHz, acetone-dg) 5: 30.6 (C-9), 31.3 (C-10), 55.2 (2-OMe),
101.5 (C-3), 105.8 (C-1), 113.4 (C-6), 115.0 (C-8), 115.7 (C-4a), 125.8 (C-4b), 129.8 (C-5), 139.7
(C-8a), 141.3 (C-10a), 155.7 (C-4), 155.8 (C-7), 159.1 (C-2).

4477 -Tetrahydroxy-2,2'-dimethoxy-9,9’,10,10'-tetrahydro-1,1"-biphenanthrene (9): yel-
low amorphous powder, HR-ESIMS: at m/z 505.1630, [M + Na]* calculated for C3oHOgNa;
505.1627 suggesting C3oHsOg. 'H NMR (300 MHz, acetone-dg) 5: 2.31 (4H, m, H-10, H-
10"), 2.51 (4H, m, H,-9, H,-9), 3.60 (6H, s, 2-OMe, 2’-OMe), 6.57 (2H, s, H-3, H-3'), 6.65 (2H,
d, ] = 2.4 Hz, H-8, H-8'), 6.69 (2H, dd, ] = 8.4, 2.4 Hz, H-6, H-6'), 8.25 (2H, d, ] = 8.4 Hz, H-5,
H-5), 8.08 (2H, s, 7-OH, 7/-OH), 8.41 (2H, s, 4-OH, 4-OH); 13C NMR (75 MHz, acetone-dy)
§: 27.0 (C-10, C-10'),29.7 (C-9, C-9'), 54.7 (2-OMe, 2’-OMe), 98.3 (C-3, C-3'), 112.5 (C-6, C-6'),
113.8 (C-8, C-8), 114.6 (C-4a, C-4a’), 116.5 (C-1, C-1"), 125.5 (C-4b, C-4b’), 129.3 (C-5, C-5'),
139.3 (C-8a, C-8a’), 139.7 (C-10a, C-10a’), 154.0 (C-4, C-4), 155.1 (C-7, C-7"), 156.4 (C-2, C-2/).

Phoyunnanin E (10): amorphous powder, HR-ESIMS: at m/z 505.1628, [M + Na]*
calculated for C3gHysOgNa; 505.1627, suggesting C30Hy6Og. H NMR (500 MHz, acetone-
de) 5: 2.60 (4H, m, H»-9 and H,-10), 2.67 (4H, m, H»-9', H»-10"), 3.71 (3H, s, 2-OMe), 3.73
(3H, s, 2’-OMe), 6.37 (1H, d, ] = 2.5 Hz, H-1'), 6.42 (1H, d, | = 2.5 Hz, H-3/), 6.62 (1H, dd,
] =8.5,2.5Hz, H-6'), 6.66 (1H, s, H-3), 6.67 (1H, d, ] = 2.5 Hz, H-8'), 6.69 (1H, d, ] = 2.5 Hz,
H-8),6.71 (1H, dd, ] = 2.5, 9.0 Hz, H-6), 8.25 (1H, d, | = 8.5 Hz, H-5'), 8.27 (1H, d, ] = 9.0 Hz,
H-5); 13C NMR (125 MHz, acetone-dg) &: 23.8 (C-10), 30.7 (C-9’, C-9), 31.3 (C-10'), 55.3
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(2'-OMe), 56.0 (2-OMe), 100.8 (C-3), 101.6 (C-3'), 106.0 (C-1'), 112.6 (C-6"), 113.6 (C-6), 114.2
(C-8'),115.0 (C-8), 115.5 (C-4a’), 115.7 (C-4a), 125.6 (C-4b), 127.6 (C-4b’), 129.8 (C-5), 130.2
(C-5),133.9 (C-1), 134.0 (C-10a), 139.7 (C-8a’), 139.8 (C-8a), 141.6 (C-10a’), 152.0 (C-2), 152.5
(C-4), 156.1 (C-4), 156.4 (C-7), 157.7 (C-7), 159.6 (C-2').

Phoyunnanin C (11): amorphous powder, HR-ESIMS: at m/z 505.1635, [M + Na]*
calculated for C3gHpsOgNa; 505.1627, suggesting C30HpOg. 'H NMR (300 MHz, acetone-
dg) 5: 2.51 (2H, m, H,-10), 2.53 (2H, m, H,-9), 2.73 (4H, m, H,-9', H,-10’), 3.64 (3H, s, 2-OMe),
3.72 (3H, s, 2'-OMe), 6.38 (2H, br s, H-1/, H-3'), 6.57 (1H, s, H-3), 6.66 (1H, d, ] = 2.7 Hz,
H-8), 6.69 (1H, dd, | = 8.4, 2.7 Hz, H-6), 6.76 (1H, s, H-8'), 8.08 (1H, s, H-5'), 8.23 (1H, d,
] = 8.4 Hz, H-5); 13C NMR (75 MHz, acetone-dg) 6: 27.5 (C-10), 29.6 (C-9, C-9'), 30.7 (C-10’),
54.4 (2-OMe), 54.8 (2'-OMe), 98.5 (C-3), 100.7 (C-3"), 105.1 (C-1"), 112.5 (C-6), 113.8 (C-8),
114.3 (C-8'), 114.9 (C-4a), 115.1 (C-4a’), 117.4 (C-1), 121.7 (C-6'), 124.8 (C-4b’), 125.3 (C-4b),
129.3 (C-5), 131.7 (C-5), 137.7 (C-8a’), 139.2 (C-8a), 140.1 (C-10a), 140.5 (C-10a’), 152.8 (C-7'),
154.3 (C-4), 155.1 (C-4'), 155.2 (C-7), 156.6 (C-2), 158.3 (C-2).

3.4. Assay for a-Glucosidase Inhibitory Activity

The assay was based on the inhibition in the sample of a-glucosidase enzyme, which
can release p-nitrophenol (PNP) from p-nitrophenyl-a-D-glucoside (PNPG) by hydroly-
sis [48]. In this assay, acarbose was used as the positive control. For ICsy determination,
twofold serial dilution was performed for each sample. Each experiment was accomplished
in triplicate. Data are expressed as mean =+ SD.

The kinetic study of enzyme inhibition was analyzed by the double reciprocal Linew-
eaver-Burk plot (1/V versus 1/[S]). The experiment was carried out by performing various
concentrations of substrate p-nitrophenol-a-D-glucopyranoside (0.25, 0.5, 1.0, 2.0 mM) in
the absence or presence of compound (10) (12 and 22 uM) and compound (11) (12 and
24 uM). The reaction was monitored every 5 min for a total time of 25 min and measured
at 405 nm by a microplate reader. Each experiment was performed in triplicate. The K;
value was estimated by constructing a secondary plot which is plotted by the slopes of the
double-reciprocal lines versus inhibitor concentration.

3.5. Assay for Anti-Adipogenic Activity
3.5.1. Cell Culture and Adipocyte Differentiation

Mouse embryonic preadipocyte 3T3-L1 cells were cultured in DMEM containing
10% FBS, 100 units/mL of penicillin/streptomycin, and 2 mmol/L of L-glutamine under
humidified conditions of 5% CO, at 37 °C until 70-80% confluence was reached. For
differentiation into adipocyte, preadipocyte 3T3-L1 cells were incubated with differentiation
media composed of 10% FBS, 0.5 mM isobutylmethylxanthine, 1 pM dexamethasone,
and 5 pug/mL insulin in DMEM with or without test compound for 2 days. Then, the
differentiation media was replaced with culture media containing 5 pug/mL of insulin.
After further incubation for 2 days, the cells were maintained in complete DMEM, which
was changed every 2 days until adipocytes containing lipid droplets were observed under
microscope [40].

3.5.2. Determination of Cytotoxicity

To evaluate the effect of D. delacourii extracts on cell viability, 3T3-L1 preadipocytes
were seeded into 96-well plates at density of 2 x 10° cells/well and allowed to attach
overnight at 37 °C. Then, the cells were further cultured with extracts (5 pg/mL), com-
pounds (20 pM), or left untreated for 48 h before adding of 0.45 mg/mL MTT solution
to assess cell viability. After incubation for 3 h at 37 °C and kept from light, the optical
density (OD) of the purple formazan product dissolved in DMSO was measured at 570 nm
using a microplate reader (Anthros, Durham, NC, USA). The relative OD ratio of treated to
non-treated cells was presented as percentage cell viability [50].

The cytotoxicity of D. delacourii extracts was confirmed via cell death detection using
costaining of Hoechst33342 and propidium iodide. After 48 h incubation with indicated
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treatment, the cells were further incubated with nuclear staining solution containing
2 ng/mL of Hoechst33342 and 1 pg/mL of propidium iodide for 30 min. The mode
of cell death was observed under a fluorescence microscope (Olympus IX51 with DP70,
Olympus Corp., Shinjuku-ku, Tokyo, Japan).

3.5.3. Quantification of Cellular Lipid Content Using Oil Red O Staining

The lipid droplets presenting in differentiated adipocytes were detected via oil red O
staining. After the differentiation process, 3T3-L1 cells were fixed with 10% formalin for
45 min and further incubated with oil red O solution at room temperature for 1 h. After
washing with 60% isopropanol for three times, oil red O-stained cells were captured using
a Nikon Ts2 inverted optical microscope (Tokyo, Japan). For quantification, cellular oil
red O was extracted using absolute isopropanol for measurement of OD at 570 nm by
microplate reader (Anthros, Durham, NC, USA) [51]. The percentage of oil red O staining
was calculated relative to the total protein content determined by BCA assay [52].

3.5.4. Western Blot Analysis

After the indicated treatment, 3T3-L1 cells were washed with phosphate-buffered
saline (PBS, pH 7.4), then the cell membranes were broken using RIPA buffer supplemented
with a protease inhibitor cocktail. After incubation on ice for 45 min, the cell lysates were
centrifuged at 12,000 rpm at 4 °C for 15 min to collect the clear supernatant containing
cellular protein, which was measured for total protein content using a BCA assay kit.
The total protein (30 pg) from each sample was loaded and separated onto 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, the sepa-
rated proteins were transferred onto nitrocellulose membranes, which were blocked with
5% skim milk in TBST buffer (Tris-buffered saline with Tween 20, pH 7.2) and further
immunoblotted with primary antibodies against p-Akt (Thr308), Akt, p-GSK3p8 (Ser9),
GSK38, p-AMPKa (Thr172), AMPKa, p-AMPKp1 (Ser128), AMPKpB1/2, p-ACC (Ser79),
ACC, PPARY, C/EBPx, and B-actin at 4 °C overnight. Before immersion in horseradish
peroxidase (HRP)-linked secondary antibody at room temperature for 2 h, the membranes
were washed with TBST for 7 min, three times. The reactive protein signals exposed
with chemiluminescent substrates were captured and quantified using Chemiluminescent
ImageQuant LAS 4000 (GE Healthcare Bio-Sciences AB, Bjorkgatan, Uppsala, Sweden).

3.6. Statistical Analysis

All data are expressed as means £ standard deviation (SD) obtained from three
independent experiments. Statistical analysis was performed using GraphPad Prism 8.0.2
(GraphPad Software Inc., San Diego, CA, USA) with one-way ANOVA. Differences with p
value < 0.05 were considered to be statistically significant.

4. Conclusions

In this study, 11 compounds were isolated from the ethyl acetate extract of D. dela-
courii. Two dimeric phenanthrene derivatives, phoyunnanin E (10) and phoyunnanin C
(11), revealed the most potent a-glucosidase inhibition when compared with a positive
control, acarbose. An enzyme kinetic study performed on them indicated non-competitive
inhibitors. Regarding anti-adipogenic activity, densifloral B (3) showed the most potent
activity when compared with a positive control, oxyresveratrol. The anti-adipogenic prop-
erties of densifloral B (3) were attributed to the downregulation of PPARy and C/EBP«
expression through the modulation of Akt-related pathways including the Akt/GSK3p
and Akt/AMPK-ACC signals. The findings obtained from this study demonstrate the
evaluation of a-glucosidase inhibitory activity and anti-adipogenic effect of the Dendrobium
delacourii plant, which can be used for the management of diabetes and obesity.
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Abstract: The anti-inflammatory properties of Turnera subulata have been evaluated as an alternative
drug approach to treating several inflammatory processes. Accordingly, in this study, aqueous
and hydroalcoholic extracts of T. subulata flowers and leaves were analyzed regarding their phy-
tocomposition by ultrafast liquid chromatography coupled to mass spectrometry, and their anti-
inflammatory properties were assessed by an in vitro inflammation model, using LPS-stimulated
RAW-264.7 macrophages. The phytochemical profile indicated vitexin-2-O-rhamnoside as an impor-
tant constituent in both extracts, while methoxyisoflavones, some bulky amino acids (e.g., tryptophan,
tyrosine, phenylalanine), pheophorbides, and octadecatrienoic, stearidonic, and ferulic acids were
detected in hydroalcoholic extracts. The extracts displayed the ability to modulate the in vitro in-
flammatory response by altering the secretion of proinflammatory (TNF-c, IL-13, and IL-6) and
anti-inflammatory (IL-10) cytokines and inhibiting the PGE-2 and NO production. Overall, for the
first time, putative compounds from T. subulata flowers and leaves were characterized, which can
modulate the inflammatory process. Therefore, the data highlight this plant as an option to obtain
extracts for phytotherapic formulations to treat and/or prevent chronic diseases.

Keywords: plant; natural compounds; chromatography; anti-inflammatory

1. Introduction

Inflammation is a human body defense response to aggressive stimuli, involving
biochemical, physiological, and immunological reactions to locate, inactivate, and destroy
the offending agent, in addition to promoting tissue healing and repair [1,2]. During
the inflammatory process, several cellular pathways play a crucial role in recovering
and maintaining homeostatic balance. In this process, macrophage participation in the
immune system is critical to the activation of inflammatory pathways and in the specific
inflammatory mediator release [3].
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Macrophages present antigens to cells, acting as central mediators in the immune
system control, contributing to both the initiation and the resolution of inflammation.
Activated macrophages secrete several inflammatory mediators, including cytokines such
as TNF-«, IL-1p3, IL-6, and IL-10, as well as PGE-2 and nitric oxide. Cytokines, such
as TNF-«, IL-13, and IL-6, activate the inflammatory response, while anti-inflammatory
cytokines such as IL-10 act in the repair processes. Dysregulation of inflammatory mediator
signaling interrupts this coordinated process and can lead to pathology. Accordingly, in
inflammatory diseases, the cytokine network balance is severely disrupted, leading to
persistent inflammation, tissue damage, and eventually organ failure [4,5].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used daily and indiscriminately
in worldwide inflammatory disease treatment [6]. Overall, NSAIDs can cause side-effects
due to their mechanism of action. Major adverse effects include gastrointestinal bleeding,
changes in cardiovascular and renal functions, and other complications such as hemor-
rhage, perforation, or death [7]. Despite the diversity of anti-inflammatory drugs on the
pharmaceutical market, no formulation offers low toxicity and minimal adverse effects.
This situation stimulates the search for new molecules aiming at safer drugs with low side-
effects for the inflammation treatment [8,9]. The mechanisms involved in the inflammatory
response are fundamental for anti-inflammatory drug development [10,11].

In this context, plant phenolic compounds (e.g., flavonoids, phenolic acids, lignins)
have been described regarding their several pharmacological activities, including antiox-
idant, anti-inflammatory, hepatoprotective, and antimicrobial effects [12]. Polyphenols
are the object of studies to develop new drugs due to their direct or indirect inhibition or
activation of important cellular and molecular targets, by modulating the expression of
inflammatory mediators [13,14].

On this basis, studies have focused on evaluating plant biodiversity as a compound
reservoir for therapeutic purposes, in addition to elucidating medicinal activities attributed
by popular tradition [12,15]. In this context, Turnera subulata (Passifloraceae family) is
a species with wide distribution in tropical and subtropical regions [16,17], used in folk
medicine due to its pharmacological properties, such as anti-inflammatory, hypoglycemic,
antifungal, and antioxidant activity [16,18-21]. Phytochemical studies with species of
the Turnera genus have revealed the presence of flavanols, alkaloids, tannins, cyanogenic
glycosides, fatty acids, triterpenoids, and various phenolic compounds related to their
bioactivities [16,22].

Several studies have reported the use of plants from the Passifloraceae family for
inflammatory process treatment [23,24]. Regarding T. subulata, their anti-inflammatory
effects have mainly been described by inhibiting the cytokine production [25]. In a previous
study, Luz et al. [26] showed the ability of T. subulata extracts to directly and indirectly
inhibit thrombin, promoting few side-effects. These data are relevant since this coagulation
factor is also related to an inflammatory response [27].

Hence, studies on the immunomodulatory potential of this plant species are rele-
vant, in addition to proposing an association between the phytochemical profile and their
pharmacological effects. Furthermore, this study is the first report on the phytochemi-
cal characterization and immunomodulatory effect of T. subulata flower extracts. Thus,
this work chemically analyzed T. subulata floral and leaf extracts and evaluated their im-
munomodulatory effects in an in vitro model using RAW 264.7 macrophages stimulated by
LPS, aiming to contribute to the search for anti-inflammatory drugs with low side-effects.

2. Results

The T. subulata hydroethanolic extracts displayed the highest yields (5.43% and 6.93%
for flowers and leaves, respectively) compared to values of 4.16% and 5.3% obtained with
flower and leaf aqueous extracts, respectively. This result was similar to those described by
Antonio and Brito [18] for extracts from T. ulmifolia aerial parts, indicating the importance
of the solvent choice for the extract yield.
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T. subulata flower and leaf extracts were analyzed by UPLC-MS/MS, and their MS/MS
spectra were submitted to compound identification using the GNPS database. Although
a large number of MS/MS spectra were acquired for each extract that matched to known
molecules deposited in the GNPS database, only those spectra with cosine >0.85 and mass
difference <0.005 Da were considered. The extract phytochemical profile indicated the
presence of vitexin-2-O-rhamnoside or its isoforms, a glycosylated flavone derivate from
apigenin, as a constituent with potential pharmacological interest in all analyzed extracts.
Furthermore, other compounds were tentatively identified, such as methoxyisoflavones,
pheophorbides, octadecatrienoic, stearidonic, ferulic acids, and some bulky amino acids
(e.g., tryptophan, tyrosine, phenylalanine) or their isoforms (Figure 1).
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Figure 1. LC-MS/MS fingerprint of Turnera subulata extracts: (A) T. subulata aqueous flower ex-
tract (AFETS); (B) T. subulata aqueous leaf extract (ALETS); (C) T. subulata hydroethanolic flower
extract (HEFTS); (D) T. subulata hydroethanolic leaf extract (HELTS). 2%, 5%, and 10x denote the
magnification applied in dotted areas of the chromatogram; na = not available.

The extracted ion chromatograms (XICs) obtained for each of the of the structures
tentatively identified by UPLC-MS/MS and GNPS analysis showed four major phytocom-
ponents with good resolution for AFETS, (Figure 1A) five for ALETS, (Figure 1B) eight for
HEFTS (Figure 1C), and eight for HELTS (Figure 1D). In all extracts, vitexin was the highest-
intensity phytocomponent among the identified compounds; however, its exact sum still
requires further quantification. Table 1 shows phytocomponents and their respective cosine,
mass difference, and mass. The comparison between library GNPS and query spectra
of the phytocomponents, as well as the draw structures identified, is presented in the
Supplementary Materials.
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Table 1. Phytocomponents identified in Turnera subulata flower and leaf extracts by LC-MS/MS analyses.

Phytocomponents Molecular
Peak. Matched with Cosine Mass Diff Mass Formula Ion Fragments ? Adduct Extract
GNPS Data Base
147.04, 123.05,
1 L-Tyrosine 0.86 0.001 165.054 CoHgOs 119.05, 95.05, [M — NH; + HJ* AFETS
91.06
149.06, 131.05,
2 Phenylalanine 0.95 0 166.086 CyH11NO, 120.08, 103.05, [M + H]* AFETS
53.04
7-O-beta-
!
3 glucﬁ}{’gﬁ;‘;‘;’f‘gl 4 0.89 0 447129 CypHpnOy fggg P [M + HJ* AFETS
methoxyisoflavone
Vitexin2.0- 433.11, 415.10,
4 . 0.95 0.002 579.172 Co7H30014 397.09, 313.07, [M +H]* AFETS
rhamnoside
283.06
165.06, 147.04,
1 L-Tyrosine 0.95 0.001 182.081 CoHy1N; O3 136.07, 123.05, [M + HJ* ALETS
119.05
149.06, 131.05,
2 DL-Phenylalanine 0.97 0 166.086 CoH11NO, 120.08, 103.05, [M +H]* ALETS
53.04
188.07, 159.09,
3 L-Tryptophan 0.95 0.001 205096  CpHpNoO,  146.06, 144.08, M + HJ* ALETS
118.06
4 Ferulate/isoferulate 0.93 0 177.054 C19HgO3 114197%%’};1382’ M -H,O+H ALETS
Vitexin-2-O- 433.11, 415.10,
5 . 0.94 0 579.17 Cy7H30014 397.09, 313.07, [M +H]* ALETS
rhamnoside
283.06
119.05, 118.06,
1 DL-Octopamine 0.95 0 136.076 CsHoNO; 107.05, 91.06, M — H,0 + HJ* HEFTS
64.04
147.04, 123.05,
2 L-Tyrosine 0.94 0.001 165.054 CoHgOs3 119.05, 95.05, [M — NH; + H]* HEFTS
91.06
149.06, 131.05,
3 Phenylalanine 0.96 0 166.086 CoH11NO; 120.08, 103.05, [M +H]* HEFTS
53.04
170.06, 146.06,
4 L-Tryptophan 0.94 0.001 188.07 C11HoN; O, 144.08,143.07,  [M — NH; + HJ* HEFTS
118.07
Adenosine, 145.03, 136.06, .
5 5_-S-methyl-5_-thio- 0.91 0.004 298.097 C11H15N5035S 97.03, 61.01 M +H] HEFTS
6  Ferulate/isoferulate  0.89 0 177054 CjoHsOs 114197'?063',1;%:" M- H,0+H]*  HEFTS
7-O-beta-
!
7 gl“c}f}lfgrrg)‘(‘;’fgl 4 0.91 0.001 44713 CypHpyO10 iﬁg?f; ??ﬁ?ﬁ [M + HJ* HEFTS
methoxyisoflavone
Vitexin-2-O- 433.11, 415.10,
8 . 0.97 0.003 579.173 Cp7H30014 397.09, 313.07, [M +H]* HEFTS
rhamnoside
283.06
149.06, 131.05,
1 Phenylalanine 0.94 0 166.086 CoHy1NO, 120.08, 103.05, [M + HJ* HELTS
53.04
2 Ferulate/isoferulate 0.94 0 177.054 Cy19HgOs3 1;11970()6?;/1;; (?43’ [M — H,O + H]* HELTS
Vitexin2.0- 433.11, 415.10,
3 : 0.94 0.001 579.171 CorHaoOn4 397.09, 313.07, M + HJ* HELTS
rhamnoside
283.06
179.11, 161.09,
4 Loliolide 0.94 0 197.117 C11H1603 135.12, 133.10, [M +H]* HELTS

107.09
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Table 1. Cont.

Phytocomponents Molecular
Peak. Matched with Cosine Mass Diff Mass Formul Ion Fragments ? Adduct Extract
GNPS Data Base ormuia
?géHl}Z’OZ‘r;’;%: 259.20,149.13,
5 L8108 0.86 0 277.216 C1sHosOn 135.12,121.10,  [M — H,O + HJ* HELTS
octadecatrienoic
. 93.07
acid
173.13, 109.10, N
6 9(10)-EpOME 0.91 0.002 279.233 C18H300, 95.09, 81.07, 67.06 [M — H,O + H] HELTS
Stearidonic acid 259.20,149.13,
7 0.86 0.001 305.248 CaoH305 135.12, 121.10, M + HJ* HELTS
Ethyl ester 93.07
533.25, 460.23,
8 Pheophorbide A 0.87 0.005 593274  CasHagNyOs  447.22,433.24, M + HJ* HELTS
431.18
Turnera subulata aqueous flower extract (AFETS); T. subulata aqueous leaf extract (ALETS); T. subulata hydroethano-
lic flower extract (HEFTS); T. subulata hydroethanolic leaf extract (HELTS).  The most intense fragment ions
are described.
After determination of the chemical composition of AFETS, ALETS, HEFTS, and
HELTS, their potential cytotoxic effects on RAW 264.7 macrophage cells were evaluated
(Figure 2). The results showed no cytotoxic effects evaluated through cell viability assay by
MTT (Figure 2A) and by Alamar Blue® (Figure 2B), after exposing murine macrophages to
different concentrations of these extracts.
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Figure 2. Cytotoxicity effects of AFETS, ALETS, HEFTS, and HELTS on RAW 264.7 murine
macrophage cells: (A) cell viability measured by MTT assay; (B) cell viability measured by Ala-
mar Blue assay. Culture medium DMEM was used as a negative control for cytotoxicity.

It is known that macrophages are activated in the presence of LPS, which promotes
the secretion of a high content of proinflammatory molecules, such as cytokines. The ELISA
results indicated that the treatment with AFETS, ALETS, HEFTS, and HELTS significantly re-
duced the secretion of inflammatory cytokines (TNF-a and IL-13) in LPS-activated murine
RAW 264.7 macrophages in a concentration-dependent manner (Figure 3). AFETS and
ALETS efficiently reduced the TNF-a secretion at 100 and 500 pg/mL, reaching 50% and
65% inhibition, respectively, while HEFTS and HELTS displayed a stronger action on this
cytokine secretion at the same concentrations, reaching up to 75% inhibition (Figure 3A-D).
Regarding IL-13, the aqueous extracts inhibited its secretion by approximately 50%, al-
though the hydroethanolic extracts at 500 pg/mL exhibited the highest percentage of
inhibition (70%) (Figure 4A-D).
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Figure 3. Effect of Turnera subulata extracts on the TNF-« cytokine release: (A) AFETS; (B) ALETS;
(C) HEFTS; (D) HELTS. The cytokine content was released in RAW 264.7 cells and stimulated by
LPS after 24 h. Release of cytokines was performed using ELISA assays. Data represent the mean
+ SEM from three independent experiments. One-way ANOVA followed by the post hoc Tukey
test. * p < 0.05 vs. the control group; # p < 0.05 vs. the LPS-stimulated cells; ** p < 0.05 between the
concentrations of the extract; *** p < 0.05 between the higher concentrations (100 and 500 ug/mL).

Additionally, all extracts were less effective in modulating IL-6 secretion, showing no
statistically significant difference for AFETS and ALETS, whereas hydroethanolic extracts
(HEFTS and HELTS) stabilized their inhibitory effects by 50% at 500 ng/mL (Figure 5A-D).
Overall, both aqueous and hydroethanolic extracts of T. subulata significantly increased the
anti-inflammatory cytokine IL-10 levels (Figure 6A-D). AFETS and ALETS displayed an
increase of around 15% in IL-10 secretion, while HEFTS and HELTS achieved a 20% increase.

AFETS, ALETS, HEFTS, and HELTS cell treatments were also effective in inhibiting
the prostaglandin E2 production (Figure 7A-D). AFETS promoted an inhibitory effect on
prostaglandin E2 secretion at the two highest concentrations tested (100 and 500 pg/mL),
reaching values around 50% and 60%, respectively. The inhibition induced by ALETS
at 500 pg/mL was 50%. Additionally, AFETS and HEFTS displayed an inhibitory effect,
stabilizing their action at 60% at the highest concentrations, while HELTS decreased the
PGE-2 secretion by around 80% at 500 pg/mL.
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Figure 4. Effect of Turnera subulata extracts on the IL-13 cytokine release: (A) AFETS; (B) ALETS;
(C) HEFTS; (D) HELTS. The cytokine content was released in RAW 264.7 cells and stimulated by
LPS after 24 h. Release of cytokines was performed using ELISA assays. Data represent the mean
+ SEM from three independent experiments. One-way ANOVA followed by the post hoc Tukey
test. * p < 0.05 vs. the control group; # p < 0.05 vs. the LPS-stimulated cells; ** p < 0.05 between the

concentrations of the extract.

Furthermore, the nitric oxide production was quantified to verify the anti-inflammatory
activity of T. subulata extracts. The results indicated that both aqueous and hydroethanolic
extracts at 100 and 500 ng/mL promoted a significant decrease (p < 0.05) in NO production
by macrophages compared to the LPS-stimulated control group (Figure 8A-D). AFETS
inhibited NO secretion by around 30% at the two highest concentrations tested (100 and
500 pg/mL), while ALETS only reached this inhibitory percentage at 500 ug/mL. HEFTS
decreased NO secretion by 30% and 40% at concentrations of 100 and 500 pug/mL, respec-
tively. No statistically significant difference was observed compared to the negative control.
Regarding HELTS, the results showed that the highest concentrations tested (100 and
500 pg/mL) inhibited nitric oxide secretion by 40% and 65%, respectively, again with no
statistical difference compared to the negative control.
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Figure 5. Effect of Turnera subulata extracts on the IL-6 cytokine release: (A) AFETS; (B) ALETS;
(C) HEFTS; (D) HELTS. The cytokine content was released in RAW 264.7 cells and stimulated
by LPS after 24 h. Release of cytokines was performed using ELISA assays. Data represent the
mean + SEM from three independent experiments. One-way ANOVA followed by the post hoc
Tukey test. * p < 0.05 vs. the control group; # p < 0.05 vs. the LPS-stimulated cells.
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Figure 6. Effect of Turnera subulata extracts on the anti-inflammatory IL-10 cytokine release: (A)
AFETS; (B) ALETS; (C) HEFTS; (D) HELTS. The cytokine content was released in RAW 264.7 cells
and stimulated by LPS after 24 h. Release of cytokines was performed using ELISA assays. Data
represent the mean + SEM from three independent experiments. One-way ANOVA followed by the
post hoc Tukey test. * p < 0.05 vs. the control group; # p < 0.05 vs. the LPS-stimulated cells.
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Figure 7. Inhibitory effects of Turnera subulata extracts on LPS-stimulated PGE-2 production in
RAW 264.7 macrophages: (A) AFETS; (B) ALETS; (C) HEFTS; (D) HELTS. The level of PGE-2 in the
culture medium was quantified using enzyme-linked immunoassay (ELISA) kits. Data represent
the mean + SEM from three independent experiments. One-way ANOVA followed by the post hoc
Tukey test. * p < 0.05 vs. the control group; # p < 0.05 vs. the LPS-stimulated cells; ** p < 0.05 between
the concentrations of the extract; *** p < 0.05 between the higher concentrations (100 and 500 pg/mL).
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Figure 8. Inhibitory effects of Turnera subulata extracts on LPS-stimulated nitric oxide (NO) production
in RAW 264.7 macrophages: (A) AFETS; (B) ALETS; (C) HEFTS; (D) HELTS. The level of NO in the
culture medium was quantified using Griess reagent. Data represent the mean + SEM from three
independent experiments. One-way ANOVA followed by the post hoc Tukey test. * p < 0.05 vs. the
control group; # p < 0.05 vs. the LPS-stimulated cells; *** p < 0.05 between the higher concentrations
(100 and 500 pg/mL).
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3. Discussion

Studies on the regulatory mechanisms of inflammatory responses have revealed that
inflammation can delay healing and, in a chronic situation, can also play an important role
in the onset of cancer and other chronic diseases [28]. Therefore, the use of nonsteroidal
anti-inflammatory drugs for inflammation suppression is prevalent, despite several adverse
effects, such as gastrointestinal bleeding and ulcers [29]. On the other hand, increasing evi-
dence suggests that natural products, such as plant extracts, due to their phytocomposition,
can decrease inflammatory processes [14,30,31].

The properties of several secondary plant metabolites have been extensively studied,
mainly due to their antioxidant and anti-inflammatory properties [32-34]. Thus, this study
presented the chemical profile characterization of aqueous and hydroethanolic extracts
of T. subulata flower and leaf by mass spectrometry, as well as the evaluation of their
anti-inflammatory properties in an in vitro model. At this point, it is noteworthy that only
a few studies have reported the presence of phenolic compounds especially in T. subulata
flowers, as well as their pharmacological properties [25,26,35].

Regarding the phytocomposition, it is noteworthy that phenolic compounds are
the main class among the secondary metabolites present in Turnera genus [22]. Ac-
cordingly, T. subulata flower and leaf extract analyses revealed the presence of three
phenolic compounds: vitexin-2-O-ramnhoside as a valuable chemical constituent, as
well as 7-O-beta-glucopyranosyl-4’-hydroxy-5-methoxyisoflavone and ferulate. Although
quantitative experiments need to be performed to validate the potential relevance of
vitexin-2-O-ramnhoside in the T. subulata flower and leaf extracts, this phytochemical has
already been characterized as the main constituent in extracts of distinct plants from the
Magnoliopsida class [36—40]. These phenolic compounds are scarce in the genus Turnera,
and this is the first report on the identification of these secondary metabolites for the genus.
Studies have only identified the presence of other secondary metabolites in Turnera leaves,
flowers, and roots [22], such as four different lutein structures and two apigenin struc-
tures [41], as well as naringenin, three apigenin coumaroyl glucosides, and five flavone
aglycones [42]. The presence of these flavonoids in T. subulata extracts is possibly related to
the climatic conditions of the Brazilian caatinga biome, a place of flower and leaf collection,
where high exposure to solar radiation favors the biosynthesis of phenolic compounds such
as flavones [43].

Anti-inflammatory properties observed with treatments using T. subulata extracts are
correlated with the flavonoid presence, which points to the involvement of these com-
pounds in inhibiting the synthesis and activity of different proinflammatory mediators [44].
Furthermore, flavonoids are reported as molecules with low cytotoxicity [44,45]. Therefore,
the presence of these phytocomponents in the AFETS, ALETS, HEFTS, and HELTS could be
related to the anti-inflammatory effect observed in this study. These T. subulata extracts ex-
hibited an in vitro effect, evaluated by the inhibition of proinflammatory cytokines (TNF-c,
IL-1B, and IL-6) in LPS-stimulated macrophages. Moreover, these extracts stimulated
anti-inflammatory cytokine IL-10 secretion under the same experimental conditions.

These immunomodulatory effects may be associated with metabolites tentatively
identified in the extracts, since vitexin is known to have an anti-inflammatory action by
inhibiting important cytokines involved in the inflammatory cascade [46]. In a colitis
experimental model of colitis, vitexin significantly inhibited the TNF-«, IL-6, and IL-13
expression, suggesting that this compound may suppress the inflammatory response to
improve colitis-induced liver damage [47]. Another study showed that vitexin decreased
the MCP-1 (a monocytic cytokine), IL-6, and IL-8 levels, while concomitantly increasing
IL-10 expression in a murine model of septic encephalopathy [48].

Isoflavones are other metabolites with anti-inflammatory effects described in the liter-
ature. Thus, milletenol A, an isoflavone isolated from Milletia pacchycarpa seeds, decreased
the neutrophil numbers in an inflammation model of zebrafish stimulated by copper sul-
fate [49]. Furthermore, isoflavones identified from Glycine max leaves exhibited positive
effects by reducing the production of IL-1p3 and IL-6 in LPS-stimulated RAW 264.7 cells [50].
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Regarding ferulic acid also detected in T. subulata extracts, studies have demonstrated
its anti-inflammatory action by suppressing the expression of proinflammatory cytokines
(TNF-a, IL-1B, IL-6, and IL-8) in LPS-induced primary cells isolated from bovine uterus via
inhibition of the NF-kB and MAPK pathways as the main mechanism of action. Addition-
ally, ferulic acid reduced TNF-a, IL-1b, and NF-«B secretion in an in vivo model of liver
injury induced by methotrexate in rats [51,52].

During the proinflammatory response in LPS-stimulated cells, cytokines such as IL-1§3,
IL-6, IL-10, and TNF-« are released. The expression and release of these cytokines can be
regulated by different transcription factors, such as NF-«B, and they are usually associated
with metabolic processes [53]. Blockade of IL-1f action/secretion has been associated
with anti-inflammatory responses [54], which may suggest that T. subulata extracts may
also act on these metabolic pathways, since the extracts modulated the secretion of the
same cytokines.

According to the chemical composition, other mechanisms of action may be associated
with the immunomodulatory effects observed with aqueous and hydroethanolic extracts
of T. subulata flowers and leaves. One mechanism suggested that the anti-inflammatory
effect of this species may be due to the ability of leaf extracts to modulate MAPK signaling
pathways by inhibiting ERK1/2 phosphorylation and blocking the inflammatory response
in RAW 264.7 macrophages. This effect also decreases TNF-« and IL-1[3 secretion, increasing
the blockade of RAGE and CD40 as the main mechanisms of action [25].

Inflammatory mediators, such as PGE-2 and NO, and several proinflammatory cy-
tokines released by activated macrophages are important targets for inflammatory disease
treatment, including multiple sclerosis and rheumatoid arthritis. When overexpressed,
these proinflammatory mediators can lead to cell and tissue damage, resulting in various
physiological disorders related to inflammation [55,56]. Therefore, compounds that inhibit
the production of proinflammatory mediators such as PGE-2 and NO can be candidates as
anti-inflammatory drugs [57].

The AFETS, ALETS, HEFTS, and HELTS extracts reduced the PGE-2 and nitric oxide
levels by more than 60%. This study shows for the first time that T. subulata extracts as
active natural products exhibit inhibitory effects on the secretion of these proinflamma-
tory mediators, which may also be associated with the phenolic groups detected in the
extract chemical composition. According to studies, the polyphenol combination displays
synergistic effects on biological activity [58-60].

Regarding its ability to modulate cytokine secretion, the presence of vitexin may also
play an important role in the T. subulata extract in reducing PGE-2 and NO levels. This is
consistent with studies showing vitexin’s capacity to decrease the PGE-2 levels in cultured
chondrocytes from osteoarthritic patients [46], as well as NO production associated with
the autophagic dysfunction of ischemic stroke, and to protect against cerebral endothelial
permeability [61,62]. An analogous situation can be verified with isoflavones also identified
in T. subulata extracts and their association with the modulation of NO, compared to the
concentration-dependent effect exhibited by the isoflavone milletenol A, which was able to
inhibit NO secretion in an in vitro assay using LPS-stimulated RAW 264.7 macrophages [50].
In the inflammatory process, the increase in PGE-2 levels is stimulated by the NO pro-
duction, which is closely associated with an increase in TNF-« production [63,64]. In the
present study, the TNF-o secretion was inhibited by all T. subulata extracts, with a corre-
lated decrease in NO levels and, consequently, PGE-2 levels, suggesting a well-controlled
mechanism of action.

In addition to the immunomodulatory effects demonstrated in this study; it is notewor-
thy that Luz et al. [26] showed the ability of T. subulata extracts to inhibit thrombin, the main
protease in the coagulation cascade, which plays a role in the inflammatory response [65].
Thrombin can signal the expression of proinflammatory cytokines, such as IL-1p3 and IL-6,
and cell adhesion molecules, promoting leukocyte activation and fibroblast proliferation, as
well as contributing to leukocyte recruitment [65,66]. The studies with T. subulata ethanol
and ethyl acetate leaf extracts demonstrated a direct inhibitory effect on thrombin and
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an indirect one through heparin cofactor II, corroborating the effect of the extracts on the
inflammatory process [26].

Opverall, these results support ethnopharmacological studies, which describe the use of
flowers and leaves of the genus Turnera in folk medicine to treat inflammatory diseases [22].
Experimental data indicate the immunomodulatory effect of aqueous and hydroalcoholic
extracts of T. subulata flowers and leaves through the inhibition of inflammatory cytokine
secretion and an increase in anti-inflammatory cytokine IL-10 levels. Despite the scarce
data in the literature regarding extracts of the species T. subulata, it is possible to suggest its
anti-inflammatory action. Accordingly, this is a pioneering study showing the chemical
characterization of its flower and leaf extracts associated with potential therapeutic effects.

4. Material and Methods
4.1. Plant Material and Extract Preparation

T. subulata flowers and leaves were collected in Natal, Rio Grande do Norte, Brazil.
The species were taxonomically identified by Dr. Jomar Gomes Jardim. A voucher spec-
imen (No. 0674/08) was deposited in the Herbarium at the Department of Botany and
Zoology, Federal University of Rio Grande do Norte, Natal, RN, Brazil. The aerial parts of
T. subulata were air-dried at 40 °C for 48 h and powdered to particle size <180 um. Then,
300 g of powdered flowers and leaves were individually subjected to decoction in water
(100 °C/10 min), filtered on Whatman filter papers, and lyophilized to obtain the aqueous
flower extract (AFETS) and aqueous leaf extract (ALETS). Regarding the hydroethanolic
extracts, 300 g of flowers and leaves were individually extracted by maceration with 1.5 L
of ethanol/water (50:50, v/v) for 4 days at room temperature. Extracts were filtered, rotary
evaporated, and lyophilized; they were denominated as hydroethanolic flower extract
(HEFTS) and hydroethanolic leaf extract (HELTS).

4.2. Chemical Characterization by Ultrafast Liquid Chromatography Coupled to Mass
Spectrometry (LC-MS/MS)

All extract samples were initially reconstituted in methanol (ng/mL), centrifuged
(30 min /13,000 rpm), and filtered through a 0.22 mm membrane. Their respective super-
natants were stored at —20 °C and then diluted in mobile phase (pure acetonitrile) to 10x
and 20x for aqueous and ethanolic extracts, respectively, prior to LC-MS/MS analyses.

Extracts were analyzed by ultrafast liquid chromatography in a UPLC Eksigent Ul-
traLC 110-XL liquid chromatograph (AB Sciex, Framingham, MA, USA) coupled to Kinetex
2.6 um C18 100 A column (50 x 2.1 mm) and a 5600+ TripleT spectrometer (AB Sciex, Fram-
ingham, MA, USA). After equilibrating the column with 5% acetonitrile/0.1% formic acid
solution for 5 min, 2 pL of the sample was automatically injected, and the separation was
performed with a linear gradient of 5% acetonitrile/0.1% formic acid ranging 5-95% over
10 min at a flow rate of 0.4 mL/min, keeping the column temperature at 40 °C. The mass
spectrometer operated in positive IDA (information dependent acquisition) mode with
mass range from m/z 100 to 1800 and source temperature of 650 °C. The IDA mode was
configured to fragment ions from m/z 100-1250, with a load ranging from 1 to 3, and with
an intensity greater than 1000 counts. The other acquisition parameters were as follows:
period cycle time = 900 ms; pulser frequency = 15,392 kHz; accumulation time = 250.0 ms;
curtain gas = 15,000; ion source gas 1 = 50,000; ion source gas 2 = 45,000; ion spray voltage
floating = 5500. In addition to the extracts, a blank control was acquired. Before the start
and every five analyses, the spectrometer was calibrated using the calibration solution (AB
Sciex, Framingham, MA, USA) to obtain an accuracy of approximately 0.5 ppm (sodium
iodide (2 ng/uL) and cesium iodide (50 ng/pL) in 50/50 2-propanol/water).

For data analysis, acquisition files (.WIFF) were converted to the .mzXML format
using the MSConvert software (ProteoWizard 3.0, ProteoWizard, Palo Alto, CA, USA) and
submitted to the GNPS platform: Global Natural Products Social Molecular Network-
ing (http://gnps.ucsd.edu) for analysis with the Molecular-Library Search-V2 (version
release_14) tool (1). Data were filtered by removing all peaks with ~17 Da referring to
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the m/z value of the precursor present in the MS/MS spectra, which were filtered by
window choosing only the top six peaks in the 50 Da window across the spectrum. Data
were then grouped with the MS-Cluster with an original mass tolerance of 0.02 Da and
an ion tolerance of MS/MS fragments of 0.1 Da to create consensus spectra. Furthermore,
consensus spectra containing fewer than two spectra were discarded, before analysis in
the GNDPS spectral libraries. The library spectra were filtered in the same way as the input
data. All correspondences maintained between network and library spectra were required
to have a score above 0.85 and at least four corresponding peaks. Cosine score refers to
a normalized dot-product, a mathematical measure of spectral similarity between two
fragmentation spectra. A cosine score of 1 represents identical spectra, whereas a cosine
score of 0 denotes no similarity at all [67].

4.3. Cell Culture

Murine macrophage (RAW 264.7) cells were obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA) (ATCC® TIB-71™). Cells were grown in DMEM
(Dulbecco’s modified Eagle’s medium), supplemented with 10% fetal bovine serum, and
streptomycin (5000 mg/mL)/penicillin (5000 IU) at 37 °C in a humidified atmosphere with
5% COx.

4.4. MTT Viability Assay

RAW 264.7 macrophages were exposed to AFETS, ALETS, HEFTS, and HELTS at
different extract concentrations (5, 50, 100, and 500 pg/mL) in order to assess the cyto-
toxicity. Cell viability was determined using the MTT assay (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide). A total of 1 x 10° cells per well were seeded in
96-well microplates for 24 h to promote adhesion. After 24 h at 37 °C, 100 pL of MTT
(5 mg/mL) was added to each well containing cells, and the plates were again incubated
(37 °C/4h). After removing the culture medium, 100 uL of DMSO was added to each well,
before determining the cell viability at 570 nm in a microplate ELISA reader (Epoch-Biotek,
Winooski, VT, USA). Cells grown only in DMEM medium were used as a negative control.
All assays were performed in triplicate.

4.5. Alamar Blue® Viability Assay

Cell viability after challenge with AFETS, ALETS, HEFTS, and HELTS at 5, 50, 100,
and 500 pg/mL was also evaluated by Alamar Blue® assay to assess their cytotoxic effect.
A total of 1 x 10° cells per well were seeded in 96-well microplates for 24 h to promote
adhesion. After 24 h at 37 °C of exposure to the extracts, 10% Alamar Blue®, corresponding
to the volume of the medium contained in each well, was added, and the plate was again
incubated (4 h/37 °C/5% CO,). Then, the reduced Alamar Blue® was monitored at 570 nm
and 600 nm in a microplate ELISA reader (Epoch-Biotek, Winooski, VT, USA). Cells grown
only in DMEM medium were used as a negative control. All assays were performed
in triplicate.

4.6. Cytokine Measurement of (TNF-w, IL1-B, IL-6, and IL10)

Raw 264.7 cells (1 x 10° cells per well) were plated and activated with lipopolysaccha-
ride (LPS) from Escherichia coli (O55:B5), previously dissolved in DMEM (2 nug/mL). After
1 h, cells were treated with AFETS, ALETS, HEFTS, and HELTS at different concentrations
(5, 50, 100, and 500 pg/mL). After 24 h, supernatants were harvested, and the levels of
TNEF- «, IL1-$, IL-6, and IL-10 were measured using an immunoenzymatic assay (ELISA)
kit (eBioscience), according to the manufacturer’s instructions. Analyses were performed
in triplicate, and optical density was measured at 450 nm in a microplate ELISA reader
(Epoch-Biotek, Winooski, VT, USA). Cells without LPS stimulation and LPS-stimulated
cells without extract exposure were used as negative and positive control, respectively.
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4.7. Measurement of Prostaglandin E, (PGE,) and Nitric Oxide (NO) Production

Raw 264.7 cells (1 x 10° cells per well) were plated and activated with LPS from
Escherichia coli (O55:B5), dissolved in DMEM (2 pg/mL). One hour later, cells were treated
with different concentrations (5, 50, 100, and 500 pg/mL) of AFETS, ALETS, HEFTS,
and HELTS. After 24 h, supernatants were collected to determine PGE, and NO, us-
ing ELISA kits according to the respective manufacturer’s instructions (BD Biosciences,
San Jose, CA, USA). The PGE; concentrations, expressed in pg/mL, were monitored at
405 nm and 420 nm, while the NO total concentration was assessed after addition of Griess
reagent to 40 pL of supernatant and measuring the absorbance at 545 nm. All readings
were performed in a microplate ELISA reader (Epoch-Biotek, Winooski, VT, USA). Cells
without LPS stimulation and LPS-stimulated cells without extract exposure were used as
the negative and positive control, respectively.

4.8. Statistical Analysis

The results were expressed as the mean = SD and analyzed with one-way ANOVA and
Tukey’s post hoc test, considering p < 0.05 as statistically significant. All statistical analyses
were performed using GraphPad Prism version 5.0 Software for Windows (GraphPad
Software, San Diego, CA, USA).

5. Conclusions

This study demonstrated that T. subulata and its bioactive molecules display promis-
ing anti-inflammatory activity and no cytotoxicity toward RAW 264.7 cells. The anti-
inflammatory properties of T. subulata extracts were suggested using an in vitro model of
acute inflammation through a reduction in TNF-«, IL-1$3, and IL-6 cytokines and an increase
in IL-10 cytokine. The extracts also inhibited PGE; and NO production in LPS-stimulated
RAW 264.7 cells. Phytochemical analyses revealed the presence of vitexin-2-O-rhamnoside
or its isoforms, a glycosylated flavone derived from apigenin, which may be responsible
for the pharmacological activities such as the immunomodulatory effect displayed by
T. subulata extracts highlighted in this study. Overall, the results provide scientific evidence
supporting the use of T. subulata flowers and leaves in folk medicine for inflammatory
disorders, which can be applied as an alternative to assist with this treatment.

Supplementary Materials: The following supporting information can be downloaded online. Com-
parison between library GNPS and query spectra of phytocomponents identified in Turnera subulata
flower and leaf extracts by LC-MS/MS analyses.
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Abstract: In vivo assays and chemical analyses were performed on the ethanolic extract from leaves
of Eruca sativa. UHPLC-ESI-QTOF analysis confirmed the presence of glucosinolates and flavonol
glucosides. The major flavonoid of the ethanolic extract, kaempferol-3,4’-di-O-p-glucoside, was
isolated, a HPLC-DAD method developed and validated to quantify its content in the extract. In vivo
experiments were carried out on Wistar rats with hyperuricaemia induced by potassium oxonate and
uric acid. A hypouricaemic effect was observed in hyperuricaemic Wistar rats treated with ethanolic
extract at dose of 125 mg/kg and kaempferol-3,4’-di-O-B-glucoside at dose of 10 mg/kg. The main
anti-hyperuricaemic mechanism observed in the extract was uricosuric. Kaempferol-3,4’-di-O-p-
glucoside was identified as an important component responsible for the total activity of the ethanolic
extract and was considered as a good chemical and biological marker of the ethanolic extract of E.
sativa. The obtained results indicated the potential of E. sativa in the treatment of hyperuricaemia and
its comorbidities.

Keywords: glucosinolate; glucosylated flavonols; rocket; validation; NMR; UHPLC/ESI/QTOF;
hyperuricaemia

1. Introduction

Hyperuricaemia occurs due to the overproduction of uric acid or its insufficient
excretion. The high levels of uric acid in the blood cause various damages to patients, such
as the development of gout, endothelial dysfunction, hypertension, diabetes, and heart and
kidney diseases [1].

Natural products are considered a great source of bioactive substances, as they
have a rich chemical profile. The potential of several plant species in relation to anti-
hyperuricaemic therapy has already been demonstrated [2].

Rocket, Eruca sativa Miller, is a vegetable widespread in several regions of the world
and commonly used in food. It is consumed pure in salads, cooked with meat, processed
in pesto or in the form of extracts. Rocket in Brazil is usually grown in open fields or in a
hydroponic system [3]. Animal models have already shown that rocket is associated with
several biological activities, such as antihypertensive, nephroprotective and antidiabetic
activities [4-6]. Such biological activities are desirable since hyperuricaemia is closely
related to endothelial dysfunction and is pointed out as a causal factor of diseases such as
hypertension and diabetes [1].
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Looking from the opposite point of view, the fact that E. sativa species demonstrate
benefits in hypertension and diabetes may be an important lead that this plant also acts as
an anti-hyperuricaemic agent. The chemical constitution of rocket has been well studied
and many biological activities have been attributed to isolated compounds, such as glucosi-
nolates and flavonoids [6,7]. However, little is known about the chemistry of Eruca sativa
grown in Brazil. Studies on its therapeutic effects are limited, despite the fact that this plant
has several ethnopharmacological uses reported in other countries.

The discovery of anti-hyperuricaemic effects in E. sativa would draw attention to its
potential in the treatment of hyperuricaemia and its associated comorbidities.

2. Results and Discussion
2.1. Qualitative HPLC Analyses of EE from E. sativa Leaves
2.1.1. Qualitative HPLC-DAD Analysis

Fingerprinting of the ethanolic extract from leaves of Eruca sativa (EE) obtained by
HPLC-DAD is shown in Figure 1. Peaks along the chromatogram are concentrated between
Rt = 4.50 and 15.00 min, indicating a polar bias of substances in the extract. Several minor
peaks were seen in this region and two major peaks (4.81 and 14.89 min) stood out. Analysis
of the major peaks in the UV spectra showed behaviour characteristics of a glucosinolate
and a flavonol, respectively [8,9]. In order to acquire more structural data of the major
flavonoid (MF), the UV spectra of kaempferol standard was compared under the same
conditions (Figure 1). No differences were observed in relation to band II, indicating that
both structures contain a kaempferol aglycone moiety. In relation to band I, a hypsochromic
effect of 27 nm from kaempferol to MF was noticed, suggesting substitutions of hydroxyl
groups at positions 3 and 4’ [8]. This suggestion was further confirmed by HPLC-DAD
analysis, by showing that flavonoid isolated from EE (YP) matched in retention time and
UV spectra with the MF in EE. The relative area of the MF in YP corresponded to 96% of
the chromatogram, suggesting a high degree of purity.
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Figure 1. Chromatographic profile of ethanolic extract of Eruca sativa leaves and comparison of UV-
spectra of MF peak and kaempferol. (a) Chromatogram of the ethanolic extract of Eruca sativa leaves
obtained by HPLC-DAD at 264 nm. (b) UV spectra of MF peak extracted from chromatogram of
Figure 1a. (c) UV spectra of kaempferol standard injected independently at the same chromatographic
conditions of MF peak.
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2.1.2. Qualitative UHPLC-ESI-QTOF Analysis

Mass spectral (MS) data obtained by UHPLC-ESI-QTOF was used to gather further
knowledge about EE composition, and it is summarised in Table 1. It was possible to
identify nine substances: kaempferol-3-O-3-glucoside, kaempferol—3,4’ -di-O-B-glucoside,
kaempferol-3-O-(2-sinapoyl- B-glucoside)-4’-O-glucoside, glucosativin glucosinolate, glu-
coraphanin glucosinolate, leucine, tryptophan, angustione and erucamide by comparing
their molecular ions and mass fragments with the literature and mass banks available.

Table 1. Substances identified by UHPLC-ESI-QTOF in the ethanolic extract of Eruca sativa leaves.

Chemical Compound RT (min) Experimental Mass Data EST* Reference
Glucosativin glucosinolate 1.0 328.1384; 166.0861 [10]
Leucine 14 182.0808; 268.1037; 132.1019 Fiocruz
Glucoraphanin glucosinolate 1.8 438.0554; 196.0457; 358.0987 [11,12]
Tryptophan 4.2 188.0702, 146.0601; 205.0968 Fiocruz
Kaempferol-3,4’-di-O-B-glucoside 12.6 611.1598; 449.1070; 287.0544 [13]
Angustione 14.5 197.1168; 179.1062 Fiocruz
Kaempferol-3-O-f-glucoside 15.1 449.1068; 287.0544 [13]
Kaempferol-3-O-(2-sinapoyl-f-glucoside) 162 817.2178; 817,2166; 655,1641; 369,1166; 207,0646
/ ) . . ; 817,2166; 655,1641; 369,1166; 207, [14]
-4'-O-glucoside
Erucamide 46.4 338,3423 Fiocruz

In the spectrum of flavonoids-O-glucosylated, the molecular ion [M+H]* is normally
of low intensity, and the loss of a sugar molecule is evident. The product is a prominent YO+
aglycon ion. In the case of flavonoid-di-O-glucosylates, an intermediate Y1+ corresponding
to the loss of a sugar molecule is observed [15]. MS analyses showed the presence of a
molecular ion [M+H]* of 611 m/z at 12.6 min and the formation of fragments consistent
with losses of two hexose fragments, confirming the identification of a diglucoside of
kaempferol. At 15.1 min, a molecular ion [M+H]* of 449 m/z and its secondary fragmenta-
tion, compatible with one loss of a hexose, allowed the identification of a monoglucoside
of kaempferol. Comparison with the literature strongly suggested the identity of these
flavonoids to be kaempferol-3,4’-di-O-p-glucoside and kaempferol-3-O-3-glucoside [13].

Cuyckens et al. [14] studied the fragmentation of acylated flavonol-O-glucosides and
identified fragments of groups such as feruloyl, sinapoyl, coumaroyl and benzoyl, among
others. It was found that these structures can be observed in the mass spectra in the
positive mode at low-energy CID conditions. This knowledge enabled the identification
of an acylated flavonol-O-glucoside in the EE. The molecular ion peak with m/z 817 was
observed at Rt = 16.2 min. Secondary fragmentations showed the loss of a glucose fragment
(m/z 162) and the formation of a fragment with m/z 655. In sequence, a loss of a fragment
of m/z 286, characteristic of a kaempferol aglycone, and the formation of a fragment
with m/z 369 associated with a sinapoyl-hexose group, were observed. Another loss of a
hexose (m/z 162) led to the formation of a fragment with m/z 207 of the sinapoyl group.
These results suggested the peak identity with Rt = 16.2 min as kaempferol-3-(2-sinapoyl-
B-glucoside)-4'-O-glucoside.

Glucosinolate identification was sustained by the observation of fragments with
m/z 328.1384 and 166.0861 characteristic of glucosativin glucosinolate (Rt = 1.0 min),
and fragments of m/z 438.055, 358.0987 and 196.0457 characteristic of glucoraphanine
(Rt = 1.8 min) [10-12].

Aminoacids such leucine (182 m/z, 268 m/z and 132 m/z) and tryptophan (188 m/z,
146 m/z and 205 m/z) were identified by comparison with the mass bank of Fiocruz
Institute at 1.4 and 4.2 min, respectively. Previous work by Bell et al. [16] quantified amino
acids in E. sativa varieties, finding leucine levels in the range of 2.6-3.5 ng/g. Furthermore,
it is known that these amino acids (leucine and tryptophan) are biosynthetic precursors
of glucosinolates [17]. Other substances, such as angustione (197 m/z and 179 m/z)
and erucamide (338 m/z), an amide derived from erucic acid, were also identified by

105



Molecules 2022, 27, 1506

comparison with the mass bank of the Fiocruz Institute at 14.5 and 46.4 min. It was
reported that erucic acid is normally found in high levels in E. sativa seeds [18].

2.2. Full NMR Structural Characterisation of Kaempferol-3,4'-di-O-B-Glucoside

Notably, the 'H NMR spectrum profile revealed the flavonoidic nature of this com-
pound because of the apparent AA’'BB’ doublets and meta-coupled AB system (J 1.76 Hz)
signals in the aromatic region (Figure 2a). At 6 5.03 and 4 5.48 are seen two well resolved
doublets (J 7.25 Hz and 7.50 Hz, respectively) that can be assigned to two anomeric protons
(Figure 2b). Despite the lack of resolution in the 3.0-3.8 ppm region (Figure 2b) due to the
water signal from the solvent, one can confirm the presence of the two pyranosidic units
from the HSQC contour map by the two double correlations due to two methylenic groups,
shown in Figure 2c. In the 4.2-5.6 ppm region, one can observe broad signals of hydroxyl
groups due to the effect of hydrogen bonds with the solvent (Figure 2b). Moreover, a very
unshielded proton signal is registered at 4 12.55, indicating the presence of a quelated
hydroxy group in the molecule (Figure 2a).

As one can see, all similar pyranosidic carbon signals are paired. Figure 2c,d shows
the carbon and DEPT135 spectra as the F1 projection. The '3C NMR spectrum exhibits
25 signals (Table 2) that are compatible with the 27 predicted carbons in the fragments
shown in Figure 2d, which indicates a structural formula containing an aglycone-type
kaempferol and two sugar units.
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Figure 2. Diglucoside nature of the flavonoid. (a) Aromatic region; (b) sugar moieties region;
(c) HSQC expansion of the pyranosidic protons focusing correlations of the two methylenic groups
(DEPT135 in vertical F1 projection) and (d) complete chemical structure.

Table 2. NMR data of kaempferol-3,4’-di-O-B-glucoside (400 MHz, DMSO-d6, 300 K).

Peak d C-13 C-n d HHSQC d H HMBC H-n (J/Hz)
1 177.49 C-4 — — —
2 164.81 C-7 — 6.21; 6.45 —
3 161.20 c-4 — 5.03; 8.12 —
4 159.24 Cc9 — 6.45 —
5 156.55 C-5 — 6.21 —
6 155.53 C-2 — 8.12 —
7 133.72 C-3 — 548 —
8 130.63 C-26 8.12 8.12 H-2' 6/
9 123.76 c-1 — 7.16 —
10 115.83 Cc-3' 5 7.16 7.16 H-3' 5
11 103.96 C-10 — 6.21; 6.45 —
12 100.86 C-1A 5.48 nd H-1A (7.50)
13 99.97 C-1B 5.03 nd H-1B (7.25)
14 98.93 C-6 6.21 6.45 H-6 (1.73)
15 93.85 C-8 6.45 6.21 H-8 (1.73)
16 77.62 C-5B 3.09 nd H-5B
17 77.10 C-5A 3.39 nd H-5A
18 76.52 C-3A 3.29 nd H-3A
19 76.44 C-3B 3.22 nd H-3B
20 74.21 C-2A 3.17 nd H-2A
21 73.23 C-2B 3.27 nd H-2B
22 69.91 C-4B 3.08 nd H-4B
23 69.58 C-4A 3.19 nd H-4A
24 60.87 C-6B 3.57;3.33 nd H-6a,b-B
25 60.63 C-6A 3.69; 3.48 nd H-6a,b-A

nd—not defined.

The homonuclear 2 D COSY experiment produced a contour plot (Figure 3a) where the
AA’BB’ and AB aromatic correlations could be promptly assigned. The 3.0-3.8 ppm region
shows an extreme overlapping of the pyranosidic proton signals, and one can observe two
correlations for each anomeric hydrogen (Figure 3b). This is probably due to the presence
of rotamers. The chemical shifts of H-2 A (8 3.17) and H-2B (6 3.27) as well as those of H-5
A (6 3.39) and H-5B (6 3.09) are assigned to H-1 A,B and H-6 A,B, respectively. H-5B and
H-4B are very close in chemical shift (5 3.09 and 3.08, respectively) with correlations over
the diagonal in the 2 D COSY contour plot. H-4B exhibits its coupling to H-3B (6 3.22) by
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a discrete correlation (Figure 3b). The assignment of the correlations in this region was
supported by the edited HSQC contour plots shown in Figure 3c,d.
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Figure 3. (a) COSY expanded contour plot of the aromatic region showing the AA’'BB” and AB
coupling systems; (b) COSY expanded contour plot of the pyranosidic region; (c) HSQC expanded
contour plot of the pyranosidic region showing the precise chemical shifts; (d) assignments of
the pyranosidic unities and (e) HMBC expanded contour plot showing the kaempferol 3 and 4
glucosilated positions.
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The anomeric proton signals as doublets at 4 5.48 (H-1 A, ] 7.50 Hz) and 6 5.03 (H-1B,
J 7.25 Hz) are due to 3-glucosides because of the magnitude of the vicinal coupling con-
stants. The very elegant HMBC experiment determined the location of each sugar moiety
A and B by the long-range coupling strategy to establish the spin systems. Figure 3e con-
firms the position of sugar moieties at position 3 and 4’ by the presence of the correlations
between the chemical shifts § 5.48 x 133.78 (H-1 A x C4') and 6 5.03 x 159.24 (H-1B x C3).
The non-hydrogenated carbons are readily assigned via three- and two-bond couplings.

To the best of our knowledge, this is the first complete assignment of the NMR data
of kaempferol-3,4’-di-O-B-glucoside (Table 2). The proton signal multiplicities of the
pyranosidic region could not be extracted because of the high degree of overlapping and
the existence of rotamers.

2.3. Quantification of the Major Flavonoid Kaempferol-3,4'-di-O-B-glucoside in the EE of E. sativa
Leaves by the Validated HPLC-DAD Method

Concentration of kaempferol-3,4’-di-O-B-glucoside quantified in sample solutions
(n = 3) was 0.00716 £ 0.00021 mg/mL, which was above the LQ (0.0059 mg/mL). Therefore,
it was calculated that the EE tested in rats contained 3.5 £ 0.283 g rutin equivalents/kg
EE. In comparison, Martinez-Sanchez et al. [19] reported a content of kaempferol-3,4’-di-
O-B-glucoside of 0.978 g/kg of fresh plant, while other flavonoids presented contents
10-fold lower. Other work carried out with several varieties of E. sativa showed, by means
of statistical analysis (principal component analysis—PCA), that there is a strong ten-
dency in varieties of E. sativa to accumulate flavonols with a kaempferol scaffold, espe-
cially kaempferol-3,4’-di-O-B-glucoside, with some cultivars presenting contents of 1.1
g/kg of kaempferol-3,4’-di-O-B-glucoside. Kaempferol-3-O-glucoside is found in lower
amounts than kaempferol-3,4’-di-O-B-glucoside in most varieties, demonstrating that the
biosynthesis of the diglucosylated kaempferol is favoured in this species [20]. That fact
justifies choosing kaempferol-3,4’-di-O-B-glucoside as a chemical marker in the EE of
E. sativa leaves.

2.4. Effects of Ethanolic Extract of E. sativa Leaves on Hyperuricaemia-Induced Rats

The serum uric acid level in the hyperuricaemic control group (8 £ 1.415 mg/dL) was
significantly higher than in the normal group (2 4 0.1630 mg/dL), attesting that the model
was effective in increasing uric acid levels in the blood (Figure 4a). The hypouricaemic
effect was associated with groups that had serum uric acid levels lower than in the hype-
ruricaemic group. Positive controls (allopurinol, probenecid and benzbromarone) were
effective in reducing serum hyperuricaemia to normal levels, as the concentrations with
these treatments showed significant differences with the hyperuricaemic control group
and no differences from the normal control group. Animals treated with EE at a dose
of 125 mg/kg showed serum uric acid levels similar to the normal control. Treatments
with EE at doses of 40 and 10 mg/kg were statistically equivalent and demonstrated a
hypouricaemic effect; however, this effect was not able to reduce uricaemia to normal
levels. The flavonoid isolated from the EE (kaempferol-3,4’-di-O-B-glucoside) at a dose
of 10 mg/kg was effective in reducing the uricaemia of hyperuricaemic rats to normal
levels. The anti-hyperuricaemic activity of EE (125 mg/kg) and kaempferol-3,4'-di-O-f3-
glucoside (10 mg/kg) were statistically equal to positive controls (allopurinol, probenecid
and benzbromarone).

Allopurinol is an inhibitor of xanthine oxidase (uricostatic activity), and acts by
decreasing the production of uric acid in the liver [21]. The residual activity of xanthine
oxidase was evaluated, and treatment with allopurinol promoted an inhibition of 54.72% in
relation to the hyperuricaemic group. None of the other treatments managed to promote
xanthine oxidase inhibition, suggesting that EE and kaempferol-3,4’-di-O-p-glucoside do
not promote uricostatic activity.
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Figure 4. Biological effects in hyperuricaemic Wistar rats after treatments with E. sativa ethanolic
extracts and positive controls allopurinol, probenecid and benzobromarone (a) Seric concentrations
of uric acid (b) Excretion of uric acid (c) Urine volume excreted after 5 h of the treatment. *** p < 0.001
vs. hyperuricaemic control group; ##f p < 0.001 vs. normal control group; ##H# p < 0.0001 vs. normal
control group; **** p < 0.0001 vs. hyperuricaemic control group; *** p < 0.001 vs. hyperuricaemic
control group; ** p < 0.01 vs. hyperuricaemic control group; * p < 0.05 vs. hyperuricaemic control
group (n = 6, One-way ANOVA followed by the Dunnet test).

The uricosuric effect of the treatments were evaluated, and the results are illus-
trated in Figure 4b. Treatments with probenecid (34 £ 2.304 mg/kg 5 h) and benzbro-
marone (30 £ 4.253 mg/kg 5 h) were effective in exerting a uricosuric effect in the rats.
Treatments with EE and with kaempferol-3,4’-di-O-B-glucoside exerted uricosuric effects.
The amount of uric acid excreted by the rats when receiving EE at a dose of 125 mg/kg was
54 £ 10.66 mg/kg 5 h (Figure 4b), which was statistically more effective than the values
obtained in the treatments with probenecid and benzbromarone (Tukey test, p < 0.05).
Treatment with kaempferol-3,4’-di-O-B-glucoside showed 44.00 + 6.842 mg/kg 5 h a better
uricosuric effect than benzbromarone (Tukey test p < 0.05), but equivalent to probenecid.
Other treatments (EE at 40 and 10 mg/kg) did not exert an uricosuric effect. These data sug-
gest that at doses of 125 mg/kg of EE and 10 mg/kg of kaempferol-3,4’-di-O-p-glucoside,
the uricosuric effect is the main mechanism responsible for the hypouricaemic effect. How-
ever, it was impossible to explain why a hypouricaemic effect was seen on treatment with
EE at 10 and 40 mg/kg, given that these doses did not promote uricosuric and uricostatic
effects. This suggests that other mechanisms are contributing to the anti-hyperuricaemic ac-
tivity of these treatments. Furthermore, it was seen that kaempferol-3,4’-di-O-B-glucoside,
the major component of EE, plays a crucial role in the overall anti-hyperuricaemic activity
of the EE and can be seen as a biological marker for uricosuric activity.

Additionally, the treatments that exerted an uricosuric effect (EE 125 mg/kg; kaempferol-
3,4 -di-O-3-glucoside), also showed a diuretic effect in relation to the hyperuricaemic and
normal groups (Figure 4c). This is particularly convenient because one of the problems that
can appear with the use of uricosuric substances is urolithiasis, i.e., when supersaturation
of uric acid takes place leading to precipitation of urate crystals in the kidneys, urethra or
bladder [22]. Therefore, the diuretic effects observed in treatments with EE of E. sativa and

110



Molecules 2022, 27, 1506

kaempferol-3,4’-di-O-B-glucoside have a positive and synergic effect because they aid in
urinary excretion and minimise possible episodes of urolithiasis.

It was observed that the water balance was negative in hyperuricaemic animals. The
fact that these animals were dehydrated could have underestimated the results obtained by
treatments that showed a uricosuric response in this model. Such a proposition may indicate
that the uricosuric and diuretic responses may have been greater than actually shown.

Flavonoids have been associated with anti-hyperuricaemic effects. It has been re-
ported that myricetin, quercetin and kaempferol aglycones inhibit xanthine oxidase in vitro,
whereas rutin, the glycosylated form of quercetin, does not [23]. A study by Haidari et al. [24]
showed that hyperuricaemic Wistar rats treated with kaempferol (5 mg/kg) had a sig-
nificant reduction in serum uric acid levels and hepatic xanthine oxidase and xanthine
dehydrogenase activities were inhibited. Similar results were found by Zhu et al. [25], who
explored the anti-hyperuricaemic effects in mice of flavonoids isolated from Biota orientalis
by different routes of administration. When administered orally, quercetin, rutin and
B. orientalis extract demonstrated significant inhibition of xanthine oxidase and xanthine de-
hydrogenase. In contrast, when these same treatments were administered intraperitoneally,
quercetin and the extract demonstrated a subtle reduction in hyperuricaemia, while rutin
had no hypouricaemic effect. It is known that the pharmacokinetics of flavonoids varies by
adding sugars to the structure [26]. In the present study, kaempferol-3,4'-di-O--glucoside
administered intraperitoneally to rats demonstrated a potent hypouricaemic effect at a
dose of 10 mg/kg. This suggests that hexoses in positions 3 and 4’ give a different pharma-
cological profile to kaempferol-3,4’-di-O-p-glucoside, since the treatment was remarkably
effective intraperitoneally and one of the mechanisms involved was uricosuric. Previous
studies [27] have suggested that the presence of hydroxyl groups at positions C3, C5, C7
and C-4 of the chemical structure of flavonoids are important for XO-inhibiting and anti-
hyperuricaemic activity. This theory may explain why kaempferol-3,4’-di-O-3-diglucoside
showed no effect on hepatic xanthine oxidase activity.

Uricosuric drugs may go beyond their hypouricaemic effect. Endothelial dysfunction
is closely linked to hyperuricaemia and the development of this condition predisposes to
several other morbidities such as hypertension, systemic inflammation, atherosclerosis,
cardiovascular diseases and diabetes [1]. A uricosuric effect may be beneficial in preventing
the development of endothelial dysfunction. Kang et al. [28] demonstrated through in vitro
models the role of uric acid in inducing a decrease in nitric oxide and stimulating the growth
of vascular smooth muscle cells (VSMCs), which are crucial factors in the pathogenesis
of endothelial dysfunction. In this study, pre-treatments with probenecid lessened the
negative effects caused by uric acid. Probenecid has the ability to inhibit the entry of uric
acid into VSMCs. If the EE of E. sativa acts by the same uricosuric mechanism, they can be
potential candidates for preventing endothelial dysfunction. Kang et al. [28] also suggested
that the harmful action of uric acid occurs through C-reactive protein, and that uric acid
in concentrations of 6-12 mg/dL in the blood has the ability to regulate its expression.
The findings of Mazzali et al. [29] stimulated the discussion about uricosuric treatments
for hypertension, as it was observed that uric acid induces hypertension via activation of
the renin-angiotensin system and inhibition of nitric oxide synthase 1 (ONS1) expression.
Benefits in type II diabetes could also be explored, with uric acid being identified as having
a bidirectional relationship with insulin resistance [30]. Anzai et al. [31] proposed a model
for the renal reabsorption of uric acid, where URAT1 and GLUT9 act together. URAT1
mediates the uptake of urate from the urinary lumen into the renal tubule, which is then
transported from the intracellular medium to the blood by GLUT9. Most uricosuric drugs
show an inhibitory effect on URAT1. Probenecid and benzbromarone are potent URAT1
inhibitors, but moderately inhibit GLUT 9. Thiazide diuretics are able to increase uric acid
reabsorption via URAT1, and while URAT1 is influenced by organic anions, GLUT9 has
a high affinity for hexoses [31]. Kaempferol-3,4’- di-O-3-glucoside has two hexoses in its
structure, which may be related to its uricosuric effect via GLUT9 inhibition.
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A dose-dependent effect was observed in relation to the hypouricaemic and uricosuric
effect when the doses were reduced from 40 mg/kg to 125 mg/kg in the EE. Although
treatment with 40 mg/kg of EE did not promote an uricosuric effect, a less pronounced
hypouricaemic effect was observed. When reducing the dose to 10 mg/kg of EE, there was
no change in the effect, so the treatment with 10 mg/kg was considered equivalent to that
of 40 mg/kg of EE. This indicates that there are other anti-hyperuricaemic mechanisms in
addition to the uricosuric and uricostatic pathways by which E. sativa extracts promote
the hypouricaemic effect. These findings create room for pursuing new alternatives for
the treatment of hyperuricaemia that do not act by uricostatic and/or uricosuric routes.
Other mechanisms include supplementation of uricase analogues, inhibition of previous
pathways to the formation of xanthine and hypoxanthine and increased intestinal extra-
renal excretion [32,33]. Uricases tested on humans are known to have immunogenotoxicity
problems when administered intravenously. However, a recent study has shown that
uricase administered orally to pigs is able to increase intestinal elimination of uric acid [34].
These findings draw attention to a new type of thinking in relation to the discovery of new
anti-hyperuricaemic drugs. Products with active uricases, such as plants, could become
anti-hyperuricaemic herbal medicines. As it turns out, researchers in Iraq have been able to
isolate uricase from E. sativa seeds [35]. However, there are no reports of in vivo testing of
uricases from plants, and further studies are needed.

Data from ethnopharmacological studies conducted with E. sativa in other countries
report the use of the plant in folk and aboriginal medicine in the treatment of hypertension
and diabetes [6,7]. In a complementary way, Hetta et al. [4] reinforced the proposition that
E. sativa exhibits an antidiabetic action. Some works written in ancient Greece reported
diuretic and renal benefits of the rocket plant. Such reports are confirmed by studies that
indicated the nephroprotective activity of E. sativa against toxicity induced by pesticides [5].
From an ethnopharmacological point of view, several studies have shown similarities in
the medicinal uses and biological activities of E. sativa, suggesting that, in general, the
activities found for this plant are similar in different cultivars; however, this cannot be
considered as a rule. Bell et al. [20] drew attention to the fact that Eruca species are still in an
evolutionary process and, as a result, their phytochemical profiles may vary in composition
and concentration. Interferents such as light, environmental stresses, temperature and
genetic factors can also influence the chemical composition between varieties. The discovery
of the uricosuric effect of kaempferol-3,4’-di-O-B-glucoside gives room for thinking towards
the standardisation of the anti-hyperuricaemic activity of the EE of E. sativa leaves based on
its flavonoid content. Therefore, doses of EE would be adjusted in accord with kaempferol-
3,4’-di-O-B-glucoside concentration since it is a biological and a chemical marker.

3. Materials and Methods
3.1. Reagents, Chemicals and Analytical Instruments

Reagents: ethanol PA (Quemis®, Jundiai, Brazil), hexane PA (Neon®, Suzano, Brazil),
chloroform PA (Synth®, Diadema, Brazil), ethyl acetate PA (Qhemis®, Jundiai, Brazil),
methanol PA (Dynamic®, Sao Paulo, Brazil), acetonitrile (]TBaker®, Radnor, PA, USA),
methanol (JTBaker®, Radnor, PA, USA), deuterated dimethylsulfoxide, diphenylbory-
loxyethylamine (Sigma-Aldrich, St. Louis, MI, USA), polyethylene glycol (Sigma-Aldrich),
potassium oxonate (Sigma-Aldrich), uric acid (Sigma-Aldrich), Tween 80 U.S.P (Synth®,
Diadema, Brazil), distilled water, saline solution (Sequiplex, Aparecida de Goiania, Brazil),
dimethyl sulfoxide (DMSO; Vetec, Duque de Caxias, Brazil), hydrochloric acid PA (Chomo-
line, Diadema, Brazil), monobasic potassium phosphate (Vetec), dibasic sodium phosphate
(Vetec), dibasic sodium phosphate hepatic hydrate (Vetec), phosphoric acid 85% PA (Vetec),
Brilliant Blue G-250 (Sigma-Aldrich), anaesthetics (injectable Dopalen; Ceva Santé Ani-
male, Libourne, France), xylazine (injectable Dopaser; Hertape Calier, Juatuba, Brazil),
benzbromarone (Sigma-Aldrich), probenecid (Sigma-Aldrich) and allopurinol (Sigma-
Aldrich). For the determination of uric acid, the monoreagent uric acid kit was supplied
by Bioclin (Belo Horizonte, Brazil). One-millilitre syringes (BD Plastipak, Jersey City, NJ,
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USA) and hypodermic needles (BD Precision Glide, Jersey City, NJ, USA) were used to
administer solutions, treatments and anaesthesia to rats. Reverse-phase silica gel (KP-C18-
HS Biotage®,Uppsa1a, Sweden), Phenomenex, Luna® C18, Aschaffenburg, Deutschland
(5 pm, 250 x 4.6 mm), Shimadzu Shim, Canby, OR, USA, pack XR-ODS III C18 (2.2 um;
2 x 150 mm), Millex® filtration device (0.45 um) (Merk, Darmstadst, Germany), Millipore
polytetrafluoroethylene (Merk, Darmstadt, Germany) membrane (PTFE, 0.45 pm), Milli-Q®
(Millipore®) filtration system (Merk, Darmstadt, Germany), plates and CCD 10 x 10 Biotage
® KP-SIL were used (Biotage®, Uppsala, Sweden).

Instruments: Shimadzu® and Quimis® balances, M-560 Buchi® melting-point me-
ter, R-210 rotary evaporator (Buchi®, Switzerland), MARCONI® (Piracicaba, SP, Brazil)
greenhouse model MA035, MARCONI® knife mill, ultraviolet (UV) light at 254 /366 nm
(Blak-Ray), Bruker Avance III 400 MHz spectrometer (Madison, W1, USA), Waters® model
2695 high-performance liquid chromatograph, Waters 2996 diode array detector (DAD),
UHPLC-ESI-QTOF system (Oswaldo Cruz Foundation, René Rachou Research Center),
Cary® 50 Bio Varian UV-vis spectrophotometer, Australia—quartz cubes (10 x 10 mm, m;
10 x 10 mm, 600 uL) were used in the absorbance readings. Additionally used were Sigma
Laboratory Centrifuges® 3K30 centrifuge, Germany, and a Microcen® 16 centrifuge from
Herolab. The biological materials collected were stored in the Brastemp® Flex freezer at
—20 °C or in the freezer at -80 °C. Unique ultrasonic, Shimadzu and Quimis scales, Motion®
II vortex (Logen Scientific) and Digimed DM20 pH meter were used.

3.2. Plant Material

Seeds of E. sativa Miller of the variety Selecta (Broad Leaf) were obtained from the
company Horticeres. The cultivation was carried out in a hydroponic system in semi-
covered non-acclimatised greenhouses in the municipality of Mario Campos, MG, Brazil.
Supplementation was made using fertilizers based on N, K, P and Fe. Collection of plant
material was made on 18 June 2018. Leaves of the rocket were washed with water, dried in
an oven with air circulation at 38 °C and pulverised in a knife mill.

3.3. Preparation of the Ethanolic Extract (EE) from E. sativa Leaves

Dried and pulverised leaves (370.0 g) were extracted by continuous percolation with
ethanol until the plant material was depleted. The solvent was eliminated in a rotary
evaporator and the material kept under vacuum to obtain 66.0 g of crude dry extract.

3.4. HPLC Analyses
3.4.1. Qualitative HPLC-DAD Analysis

The method was developed in order to obtain a chromatographic profile that would
detect the greatest possible number of peaks with better resolution of the chromatographic
signal baseline; the purity of the peaks was also considered. The method used by Martinez-
Sanchez et al. [13] was taken as a starting point for the development of the analytical
condition for the fingerprint of the EE. Analyses were conducted using a Phenomenex
column, Luna® C18 (5 um, 250 x 4.6 mm). The analysis temperature was set to 30 °C,
flow rate at 1.0 mL/min and volume injection of 20 pL in all injections. Several conditions
were tested to select the mobile phase (gradient elution with different proportions of
water/methanol, water/acetonitrile, and acidified water/acidified acetonitrile). Thus, the
mobile phase was composed of solvent A (ultrapure water/formic acid 0.1%) and solvent
B (acetonitrile/formic acid 0.1%). The HPLC gradient was started with 100% of solvent A,
reaching 80% A at 10.0 min, 50% A at 25.0 min and 0.0% A at 40.0 min, finally returning to
the initial conditions at 45.0 min, which were maintained until 50 min. The detector was
adjusted to read from 200-400 nm. Empower® software was used for data processing and
all chromatograms were extracted at 264 nm.

EE diluted in methanol was analysed by HPLC-DAD and the absorption spectra of its
major peaks were extracted and analysed. In addition, a kaempferol standard was injected
separately under the same conditions at a concentration of 0.5 mg/mL.
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3.4.2. UHPLC-ESI-QTOF Analysis

The method used was adapted from Martinez-Sanchez et al. [13]. EE (10 mg) was
diluted in 500 pL of DMSO. Then, 100 pL of this solution was diluted in 300 L of methanol.
The sample injection volume was 5 pL. The analysis was conducted in an ultra-efficient
liquid chromatograph using a column (2.2 um; 2 x 150 mm; C18) coupled to an ESI-
Q-g-TOF mass detector adjusted in positive ion mode. Ionisation was conducted via
electrospray ionisation (ESI) and fragmentation was by collision-induced dissociation
(CID). The detection range was set from 100 to 1500 m/z. The nebulisation was carried
out at 3 Bar, the drying temperature was 200 °C and the capillary voltage was adjusted to
4500 V. The mobile phase was composed of solvent A (ultrapure water/formic acid 0.1%)
and solvent B (acetonitrile/formic acid 0.1%). The chromatographic run started with 0% of
solvent B, reaching 10% B in 20 min, 50% B in 25 min and finally reaching 100% B in 40 min.
The proportion of 100% B was maintained for 5 min, returning to initial conditions in 1 min
and maintained for another 9 min. The oven temperature was 40 °C during analysis and
the flow of 400 pL/min was constant. The compounds were identified by comparing the
results obtained with the available literature and mass spectra libraries.

3.5. Isolation of the Major Flavonoid in EE

Fractionation of EE was conducted using the method proposed by Nazif et al. [36]
with adaptations. EE (55.0 g) was dissolved in distilled water at 60 °C. The solution was
kept refrigerated overnight and then filtered on paper resulting in an insoluble residue (IE;
21.678 g) and an aqueous filtrate (Aql). Aql was subjected to liquid-liquid partition with
chloroform followed by ethyl acetate. Each solvent extraction was evaporated separately
in a rotary evaporator in vacuo furnishing fractions EECI (0.349 g) and EEaE (0.273 g),
respectively. The second aqueous fraction (Aq2) was filtered to yield an inorganic solid
IS (7.78 g) and a filtrate (Aq3). Aq3 was submitted to open-column chromatography
packed with reverse-phase (C18) silica gel; the elution was performed by using decreasing
proportions of distilled water and methanol, starting with 100% water. Fractionation was
monitored by silica gel TLC and revelation with NP-PEG [37]. Fraction (C1) eluted with
water/methanol (75:25 v/v) was revealed to have an intense orange fluorescence spot
when sprayed with NP-PEG. Subsequent chromatographic fractionations were performed
employing the same method to yield a yellow powder (YP, 15 mg, flavonoid isolated from
EE) with melting range at 217.3-218.9 °C. A DMSO-d6 solution of YP was analysed by
NMR spectroscopy by 'H NMR, 13C NMR, COSY, HSQC and HMBC and the structure was
confirmed to be kaempferol-3,4’-di-O-B-glucoside.

3.6. Validation of a Quantitative Method of the Major Flavonoid in EE by HPLC-DAD

Validation was carried out using parameters based on RDC 166/17 and international
legislation [38,39]. Linearity, precision, intermediate precision and accuracy tests were
conducted and are summarised in Table 3.

Table 3. Linearity, repeatability, intermediate precision and accuracy of the HPLC-DAD quantification
method of kaempferol-3,4’ -di-O-B-glucoside in the ethanolic extract of E. sativa on days 1 and 2.

Da Linearity Concentration RSD % Accuracy %
y (n=23) Level (n=3) (n=3)

Lowest 1.0 102.7-99.0

1 Y= 3.3641:;—06090977); - 44233 Medium 3.5 100.6-94.5
e Highest 1.7 98.5-96.9

Lowest 5.4 101.0-92.7

2 Y= 3.4221:;—06090974)2 - 53331 Medium 6.9 104.0-93.5
e Highest 24 99.4-96.9

Firstly, selectivity was evaluated considering the degradation of products in alkali
and extreme acid conditions (n = 3). EE methanolic solutions (4 mg/mL) were added to
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an equal volume of a 1.0 mol/L HCI solution and kept at room temperature. After 21 h,
the solutions were neutralised with 0.5 mol/L NaOH to produce the final concentration
of 1 mg/mL of extract. For the alkali condition, EE methanolic solutions were submitted
to 1.0 mol/L NaOH solutions for 18 h and neutralised with 0.5 mol/L HCl solutions. The
percentage peak degradation of kaempferol-3,4’-di-O-p-glucoside was 11.5 + 0.019% in
acid conditions, whereas in alkali conditions 46.6 £ 8.735% degradation was found. Peak
purity analyses of the chromatographic signal were evaluated by Empower® software.
In both conditions, the kaempferol-3,4’-di-O-3-glucoside peak was pure in the range of
200-400 nm.

Due to a lack of the reference standard (kaempferol-3,4’-di-O-B-glucoside) to validate
a quantitative method, a standard of similar UV absorption characteristics (rutin) was
chosen. EE solutions in methanol (1 mg/mL) containing increasing concentrations of
rutin (0.01, 0.02, 0.03, 0.04 and 0.05 mg/mL) were prepared in triplicate on two different
days. Resolution of kaempferol-3,4’-di-O-f-glucoside and rutin peaks were adequate and
symmetry of both peaks was less than 1.5. The peak assigned to rutin was pure in all
runs. Using Prisma® software, statistical treatments were applied to the obtained results in
order to evaluate linearity. In both days, the average curve generated presented r > 0.99
(two-tailed test). On day 1, the curve obtained was y = 3.364e + 0.007x — 44,233 (R% =0.9973)
and on day 2, the curve was y = 3.422e + 0.007x — 53,351 (R? = 0.9946). The residue analysis
followed a random distribution and confirmed that the variance of the experimental errors
was homoscedastic. No outliers were evidenced. Experimental errors analysis made by
Shapiro-Wilk test confirmed the normality of the experimental errors on the two days
(Day: p < 1-0.88; Day 2: p < 0.94). Dependency error analysis (0.8182 < 1000) carried out on
Prisma® confirmed the independence of the results. Three concentrations in the curves of
each day were selected (lowest, medium, and highest) to evaluate precision (repeatability
and intermediary precision) and accuracy. Precision was expressed by relative standard
deviation (RSD) of the response and the accuracy as the percentage deviation from the
nominal concentration. In the first day of analysis, RSD of the responses were 1.0% (lowest
concentration), 3.5% (medium concentration) and 1.7% (highest concentration). On the
second day, RSD of responses were 5.4, 6.9 and 2.4%. The limit of acceptance for precision
was considered to be 7.3%, according to the analytical quality manual recommended by
the Ministério da Agricultura e Pecuaria [40]. In all concentrations, deviations from the
nominal concentration were <3%. The limits of detection (LD) and quantification (LQ) were
obtained from the ratio of the standard deviation of the intercept with the y-axis (1 = 6) with
the slope of the average analytical curve obtained. This ratio was multiplied by 3 to obtain
LD (0.0019 mg/mL) and by 10 to obtain LQ (0.0059 mg/mL). Ultimately, the validated
method was selective, linear, precise and accurate. With a 95% confidence interval, it was
seen that there were no statistical differences between the slope coefficients of the curves
generated on the two days and their intersections with the y-axis. Thus, the mean analytical
curve of days 1 and 2, y = 3.39333e + 0.007x — 48791.8, was assumed for all data.

3.7. Quantification of Kaempferol-3,4'-di-O-p-glucoside by HPLC-DAD

Three stock solutions of EE at 4 mg/mL in methanol were prepared. From these, solutions
with a theoretical concentration of 2 mg/mL in methanol were obtained. Kaempferol-34’-di-O-
-glucoside present in the solutions was quantified using the HPLC-DAD method, developed
and validated. The mean analytical curve obtained was used to determine the concentration in
the sample solutions. Results were then expressed in g of rutin equivalent/kg EE.

3.8. Anti-Hyperuricaemic Assay
3.8.1. Animals

In vivo experiments were conducted in adult and male Wistar rats weighing 180-280 g
and provided by the Central Bioterium of UFOP. The experimental protocol was approved
by the UFOP Animal Use Ethics Committee (CEUA-UFOP, protocol number 7504230419)
and were in accord with the NIH guide for the care and use of laboratory animals published
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by the US National Institute of Health [41]. The 12 h/12 h light/dark cycle was maintained
ad libitum.

3.8.2. In Vivo Hyperuricaemic Model

To evaluate the anti-hyperuricaemic activity, the model described by Murugaiyah and
Chan [42], Ferrari et al. [43] and Bernardes et al. [44] was used. Animals were initially
deprived of water and food for 12 h. Hyperuricaemia was achieved by treating animals
with a single dose of potassium oxonate (200 mg/kg, i.p.) and uric acid (1 g/kg, i.g.). Thirty
minutes after hyperuricaemia induction, treatments [EE, doses of 10, 40 and 125 mg/kg
diluted in vehicle DMSO/Tween 80/water (1:1:8)] and drugs of reference [allopurinol
10 mg/kg, benzbromarone 10 mg/kg and probenecid 50 mg/kg diluted in the vehicle
ethanol/Tween 80/water (10:20:70)] were administered. Each group was formed by six
animals. The normal control group (with normal uricemia) did not receive potassium
oxonate and uric acid. Instead, it was given saline intraperitoneally and vehicle orally. The
hyperuricaemic control (model control) received only the vehicle used to dilute treatments
after hyperuricaemia induction. After administration of treatments, the animals were
placed in individual metabolic cages and received 100 mL of water ad libitum. Urine was
collected in graduated tubes and water consumption measured for 5 h. The collected urine
was used for the quantification of uric acid. At the end of the experiment, the animals were
anaesthetised with a combination of ketamine and xylazine (240 and 60 mg/kg, respec-
tively), intraperitoneally. Blood samples were collected from the abdominal aorta and a
thoracoabdominal laparotomy was carried out. The blood was kept at room temperature
until coagulation and then centrifuged at 3000 x g for 15 min. The resulting supernatant
was again centrifuged at 3000 g for 15 min to obtain the serum. Serum and collected urine
were stored at —20 °C for further analysis. The livers (3.0 g) were removed, weighed and
stored at —80 °C for later preparation of the homogenates.

3.8.3. Uric Acid Assay

Serum and urine samples had their uric acid measured by a colorimetric technique
using a kit (Bioclin, Brazil), following the manufacturer’s instructions.

3.8.4. Liver Homogenate Preparation

Livers were thawed and crushed in a 50 mM phosphate buffer solution (5 mL). During
crushing, the samples were kept on ice. The crushed livers were centrifuged at 3000x g at
4 °C for 15 min. The upper lipid layer was discarded, and the intermediate supernatants
collected and centrifuged at 10,000x g at 4 °C for 1 h. The intermediate supernatant was
collected to obtain the homogenates used for the quantification of total proteins and for the
evaluation of the residual activity of xanthine oxidase.

3.8.5. Total Protein Assay

Measurement of total proteins was performed using the Bradford method [45]. An an-
alytical curve using increasing masses of albumin was constructed; the equation of the
line obtained was y = 0.0064x + 0.0352; R? = 0.992. A 50 mM phosphate buffer solution
was used to zero the equipment. The blank was prepared by adding 100 pL of phosphate
buffer to 5 mL of Bradford’s reagent, followed by homogenisation in a vortex apparatus.
The samples were prepared by adding 100 uL of homogenate to 5 mL of Bradford’s reagent
and then homogenizing in a vortex apparatus. The absorbances were recorded at 595 nm
on a spectrophotometer after 2 min.

3.8.6. Hepatic Xanthine Oxidase Activity Assay

Synthesis of uric acid from xanthine was monitored spectrophotometrically according
to the method described by Hall et al. [46]. To prevent the conversion of uric acid to
allantoin, 100 pL of each homogenate was added to test tubes with 5.4 mL of 1 mM
potassium oxonate solution. The solution was then pre-incubated at 37 °C for 15 min.
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Hence, 1.2 mL of the 250 mM xanthine solution was added and incubated for 30 min at
37 °C. At 0 and 30 min after adding the xanthine, 0.5 mL of HCl solution (0.6 mol/L) was
added to stop the reaction. The solutions were centrifuged at 3000 g for 5 min and the
supernatants collected to read the absorbance in a spectrophotometer at 295 nm. The blank
was adjusted using the 1 mM potassium oxonate solution. The quantification of the uric
acid formed was made by the difference between the absorbance values at times 0 and
30 min, which was compared with the analytical curve (y = 1.6629x — 0.0045; R? = 0.998).
With the total protein values, it was possible to express the residual activity of xanthine
oxidase as nanomoles of uric acid formed per minute per milligram of protein.

3.8.7. Statistical Analysis

Results processing of the animal model was made on GraphPad® Prism software,
version 6.01 (USA). Standard deviations among groups did not present a Gaussian distribu-
tion when applied the test of Shapiro-Wilk. The variance was performed using One-Way
analysis of variance (ANOVA) and means were significantly different among the groups
(p < 0.0001). Equal variances tests were performed using the Brown-Forsythe test and
standard deviations among the groups were not significantly different [47]. Post-tests were
performed using the Dunnett test and group pairs were compared using the Tukey test.
p-values < 0.05 were considered statistically significant. The results were expressed as
means and standard deviation.

4. Conclusions

Analysis carried out on the ethanolic extract of E. sativa showed the presence of
flavonoids and glucosinolates previously reported in other studies with E. sativa. Kaempferol-
3,4'-di-O-B-glucoside was determined as the main flavonoid in the ethanolic extract,
and it was considered a chemical and biological marker for uricosuric activity. Anti-
hyperuricaemic activity of extracts were mainly but not only due to uricosuric action. Other
mechanisms are still to be elucidated. Finally, the results obtained so far, associated with
data from ethnopharmacological studies, drew attention to the potential of E. sativa to
control hyperuricaemia and the comorbidities associated with this pathology.
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Abstract: Miconia chamissois Naudin is a species from the Cerrado, which is being increasingly re-
searched for its therapeutic potential. The aim of this study was to obtain a standardized extract
and to evaluate seasonal chemical variations. Seven batches of aqueous extracts from leaves were
produced for the standardization. These extracts were evaluated for total solids, polyphenol (TPC)
and flavonoid content (TFC), vitexin derivative content, antioxidant activity; thin-layer chromatog-
raphy (TLC), and high-performance liquid chromatography (HPLC) profiles were generated. For
the seasonal study, leaves were collected from five different periods (May 2017 to August 2018). The
results were correlated with meteorological data (global radiation, temperature, and rainfall index).
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Using chromatographic and spectroscopic techniques, apigenin C-glycosides (vitexin/isovitexin)
and derivatives, luteolin C-glycosides (orientin/isoorientin) and derivatives, a quercetin glycoside,

Chemical Evaluation of Miconia miconioside B, matteucinol-7-O-f-apiofuranosyl (1 — 6) -B-glucopyranoside, and farrerol were

chamissois Naudin from Brazilian identified. Quality parameters, including chemical marker quantification by HPLC, and biological

Savanna. Molecules 2022, 27, 1120. activity, are described. In the extract standardization process, all the evaluated parameters showed
https:/ /doi.org/10.3390/ low variability. The seasonality study revealed no significant correlations (p < 0.05) between TPC or
molecules27031120 TFC content and meteorological data. These results showed that it is possible to obtain extracts from
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Publisher’s Note: MDPI stays neutral 1. Introduction

with regard to jurisdictional claims in Cerrado, with a predominantly dry and hot climate, is recognized as the richest
published maps and institutional affil-  savanna in the world, home to 11,627 species of native plants already cataloged [1]. Cerrado
iations. comprises several phytophysiognomies and has a prevalence of some botanical families

with commercial, cultural, and social importance (food, ethnobotany, religious, and others),
as well as the potential for ecological restoration [2].
m The richness of the Cerrado is such that the range and potential of bioactive compounds
produced by Cerrado species can be considered greater than those of the Amazon Forest,
representing an interesting field of investigation with medicinal plants and conservation of
natural resources [3].

Melastomataceae is the sixth most abundant botanical family of angiosperms in Brazil,
Attribution (CC BY) license (https:// comprising more than 1300 species, with Miconia, Leandra, Tibouchina, Microlicia, and
creativecommons.org licenses /by / Clidemia among the most diverse genera. In all of Brazil, 267 species from the Miconia genus
40/). have been described and are distributed in these phytogeographic domains: Amazon,
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Caatinga, Cerrado, Atlantic Forest, Pampa, and Pantanal [4]. In the Cerrado, which
principally covers the Midwest region of Brazil, 68 Miconia species have already been
identified [2]. In particular, Miconia chamissois Naudin is a native species from Brazil found
in the Caatinga, Cerrado, and Atlantic Forest [4].

Some species from Melastomataceae are used in traditional medicine as
Miconia cinnmonifolia (DC.) Naudin and Miconia albicans (Sw.) Triana. Miconia cinnmonifolia
(DC.) Naudin is used in folk medicine for the treatment of cold/fever and rheumatism.
Miconia albicans (Sw.) Triana. is used for eupepsia. The Tibouchina genus is used therapeu-
tically for pain relief. Ossaea quinquenervia (Mill.) Cogn. is also used in the treatment of
symptomatic malarial fever by indigenous tribes of Panama [5,6].

Miconia chamissois Naudin is popularly known as “Folha de Bolo,” “Sabiazeira,” or
“Pixirica” and has been used as food by inhabitants of Mato Grosso do Sul, Brazil [7,8].
The main phytochemical constituents of this species are anthraquinones, triterpenoids,
saponins, tannins, steroids, flavonoids (rutin, isoquercitrin, and vitexin), alkaloids, and
coumarins [9-11]. Recently, Gimenez et al. (2020) reported the presence of miconioside
B, matteucinol 7-O-f-apiofuranosyl (1—6)-3-glucopyranoside, ursolic acid, and oleanolic
acid on the chloroform partition and its sub-fraction of M. chamissois leaf extracts [7]. Many
of these compounds are used therapeutically to treat inflammatory and neurodegenera-
tive diseases, cancer, and other pathological processes that involve the presence of free
radicals [12].

Some studies have shown the biological potential of M. chamissois Naudin extracts,
such as antioxidant activity, in vitro enzyme inhibition activity against tyrosinase and alpha-
amylase, antimicrobial activity [11], in vitro inhibition of MMP-2 and MMP-9 activities [10],
and antineoplastic potential in human cervical cancer cell lines [13]. Silva et al. (2020) also
demonstrated that matteucinol, isolated from M. chamissois exhibited selective cytotoxic
against glioblastoma cell lines [14].

There has been an increase in research aimed at discovering pharmacologically active
native plant species. The few studies published on the biological activity and chemical
composition of M. chamissois have supported its therapeutic importance.

The secondary metabolism of plants is affected by temperature, ultraviolet radiation,
rain index, soil nutrients, altitude, and other environmental factors [15]. Miconia chamissois
is widely distributed throughout the Brazilian territory and therefore, is exposed to different
environmental conditions.

Due to the complexity of plant species and chemical variation through seasonality,
chemical elucidation and the definition of chemical markers are important for assessing
the quality of the final product and ensure patient safety. Moreover, standardization
of extracting extracts can reduce variability [16,17]. Thus, this study aimed to obtain a
standardized extract and to evaluate the seasonal variability of M. chamissois.

2. Materials and Methods
2.1. Plant Materials

Miconia chamissois Naudin leaves were collected from Lago do Cedro, Brasilia, Federal
District, Brazil (coordinates 15°53'48.0” S, 47°5636.1” W). A sample was deposited at
the University of Brasilia herbarium (UB) under the exsiccate number CW Fagg 2358.
To evaluate seasonal chemical variability, leaves were collected in May 2017 (autumn),
November 2017 (spring), February 2018 (summer), May 2018 (autumn), and August 2018
(winter).

Access to genetic heritage was approved by the Genetic Heritage Management Council
(CGEN), registered at National System for the Management of Genetic Heritage and
Associated Traditional Knowledge (SISGEN) under the number A215A9A.

2.2. Extraction Process

The leaves were dried at 37 °C in a circulating air oven for 30 h. The moisture content
at the end of this process was 10.10% == 0.02. The dried leaves were powdered in a knife
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mill to obtain a powder with 30 mesh (0.59 mm) using a sieve integrated into the mill. This
powder was extracted in water by infusion at 70 °C to 50 °C at a ratio of 1:10. The aqueous
extract was then lyophilized (VirTis SP Scientific Advantage Plus XL-70 Benchtop Freeze
Dryer) and stored at —20 °C.

The yield of aqueous extract from Miconia chamissois Naudin (AEMC) was calculated
as the weight percentage of the dried powdered leaves.

The total solids content was determined using an infrared moisture detector (Gehaka®
model IV2000, Sdo Paulo, Brazil) from 2 mL of the sample. The analysis was performed in
triplicate, and the results are expressed as the weight percentage of the dried leaf material.

2.3. Extraction Process Standardization

To evaluate the standardization and reproducibility of the extraction process, seven
equal batches of aqueous extracts from leaves were prepared (B1-B7). Leaves collected in
May 2017 at Lago do Cedro, Brasilia, Federal District, Brazil (coordinates 15°53'48.0” S,
47°56/36.1” W) were used to prepare the seven batches. Total solids, polyphenol and
flavonoid contents, TLC and HPLC profiles, vitexin derivate content, and antioxidant
activity were evaluated from these batches.

2.4. Chemical Composition
2.4.1. TLC Assay

Thin-layer chromatography was performed using silica gel (Sobernt Technologies®,
200 um, 20 x 20 cm). The eluent solutions were ethyl acetate, formic acid, acetic acid, and
deionized water (100:11:11:26). Chromatographic spots were visualized using both physical
and chemical protocols (ultraviolet lamp at 254 nm and natural product/polyethylene
glycol (NP/PEG) reagent (2% diphenylboryloxyethylamine methanolic solution—solution
A and 5% polyethylene glycol ethanolic solution 4000—solution B) was used as the detection
reagent [18].

2.4.2. Polyphenol and Flavonoid Contents

Total polyphenol (TPC) and total flavonoid (TFC) contents in AEMCs were determined
using a modified colorimetric method proposed by Kumazawa et al. (2004) [19]. The TPC
assay was performed in a 96-well plate, with 50 pL of standard or sample, 50 puL of 10%
calcium carbonate (NayCOs3), and 50 pL of 1N Folin reagent. One hour after the addition of
Folin reagent to the reaction medium, absorbance was measured at 760 nm using a Perkin
Elmer EnSpire plate reader. The results were expressed in pug equivalents of gallic acid (ug
EGA /mg or percentage of total polyphenol content (%)). The TFC assay was performed in a
96-well plate by adding 100 puL of 2% aluminum chloride (AICl3) solubilized in 40% ethanol
and 100 pL of standard/sample. One hour after the addition of 2% aluminum chloride
(AICl3) to the reaction medium, absorbance was measured at 420 nm using a Perkin Elmer
EnSpire plate reader. The results were expressed in pg equivalents of quercetin per mg
of extract (ug QE/mg) or percentage of total flavonoid content (%). The analyses were
performed in triplicate.

2.4.3. HPLC-UV/DAD Assay

Chromatographic analysis by HPLC was performed using a Hitachi LaChrom Elite®
HPLC System (L-2130 pump, L2200 auto-sample, L-2300 column oven, and L-2455 DAD de-
tector). Separation was carried out on a C18 column (5 pm, 250 x 4.6 mm; LiChroCART®150-
4.6 Purospher® RP18e) at 25 °C; the flow rate was set at 0.6 mL/min, the injection volume
was 10 pL, and detection was performed at 354 nm. The mobile phase consisted of phos-
phoric acid 1% (A) (Sigma-Aldrich®) and acetonitrile (B) (Tedia®) with gradient elution
performed at 0 min. 90% (A) and 10% (B); 40 min. 70% (A) and 30% (B); 50 min. 50% (A)
and 50% (B). The data were analyzed using EZChrom Elite software, version 3.3.2 SP1.
All solvents used were of HPLC grade (Sigma-Aldrich® and Tedia®). The water used
was obtained from a Millipore Mili-Q system. The methodology was described by Leite
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et al. (2014) [20]. For analysis, 25 mg of AEMC was weighed and dissolved in 5 mL of
ultra-purified water/ HPLC grade methanol (6:4), which was then filtered (Hydrophyllic,
33 mm, membrane 0.45 um). Commercial standards were used an attempt to identify the
compounds present in the AEMC by comparison of retention times and ultraviolet spectra.
The standards obtained were caffeic acid, chlorogenic acid, ferulic acid, kaempferol, cate-
chin, epicatechin, gallic acid, rosmarinic acid, myricitrin, trigonelline hydrochloride, ellagic
acid, isoquercitrin, hesperetin, quercetin, resveratrol, vitexin, isovitexin and myricetin
acquired from Sigma-Aldrich®, hyperoside acquired from Hwi Analytik Gmbh®, and rutin
from Chromadex®.

Vitexin equivalents (VE) were determined with a standard curve generated using
vitexin in the range of 8 to 100 ng/mL. The sample was analyzed at a concentration of
5 mg/mL in a methanol and water solution (6:4). The data from the standard curve were
used to estimate the vitexin equivalents in the sample using linear regression of the data.
Analyses were performed for all seven batches.

2.4.4. UHPLC-MS/MS Assay

UHPLC analyses were performed using a Waters Acquity H-series UPLC coupled to a
Waters Acquity PDA detector in series with a Xevo triple quadrupole mass spectrometer. A
Waters Acquity UPLC BEH C18 column (1.7 pm, 2.1 mm x 100 mm) was used, with mobile
phases A = 0.1% formic acid and B = acetonitrile. The column was held at 35 °C with a
flow rate of 0.35 mL/min, with 100% A and 0% B with a linear gradient of 40% A and
60% B at 30 min, followed by 4 min re-equilibration to the original conditions. The PDA
was monitored continuously over a range of 230-500 nm. The injection volume was 15 pL.
The mass spectrometer was operated in several different modes for separate injections.
Initially, positive ion full scan positive ion electrospray ‘survey scans’ were acquired over
the range m/z 100 to 1500 every 0.3 s, with a cone voltage of 30 V. Scanwave daughter scans
at 10 V and 20 V collision energy (CE) at 2000 m/z per second were automatically acquired
from the strongest ions. To unequivocally determine molecular weights, full negative ion
electrospray spectra were subsequently acquired from m/z 100 to 1000 every 0.4 s using a
cone voltage ramp, followed by targeted MS/MS scans with a cone voltage of 30 V and
collision energy of 40 V from the relevant major [M — H] ™ ions. The ion source temperature
was 130 °C, the desolvation gas was nitrogen at 950 L/h, the desolvation temperature was
450 °C, and the capillary voltage was 2.7 KV in all cases. For this assay, a mixture of seven
batches of aqueous extracts from leaves was used.

2.5. Antioxidant Activity
2.5.1. DPPH Assay

Antioxidant activity was evaluated by reducing the DPPH (2,2-Diphenyl-1-picrylhydrazyl)
radical using an adapted methodology described by Blois (1958) [21]. Ascorbic acid was
used as a positive control, and a standard curve was generated over the concentration
range of 10 to 1000 ug/mL. Different AEMC samples were evaluated at a concentration of
3 ng/mL. The results were also expressed as inhibition percentage (%) and were determined
using the following equation:

Al (%) =100 — (Sample Abs — Sample Blank) * 100/Control Abs

Al = antioxidant inhibition (%)

Sample Abs = sample absorbance

Sample Blank = solvent

Control Abs = inhibition

2.5.2. Phosphomolybdenum Method

Antioxidant activity was determined using the phosphomolybdenum method, as
described by Pietro et al. (1999) [22]. Ascorbic acid was used as a positive control, and a
standard curve was generated over the concentration range of 10-300 pg/mL. The AEMC
was evaluated at a concentration of 125 ug/mL. The assay was performed by adding
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1.0 mL of the reagent solution to 0.1 mL of the sample or the standard. The reagent solution
consisted of 28 mM phosphate, 4 mM molybdate, and 0.6 M sulfuric acid. After a reaction
time of 90 min in a water bath at 95 °C, the absorbance was measured at 695 nm using a
Shimadzu® UV-1800 (Software UVProve 2.33) spectrophotometer. The data obtained from
the standard curve were used to estimate the equivalents of ascorbic acid content in the
sample using linear regression.

2.5.3. Lipid Peroxidation Assay

The thiobarbituric acid reactive substances assay (TBARS) was performed according
to the methodology proposed by Hazzit et al. (2009), Badmus et al. (2011), and Seneviratne
et al. (2016) [23-25] with adaptations. An emulsion of egg (10%) in 20 mM potassium
phosphate buffer (pH 7.4) was prepared as a lipid source for the test. For the positive
control, x-tocopherol was used at concentrations of 7.81 ug/mL to 1000 ug/mL in methanol.
AEMC was evaluated over the concentration range of 3.09 ug/mL to 1000 ng/mL prepared
in water:methanol solution (6:4). The percentage of lipid peroxidation inhibition was
determined using the following equation:

LPI = [(Control Abs — Sample Abs)/Control Abs] * 100.

Where:

LPI = lipid peroxidation inhibition (%).

Control Abs = control absorbance (solvent).

Sample Abs = sample absorbance.

2.6. Seasonal Study

To evaluate the seasonal chemical variability, M. chamissois leaves were collected in May
2017 (P1), November 2017 (P2), February 2018 (P3), May 2018 (P4), and August 2018 (P5).
The development stage of the plants was observed, in which P1 was flowering/fruiting,
P2 was fruiting, P3 was vegetative period, P4 was flowering/fruiting, and P5 was fruiting.
The aqueous extract from these leaves was prepared by infusion following the method
described above.

The meteorological data for 2017 and 2018 were provided by the Automatic Agrome-
teorological Station of Agroclimatology Laboratory from the University of Brasilia. The data
were limited to Lago do Cedro, Brasilia, Federal District, Brazil, and included meteorological
parameters, such as global radiation (MJm? d~1), maximum temperature (°C), minimum
temperature (°C), and rainfall index (mm) from the period of 17 January to 18 August.

Meteorological data were correlated with total solids content, TPC and TFC con-
tents, vitexin derivate content, and antioxidant activity by DPPH assay. Pearson’s linear
correlation coefficient (r) was used to determine the correlation level.

2.7. Statistical Analysis

Microsoft Office Excel® 2016 software and GraphPad Prism® Version 5.01 were used
for statistical analysis. The results are expressed as the average plus standard deviation
and relative deviation standard. ANOVA tests followed by Kruskal-Wallis or Dunn’s
multiple comparison tests were used in different assays. Pearson’s correlation was used
for the seasonal study, using linear correlations evaluated according to Callegari-Jacques
considering |r| =0-0.3 (weak), |r| =0.3-0.6 (moderate), and Ir| = 0.6-0.9 (strong) [26].

3. Results and Discussion

Herbal medicines have a complex chemical constitution, and their pharmacological
effect are often due to synergy between these compounds. Several factors can affect the
chemical composition of a plant extracts, such as growth, harvest, drying, the extraction pro-
cess, and storage conditions [27]. To secure a constant composition of herbal preparations,
and consequently their efficacy and safety, it is necessary to ensure their pharmaceutical
quality by standardizing the process for these products [20].
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In this study, a method to obtain a standardized extract of M. chamissois Naudin was
developed, and the seasonal chemical variability was evaluated.

3.1. Chemical Composition and Standardization

Seven AEMC batches were prepared according to the method described above. The
reproducibility of the extraction process was evaluated in relation to total solid, polyphenol,
and flavonoid contents, TLC and HPLC profiles, vitexin derivate content, and biological
activity by antioxidant activity.

Total solid contents found batches 1 at 7 were (2.97% =+ 0.003 (B1); 2.13% =+ 0.002
(B2); 2.73% =+ 0.003 (B3); 2.73% =+ 0.006 (B4); 2.73% =+ 0.004 (B5); 2.63% =+ 0.003 (B6);
2.97% =£ 0.003 (B7). The average of the total solid of the seven batches was 2.70% =+ 0.003,
and the relative standard deviation (RSD) found was 0.11%. The results showed no
significant difference (p < 0.05) between batches for the total solids in analysis by Kruskal-
Wallis with Dunn’s test of multiple comparisons.

The extraction yields for batches 1 to 7 were 21.49%, 23.00%, 21.48%, 22.30%, 22.88%,
20.08% and 22.83%, with an average of 22.00% = 1.06 (RSD = 4.8%).

In the TLC analysis, the same chemical profile was observed for the seven batches,
with five main spots. The retention factor (R¢) of these spots was 0.17, 0.33, 0.43, 0.54, and
0.61 (Figure 1).

Figure 1. Thin-layer Chromatography from seven batches of aqueous extract of M. chamissois Naudin
(AEMC). Each column represents one extraction batch. The leaves were collected in May 2017. The
stationary phase was silica gel, and the mobile phase was a mixture of ethyl acetate, formic acid, acetic
acid, and deionized water (100:11:11:26). Chromatographic spots were visualized using an ultraviolet
lamp at 254 nm and the NP/PEG reagent. 1: R¢ 0.17, 2: R¢ 0.33, 3: R 0.43, 4: R¢ 0.54 and 5: R; 0.61.

The polyphenol and flavonoid analysis results are expressed as the average of the
seven batches. The TP content found in AEMC was 19.65 £ 0.43 ug QE/mg (RSD = 2.19%)
and the TF content was 2.49 % =+ 0.15 (RSD = 5.55%).

Pearson (r) linear correlation was performed to assess the correlation between total
polyphenol content and extractable solids content. A weak negative correlation (r = —0.20;
p = 0.37) was not significant between the evaluated parameters. In general, the weak
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correlation indicates that the parameters evaluated are unlikely to be comparable and
associate; that is, there was no correlation.

Another Pearson (r) linear correlation was carried out to correlate the total flavonoid
and total solids content. The results showed a strong negative non-significant correlation
(r=—0.87; p = 0.02), which suggested a tendency of an inversely proportional relationship
between the total flavonoid content and the total solids content.

Gontijo et al. (2019) found 3.56 & 0.17 pg equivalent of rutin/mg of extract in aque-
ous extract of leaves of M. latecrenata (DC.) Naudin prepared by infusion (1:20) [28]. In
M. albicans (Su.) Triana fruits 510.96 + 8.64 mg QE 100 g ~! of total flavonoids was mea-
sured in July 2015, after a dry winter in the region where the fruits were collected and
where the average annual temperature was 21.8 °C [29].

For other genera of Melastomataceae, Bellucia, in aqueous dry bark extract decoction
lifting 1:10 (p/v) of Bellucia dichotoma Cogn 0.14 £ 0.030 g/100 g of flavonoids was ob-
tained [30], and no flavonoids were detected in the aqueous extract of Bellucia grossularioides
(L.) Triana fruits [31].

Compound detection by HPLC/DAD was performed by comparing the spectra ob-
tained and retention times (tg) of seven batches of AEMC and standards. The chromatogram
profiles showed 12 peaks at 354 nm (Table 1 and Figure 2). The results in the Table 1 show
the mean values of retention time and peak area. The chromatogram presented in Figure 2
is representative of the analysis of one of the batches (B4).

Table 1. Peak characteristics of M. chamissois Naudin aqueous extract from leaves (AEMC) analyzed
by HPLC/DAD at 354 nm.

Peak Rt (min.) Area A max (nm) A min (nm)
1 16.44 £+ 0.13 605,461 + 75,626 267,397 393; 261
2 - - 252; 350; 354 331; 351; 361
3 20.92 4+ 0.08 3,053,209 + 247,842 269; 349 304; 247
4 22.68 + 0.07 3,165,255 £ 196,166 268; 256; 349 306; 246; 260
5 - -
6 24.89 + 0.08 7,057,969 + 298,667 27, 336 247,304
7 27.56 + 0.07 1,089,016 + 112,057 269 250
8 - -
9 29.58 + 0.09 1,169,432 + 146,103 256, 354 319; 241
10 - -
11 41.36 = 0.12 3,326,752 £ 1,134,026 28; 363 319; 249
12 50.76 £ 0.06 3,460,879 £ 1,572,479 282; 363 319; 249

Detection at 354 nm, C18 column, flow rate of 0.6 mL/min, eluent: phosphoric acid 1%, and acetonitrile in
gradient system.

In the identification of AEMC compounds by HPLC/DAD, the results showed similar
UV spectra between peak 6 (tg 24.89 min) and vitexin (0.9959) and isovitexin (0.9951)
standards (Figure 2A-C); the retention times were similar. This is in agreement with the
data reported by Gomes et al. (2021) [11], who found a similarity between the peak at
24.8 min of the aqueous extract of M. chamissois Naudin leaves and vitexin (0.9968) and
isovitexin (0.9963). Peak 6 was considered to be closely related to vitexin and isovitexin.

To quantify the compound corresponding to peak 6, a linear regression of the standard
curve generated using vitexin as the standard (y = 104,860x — 109,129, r = 0.99) was used to
determine the vitexin equivalent (VE) content. The data analysis of seven batches showed
13.67 £ 0.57 ug VE/mg of AEMC (RSD = 4.17%).
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Figure 2. Chromatographic profile of aqueous extract M. chamissois Naudin leaves (B4) by
HPLC/DAD at 354 nm. Detection at 354 nm, C18 column, flow rate of 0.6 mL/min, eluent: phospho-
ric acid 1%, and acetonitrile in gradient system. (A) similarity of peak 6 (tg 24.89 min, Amax: 270, 336)
and vitexin standard compound (similarity index: 0.9959); (B) similarity of peak 6 (tg 24.89 min) and
isovitexin standard compound (similarity index: 0.9951), (C) peak 6 (tg 24.89 min, Amax: 270, 336);
strongly suggestive a vitexin or isovitexin related compound (D) peak 11 (tg 41.27 min; Amax: 282,
363) miconioside B; (E) peak 12 (tg 50.76 min; Amax: 282, 363) matteucinol-7-O-f-apiofuranosyl (1 —
6)-B-glucopyranoside.

In addition, peaks 11 and 12 showed a flavanone profile, suggesting the presence of mi-
conioside B (tg 41.36 min) and matteucinol-7-O-f3-apiofuranosyl(l — 6)-B-glucopyranoside
(tr 50.76 min), respectively (Figure 2D,E). These compounds were also identified in
M. chamissois by Silva et al. (2020) and Gimenez et al. (2020) [7,14].

Vitexin (apigenin-8-C-glucoside) and isovitexin (apigenin-6-C-glucoside) are chemical
markers for several species of Passiflora sp. and are present in some species of the Melas-
tomataceae family such as Melastoma dodecandrum Lour. [32], Clidemia sericea D. Don [33],
and Dissotis rotundifolia (Sm.) Triana [34].

For the standardization process of AEMC, the biological activity by antioxidant ac-
tivity using the DPPH assay was also evaluated. The seven batches of AEMC showed
59.34% =+ 7.92 (RSD = 13.35%) of inhibition of the reduction of DPPH radical at a concen-
tration of 3 pg/mL. The results of batches Bl to B7 showed significant differences; batch B1
was significantly different from B2 and B6, B1 from B5, B4 from B5, and B5 from B6 using
ANOVA test of multiple comparisons (Dunn’s) followed by the Kruskal-Wallis test.

Pearson correlation between antioxidant activity (DPPH assay) and total solids content
or total polyphenol content, and flavonoid content was evaluated. The results revealed a
weak positive correlation (r = 0.15; p = 0.42) between polyphenols and antioxidant activity
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and a moderate negative correlation between total flavonoids and antioxidant activity
(r=—0.59; p = 0.14), with no significant difference (p < 0.05) between the chemical assays and
DPPH antioxidant activity. There was a moderate positive correlation (r = 0.76; p = 0.06), but
no significant correlation was found between antioxidant activity and total solids content.

It is possible to observe that the DPPH inhibition values for AEMC is higher than that
obtained for other Melastomataceae species, considering the final concentration of 3 pug/mL
with 59.34% =+ 7.92 inhibition (RSD = 13.35%). DPPH inhibition by Osbeckia aspera var. aspera,
O. reticulata, and O. virgata were 61.8%, 62.8%, and 60.6%, respectively, at a concentration of
100 pg/mL [35]. For M. albicans ethanol extract (50%) of leaves, using the same concentration
of 3 ug/mL, DPPH inhibition was 36.91% = 0.93 [36]. In addition, Memecylon terminale Dalz
was also able to scavenge DPPH radicals with an ICs( value of 43 pg/mL [37].

Although the results demonstrated low variability in chemical composition, a larger variabil-
ity in biological activity was observed among the seven batches tested. Nevertheless, considering
the DPPH assay as a bioanalytical method, the precision should not exceed 15% (RSD) [38]. The
variability in the antioxidant activity of the AEMC batches was within the allowed range.

Biological activity of several herbal medicinal products is due to the synergy between
its many constituents [39]. Thus, evaluating the biological activity is an important tool for
determining the quality of herbal products. Oxidative stress is present in the mechanism of
many diseases, such as neurodegenerative [40], cardiovascular [41], and liver diseases [42],
and in the aging process [43]. Therefore, antioxidant activity can be an important biological
assay to ensure the efficacy and quality of herbal products.

UHPLC-MS/MS Analysis

To better characterize the chemical composition of AEMC, a UHPLC-MS/MS analysis
was performed. Ten of the peaks detected matched the chromatographic profile obtained by
HPLC/DAD, aiming to identify flavonoids (Figure 3). The data obtained are listed in Table 2.

Table 2. Data from UHPLC/UV/MS/MS analysis of M. chamissois Naudin. aqueous leaf extract.

o . [M — H]- MS/MS [M + HJ* Compound Identity or
Peak (n°) tr (min) UV Max (nm) (m/z) Fragments (m/z) MS/MS Fragments Mw Partial Identity
1 1.87 - - - - - - - -
2 2.19 - - - - - - - -
3 2.98 241 - 935 - - - 936 -
4 3.71 269 350 609 489,327, 309, 298 611 449,431,413,383,353 610 & mixed O.C glycoside of luteolin eg
2”-O-hexosyl orientin
5 416 255 349 609 357,327,309, 297 611 449,431,413,353,329 10 @ mixed O.C glycoside of luteolin eg
2”-0O-hexosyl isoorientin
6 46 270 338 593 293 595 433,415,367,337,313 504 2 mixed OC glycoside of apigenin
eg 2”-O-hexosyl vitexin
7 471 267 338 593 293 595 433,415, 337, 313 594  amixed OC glycoside of apigenin
eg 2”-O-hexosyl isovitexin
8 5.04 269 337 431 283 433 415,397,367,337,313 432 isovitexin
9 5.25 255 354 463 301 465 303 464 isoquercitrin or hyperoside
10 597 276 - 599 - - - 600 -
11 6.61 268 341 583 447 585 449 584 ?
12 9.07 281 363 593 299,179, 135 595 301, 181, 147 594 miconioside B
13 1302 281 362 607 313,192 609 315, 181, 161 qog ~ matteucinol-7-O--apiofuranosyl
(1 6)-B-glucopyranoside
14 15.86 297 249 299 179,135,119 301 181, 147 300 farrerol

128



Molecules 2022, 27,1120

5.4x10° §
5.2x107 ]
5.0x10*
a.gx10t
4.6x10

4.4x10* §
4.2x10*
4.0x10%

3.8x10° §
3.6x10"
3.4x10%
3.2x10° 3
3.0x10
2.8x10° ]
2.6x10*
24101
2.2x10° ]
2.0x10% ]
1.8x10°

1.6x10%

1.4x107 J
125104
1.0x10%
8.0x107 ]
6.0x102 }
4.0x10° ]
2.0x107 ]

0.0 3

@

m| @

1187 298

&0 (§)

O]

471

,.\...
@ isovitexin
K

o0

HO 0. o

W
R
oton HO © .
OH |

OH O

(13)

1302 R= OH - Miconioside B

R=0OCHj; Matteucinol-7-O-B-apiofuranosyl(1 = 6)-p-glucopyranoside..

® = : s
S & miconioside B

~

matteucinol-7-0-B-apiofuranosyl (1-> 6) -B-glucopyranoside

-
=
= farrerol

Farrerol

8

L

M T T Time

4.00

.00 000 1200 1400 16.00 18.00

Figure 3. Chromatogram profile of M. chamissois Naudin aqueous extract from leaves (AEMC)
analyzed UHPLC/UV/MS/MS at 354 nm. Detection at 354 nm, C18 column, flow rate of 0.3 mL/min,
eluent: formic acid 1%, and acetonitrile in gradient system. The mass spectrometer was operated
in several different modes for separate injections. The ion source temperature was 130 °C, the
desolvation gas was nitrogen at 950 L/h, the desolvation temperature was 450 °C, and the capillary
voltage was 2.7 KV.

The identities of compounds present in AEMC were based on the results obtained
compared with data in the literature or with similarity to compounds in the Metlin MS
database, and it was not possible to confirm all of them due to the complexity of the sample,
and the lack of reference MS data for some relatively obscure flavonoids. In particular, the
reference MS data available for the mixed C and O glycosides of apigenin and luteolin are
very limited.

Peak 4 had a molecular weight (MW) of 610 with MS/MS fragments at m/z 489
[M—H-120], 429 [M—H-180], 327 [M—H- 282 (=162 + 120)], 309 [M—H-300 (=180 + 120)],
and 298 [M—H-311]. A neutral loss of 282 is characteristic of 2”-O-hexosyl-6-C-hexosyl
glycosides, [44,45]. In terms of the formal flavonoid glycoside fragmentation notation, the
Z ion was 429, and the subsequent *2X ion was 309. These glycosides are characterized by
this intense ion at the mass of the aglycone + 23. The data strongly suggested presence of an
O-hexosyl-C-hexosyl luteolin, such as compounds like 2”-O-glucosyl-8-C-glucosyl luteolin
(2”-O-glucosyl orientin) or 2”-O-glucosyl-6-C-glucosyl luteolin (2”-O-glucosyl isoorientin).

Peak 5 was also MW 610 with MS/MS fragment ions at m/z 429 [M—H-180], 357
[M—H-252 (=162 + 90)], 327 [M—H-282(=162 + 120)], 309 [(M—H-300 (=180 + 120)], and 297
[M—H-312 (=162 + 150)]. These fragment ions were consistent with the presence of two
C6 sugar moieties of mixed C and O diglycosides of luteolin based on reference data and
isomeric with peak 4 (Supplementary Materials) [45-49].

Peaks 6 and 7 had MWs of 594 with an intense fragment ion at m/z 293 [M—H-
300(=180 + 120)], while in positive ion mode, a fragment ion at m/z 433 [M+H-162] sug-
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gested the presence of mixed C and O diglycosides of apigenin (i.e., O-glycosides of vitexin
and/or isovitexin) (Supplementary Materials) [49,50]. These peaks together appear to
correspond to peak 6 from the HPLC-UV/DAD analysis, identified as a vitexin/isovitexin
derivative; we observed slightly better separation by UHPLC compared to that by HPLC.

It is noteworthy that derivatives of kaempferol, quercetin, luteolin, and apigenin have al-
ready been identified in other Melastomataceae genera, such as Huberia sp., Pleroma pereirae
(kaempferol and quercetin) [51], Melastoma sp. [52], and Melastoma decemfidum Roxb.
(kaempferol) [53], Osmbeckia parvifolia, Arnbeckia parvifolia, Medinilla septentrionalis (W.W.Sm..)
H.L.Li [54], Melastoma malabathricum L., and M. hirta [55].

Peak 8 with MW 432 and a prominent fragment at m/z 283 [M—H-148] was character-
ized as isovitexin, similar to the Metlin MS database and the literature [56,57] (Supplemen-
tary Materials). Isovitexin has also been identified in other species of the Melastomataceae
family, such as Dissotis rotundifolia (Sm.) Triana [34], and Clidemia sericea. D. Don [33].

Peak 9 had a MW of 464 with a prominent fragment in positive ion mode at m/z 303
[M+H-162], indicating loss of a hexose unit, characteristic of isoquercitrin, isoquercetin, or
hyperoside [58].

Peak 12 had a MW of 594; [M — H]™ at m/z 593, MS/MS gave m/z 299 (neutral loss
of 294), 179, 135; [M + H] * at m/z 595 with neutral loss 294 to m/z 301. A neutral loss of
294 is characteristic of the loss of both pentose (132) and hexose (162) glycoside subunits.
These data and the UV spectrum indicated that it was the farrerol glycoside miconioside
B, identified in Miconia prasina (Sw.) DC. [59], M. trailii [60] and M. chamissois [7,14]
(Supplementary Materials).

Peak 13 had a MW of 608, and negative ion MS/MS gave m/z 313 ((M—H-294),
indicating loss of both a pentose and hexose unit. Positive ion MS gave an intense fragment
atm/z 315 [M+H-294], also indicating losses of a pentose and hexose. These data and the UV
data corresponded exactly to matteucinol 7-O-f3-apiofuranosyl (1 — 6)-3-glucopyranoside
(Supplementary Materials), previously identified as M. chamissois [7,14].

Peak 14 had MW 300, and MS/MS gave fragments at m/z 180, 135, and 119. This and
the UV data correspond to farrerol (Supplementary material), identified in M. prasina [59].
Yin, Jintuo et al. (2019) presented data that support to our findings [61]. Several of the very
minor peaks appeared to have a farrerol aglycone component, based on the prominent m/z
301 ion in positive ion MS. Neither rutin or quercetin could be detected.

3.2. Antioxidant Activity

To better characterize the antioxidant activity of AEMC, two additional methods were
used: the phosphomolybdenum method and the lipid peroxidation assay.

For the phosphomolybdenum assay, the standard curve of ascorbic acid yielded the
regression equation y = 0.02928x + 0.0604 (r = 0.98). AEMC showed 548.8 ug EQAA /mg.

Gomes et al. (2021) found in Miconia chamissois Naudin equivalents of ascorbic acid
content of 0.8 £ 0.01 ug/mg and equivalents of BHT content of 0.9 £ 0.05 pug/mg [11].
Murguran and Parimelazhagan (2014) found for several crude extracts from whole plant
of O. parvifolia a phosphomolybdenum inhibition of 47.7 £+ 3.2 (n-Hexane), 55.1 £ 7.1
(ethylacetate), 163.9 &= 10.4 (methanol) and 157.9 £ 17.5 (ethanol) mg AAE/g extract [62].

For TBARS, AEMC did not inhibit the formation of reactive species. For the dried
extract (50% ethanol v/v) of Miconia albicans leaves, an ICsq value of 1338.34 png/mL [36]
was observed. Osbeckia parvifolia Arn. ethyl acetate extract of whole plants showed 59.6%
TBARS inhibition [62]. Leaves of other species, such as Melastomastrum capitatum A. Fern.
& A. Fern. showed TBARS inhibition of 86.86% =+ 3.63 and 39.93% = 1.07 for ethanol and
aqueous extracts, respectively [63].

3.3. Seasonality Study

Leaves of M. chamissois were collected in May 2017 (P1), November 2017 (P2), February
2018 (P3), May 2018 (P4) and August 2018 (P5) to evaluate the chemical seasonal variability.
The results are shown in Table 3.
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Table 3. Results from seasonal study of M. chamissois Naudin leaves.

Collection Period Yield (%) Solids Content (%) TPC (ug GA/mg) TFC (ug QE/mL) Antioxidant Activity (%)
P1 22.01 2.70 £ 0.003 20.73 £0.81 8.28 +0.46 56.22 + 2.44
P2 19.4 2.83 £ 0.002 19.28 +0.49 7.70 £ 0.23 49.38 +£4.95
P3 21.7 2.70 £ 0.002 18.58 +0.23 7.58 £0.09 47.97 £ 4.34
P4 17.94 2.70 £ 0.002 18.60 £ 0.36 7.73 £ 0.30 52.39 £ 6.09
P5 22.78 3.03 £ 0.002 19.11 £ 0.31 6.91 £0.21 56.60 = 0.70

The meteorological data are presented in Table 4, and the correlation results are
presented in Table 5.

Table 4. Meteorological data during the collection months of M. chamissois Naudin.

Global Radiation (MJm—2d—1) Rainfall Index (mm) Temperature Max (°C) Temperature Min (°C)
Total solids r=0.363; p =0.548 r=—0,092; p = 0.442 r=0.430; p =0.235 r=0.198; p = 0.749
TPC r=—-0.775p=0.124 r=-0.190; p = 0.377 r=0.230; p = 0.355 r=0.209; p =0.375
TEC r=—0.753;p=0.142 r=0,10; p = 439 r=—0.233;p=0.353 r=—0.043;p = 0473
Antioxidant activity r=0.174; p = 0.780 r=—0.688; =p =0.100 r=0.012; p = 0,492 r=—0.257; p = 0.338

The data represent the monthly average.

Table 5. Correlation index (r) from seasonal study of M. chamissois Naudin leaves.

Collection Months Global Radiation (MJm~—2d~1) Rainfall Index (mm) Temperature Max (°C) Temperature Min (°C)
May /2017 (P1) 332.05 45.21 22.88 17.19
Nov /2017 (P2) 337.65 241.81 23.79 18.62
Feb /2018 (P3) 363.89 160.78 23.32 20.49
May /2018 (P4) 350.38 27.69 21.02 17.42
Aug/2018 (P5) 360.6 22.86 23.38 18.64

Data represent the correlation index (r) and statistical significance by Pearson’s linear correlation test.

According to the data obtained, there were no significant correlations (p < 0.05) be-
tween the TPC and TFC and meteorological data, with a strong negative correlation between
global radiation, suggesting that the production of these metabolites is inversely propor-
tional to the radiation index. Another strong negative correlation was observed between the
antioxidant activity and rainfall index, suggesting that the antioxidant activity is inversely
proportional to the rainfall index.

A moderate positive correlation between total solids and global radiation and a weak
correlation between the other parameters were also observed.

Notably, the harvests were carried out in different reproductive periods, with P3 being
the only harvest in which the species did not show flowering, fruiting or maturation; on
17 May, 17 November and 18 August, the highest total polyphenol content and lowest
radiation were observed. Gobbo-Neto and Lopes (2007) understand the complexity of
seasonality studies. In addition to meteorological and environmental parameters (wa-
ter availability, radiation, temperature, soil, and altitude), the metabolic and hormonal
conditions inherent in the development of the plant species must be attributed [15].

Interest in studies that assess changes in the secondary metabolism of plants has grown
in recent decades and contributes to understanding the composition, adaptive capacity,
and bioactive screening of species. When it comes to species from Cerrado, the interest is
even greater because of the complexity and biological richness of this biome.

Studies of biological material from fauna and flora are very complex due to the object
of the investigation itself, and the complexity increases when dealing with species from the
Cerrado because of the diversity present in this biome. Zanatta et al. (2021) also pointed out
that there may be a gap in the physiological response of plants. There will not necessarily be
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a positive correlation between composition and biological activity, especially with species
from the Cerrado [64].

Melastomacatecae has adaptive capacity under different environmental conditions
and, thus, can be present in all vegetation formations in the Cerrado [65]. Ishino et al. (2021)
still emphasized the changes caused by anthropogenic issues and consequently provoked
biological changes in the fauna and flora to guarantee protection. In a study of seasonality,
some native plants may be stress-tolerant and may not show differences in physical and
physical characteristics [66].

4. Conclusions

A standardized AEMC extract was obtained, and chemical marker quantification
by HPLC was performed. Biological activity using the DPPH assay was proposed as an
important quality parameter. In the extract’s standardization process of the extract, all the
parameters evaluated showed low variability. Moreover, AEMC showed high reactivity
and potential antioxidant activity via the phosphomolybdenum complex. The chemical
composition confirmed the presence of polyphenolic compounds already identified in the
species, contributing to the chemical elucidation of the species that have been the object of
study by various research groups. Using different chromatographic techniques, luteolin
glycosides, apigenin glycosides, a quercetin glycoside, miconioside B, matteucinol-7-O-
-apiofuranosyl (1 — 6)-p3-glucopyranoside and farrerol were identified. Several of the
main flavonoids were mixed C,O-diglycosides of apigenin and luteolin. The seasonal
evaluation is of great value considering that there was no correlation between composition
and activity versus meteorological parameters, indicating the temporal adaptability of the
species. These results showed that it is possible to obtain extracts from M. chamissois at any
time of the year without significant differences in composition.

Supplementary Materials: The following are available online. Figure S1: UHPLC-UV/MS/MS data
of peak 4; Figure S2: UHPLC-UV/MS/MS data of peak .5; Figure S3: UHPLC-UV /MS/MS data of
peak 6; Figure S4: UHPLC-UV /MS/MS data of peak 7; Figure S5: UHPLC-UV /MS/MS data of peak §;
Figure S6: UHPLC-UV/MS/MS data of peak 12; Figure S7: UHPLC-UV/MS/MS data of peak 13;
Figure S8: UHPLC-UV/MS/MS data of peak 14; Figure S9: Chemical structures of the flavonoids
from M. chamissois Naudin aqueous extract from leaves (AEMC); Figure S10: Chromatographic profile
of aqueous extract M. chamissois Naudin leaves in different batches (B1-B7) by HPLC/DAD at 354 nm.
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Abstract: Avocado (Persea americana) is a widely consumed fruit and a rich source of nutrients and
phytochemicals. Its industrial processing generates peels and seeds which represent 30% of the fruit.
Environmental issues related to these wastes are rapidly increasing and likely to double, according
to expected avocado production. Therefore, this work aimed to evaluate the potential of hexane
and ethanolic peel (PEL-H, PEL-ET) and seed (SED-H, SED-ET) extracts from avocado as sources of
neuroprotective compounds. Minerals, total phenol (TPC), total flavonoid (TF), and lipid contents
were determined by absorption spectroscopy and gas chromatography. In addition, phytochemicals
were putatively identified by paper spray mass spectrometry (PSMS). The extracts were good sources
of Ca, Mg, Fe, Zn, w-6 linoleic acid, and flavonoids. Moreover, fifty-five metabolites were detected in
the extracts, consisting mainly of phenolic acids, flavonoids, and alkaloids. The in vitro antioxidant
capacity (FRAP and DPPH), acetylcholinesterase inhibition, and in vivo neuroprotective capacity
were evaluated. PEL-ET was the best acetylcholinesterase inhibitor, with no significant difference
(p > 0.05) compared to the control eserine, and it showed neither preventive nor regenerative effect
in the neuroprotection assay. SED-ET demonstrated a significant protective effect compared to the
control, suggesting neuroprotection against rotenone-induced neurological damage.

Keywords: avocado biomass; Alzheimer’s disease; neuroprotective effect; avocado seed; avocado
peel; paper spray mass spectrometry

1. Introduction

Originated from Central America, the avocado is the fruit of the Persea americana Mill
species from the Lauraceae family. It is rich in minerals, vitamins, proteins, fibers, and
unsaturated lipids, the latter known to prevent cardiovascular diseases [1,2]. Moreover,
avocado seeds display significant antioxidant, anti-inflammatory, and anti-cancer effects
which have been associated with elevated percentages of hydrocarbons, sterols, and unsat-
urated fatty acids. Pulp has the same effects, although at a lower intensity [3]. Finally, the
peel is rich in phenolic compounds and minerals, and has significant antioxidant activity,
comparable to the seeds and far superior to the pulp [4,5].

In 2020, Mexico was the largest avocado producer, accounting for 2393 thousand tons per
year, followed by the Dominican Republic, Peru, Colombia, Indonesia, and Brazil [6]. Since the
inedible parts of avocado, mainly constituting peels and seeds, are discarded by the industry,
restaurants, or at home, with the growth of avocado production, the amount of residues is
also increasing, causing environmental problems [7]. These parts can reach up to 30% of the
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fruit. Furthermore, it is predicted that avocado production will double shortly [8]. In this
sense, changes in the management of this fruit are necessary to accompany the dynamics
of economic demands, with minimal environmental impacts [8-10]. Because avocado solid
waste retains useful bioactive natural compounds, this residue has been targeted by several
interesting studies to recover phytochemicals of industrial interest [11-14].

The antioxidant activity of avocado inedible parts can be explored in the development
of neuroprotective agents against oxidative-related diseases like Alzheimer’s [4,5,11,14].
Alzheimer’s disease is one of the most concerning neurodegenerative disorders, affecting
over 55 million people, mainly the elderly [15]. This disease can disrupt the synapses
between neurons by the action of acetylcholinesterase (AChE), an enzyme that prevents
acetylcholine from establishing communication between neurons. There is still no cure for
this pathology, but palliative drugs have been very useful in decreasing symptoms and
improve the quality of life of patients with Alzheimer’s disease. However, these drugs
are usually expensive. The monthly cost of galantamine (30 pills) almost reaches USD 200,
while drugs for the treatment of other diseases such as diabetes and hypertension cost less
than USD 20 [16]. Therefore, the development of new drugs to treat neurodegenerative
diseases from avocado biowaste could widen access to treatment while generating economic
gains for the industry.

In this context, this work aimed to validate the nutritional and functional value of
avocado residues by carrying out chemical and biological assays on seeds and peels of the
Fortuna variety. The mineral, fatty acid, phenolic, and flavonoid contents were determined
using spectroscopic and chromatographic methodologies. The phytochemical profile
was determined by Paper Spray Mass Spectrometry (PSMS). Biological assays targeted
antioxidant potential, AChE inhibition, and neuroprotective efficacy.

2. Results and Discussion
2.1. Residues Weight and Extracts Yields

Avocado fruits were separated into parts and weighted, resulting in 69.9% pulp, 10.2%
peel, and 19.9% seed. According to the FAO [17], the world production of avocado is
estimated to reach 9.2 tons by 2028. In this scenario, the volume of residues can reach
approximately two tons. The peels were extracted by maceration with hexane and ethanol,
providing two extracts, PEL-H (1.41 g/100 g of sample) and PEL-ET (16.94 g/100 g of
sample). The same procedure was repeated with the seeds to furnish hexane (SED-H,
0.94 g/100 g of sample) and ethanol (SED-ET, 28.58 g/100 g of sample) extracts. The high
yields of ethanol extracts reflect greater extraction power than that of hexane. The substitu-
tion of organic solvents with an environmentally favorable solvent, such as ethanol, makes
the recycling of avocado waste important in terms of green chemistry and sustainability.

2.2. Mineral Contents in Avocado Residues

The mineral contents were quantified by atomic absorption spectroscopy, and the
results are presented in Table 1.

Table 1. Mineral content in avocado fresh peels and seeds.

Minerals 1 1
(mg/100 g of Sample) Peels Seeds
Ca 26.78 £ 2.06 41.14 £8.50
Cu 0.20 £0.74 0.48 £ 0.01
Fe 0.72 +2.06 1.04 £7.40
Mg 23.87 £ 3.09 3141 +1.82
Mn 423 +10.34 1.80 + 6.48
Zn 0.67 +7.02 111 £0.57

! Values represent mean standard deviations (1 = 5).
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According to the results, both avocado peels and seeds are good sources of minerals,
especially calcium and magnesium, along with minor amounts of copper, iron, manganese,
and zinc. Calcium, together with iron and zinc, are among the most difficult nutrients to
obtain using local foods, according to research targeting women and young children from
Southeast Asia [18]. In the U.S., mineral supplementation is advised during pregnancy [19].
Women are likely to be more affected by mineral deficiency, especially during childhood,
although in many countries like Brazil, the prevalence of mineral deficiency is underre-
ported [20]. Additionally, each ton of an agro-industrial residue containing avocado peels
and seeds would correspond to the FAO/WHO'’s daily recommended intake of calcium
(1024 mg) for over two thousand individuals for one month, which is very considerable
given calcium deficiency in some groups. The mineral content of agro-industrial residues is
variable. Peels and seeds of avocado have lower mineral content than cocoa honey, a cocoa
byproduct [21], but higher than pea peels [22]. Minerals and other nutrient and bioactive
compounds present in agro-industrial residues can be processed in different ways, such as
snack crackers and dry soup [22].

2.3. Fatty Acid Composition

After chemical derivatization to fatty acid methyl esters (FAMESs), the extracts were
evaluated by gas chromatography, allowing identification of the fatty acids presented in
Table 2.

Table 2. Fatty acids composition of hexane and ethanolic extracts of avocado peels and seeds.

Fatty Acids Contents (%)

Peels Seeds
Fatty Acids
PEL-H PEL-ET SED-H SED-ET

Miristic 14:0 0.7 1.7 0.7 1.5
Palmitic 16:0 42.5 47.9 23.0 22.2
Palmitoleic 16:1 2.7 1.8 2.9 3.2
Stearic 18:0 7.0 22.2 41 14.7
Oleic 18:1 18.2 2.5 17.3 16.2
Linoleic 18:2 4.5 0.7 34.8 27.4
Linolenic 18:3 1.0 0.4 3.0 1.6
Total saturated fatty acids 50.2 71.8 27.8 38.4
Total unsaturated fatty acids 26.4 5.4 58 48.4
Total 76.6 77.2 85.8 86.8

SED-H: seed hexane extract; SED-ET: seed ethanolic extract; PEL-H: peel hexane extract, PEL-ET: peel ethano-
lic extract.

Linoleic acid, a w-6 fatty acid, was the component predominant in the seed extracts
(27.4 and 34.8%) and palmitic acid, the major component (42.5-47.9%), in the seed extracts
(22.2-23%). Oleic acid was distributed in all samples, but its content was lower in the peel
ethanolic extract. Stearic acid was detected in all samples, but mainly in the ethanol extracts
(14.7% in the seeds/22.2% in the peels). The composition of the different extracts revealed
that seeds had a higher content of unsaturated fatty acids, such as oleic and linoleic, and
small amounts of saturated fatty acids, such as palmitic and stearic.

The human body cannot synthesize linoleic acid, an essential fatty acid; therefore, it
must be acquired through feeding. Linoleic acid plays a fundamental role in fetal neu-
rological function and infant growth because it is the precursor of arachidonic acid. The
uptake of this fatty acid decreases the risk of developing heart disease and it is beneficial
for inflammatory processes [23]. Furthermore, palmitic and stearic acids are undesirable
in food because saturated fatty acids usually contribute to increased blood cholesterol.
However, stearic acid is considered an exception, because a rapid in vivo enzymatic de-
hydrogenation reaction catalyzed by stearoyl-CoA A9-desaturase converts stearic acid to
oleic acid (18:1 A9) in the body [24]. The fatty acid composition found in avocado residue
extracts suggests that they could be better used in combination with other oils, to balance
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the final composition. For instance, a sample of olive oil studied by Orsavova et al. [25]
presented 16.4% of linoleic acid and 16.5% of palmitic acid (~1:1 proportion). A 1:1 mixture
of this olive oil and the oil present in the SED-H would increase the proportional quantity
of linoleic acid to 26% and the amount of palmitic acid to 19.75%. In the end, such mixed
oil, composed of 50% oil recovered from waste biomass, would benefit from an improved
content of linoleic acid.

The health claims for avocado fruits are closely related to the high content of fatty
acids that are essential for human health [26]. Therefore, the essential fatty acids detected
in the residues already consist of valuable metabolites that could be used as food additives
or might be extracted, adding value to avocado waste biomass, which is a promising and
inexpensive alternative source of linoleic acid.

2.4. Determination of the Total Phenolic and Flavonoid Contents

Avocado is a rich source of polyphenols, including hydroxybenzoic acid, caffeoylquinic
acid derivatives, and cinnamic acids [5,27]. Flavonoids, such as quercetin, quercetin
glycosides, naringenin, catechin, and epigallocatechin, were described in avocado seeds of
the “Hass” variety [5]. In the current study, the total phenolic content (TPC) was estimated
using the Folin-Ciocalteu method for each extract and expressed in mg of gallic acid
equivalents (GAE)/g of extract. The total flavonoid content (TFC) was determined using
the aluminum chloride colorimetric method and expressed as miligram of quercetin per
gram of extract. Table 3 presents the results of the polyphenol and flavonoid contents
according to the previous methodologies mentioned.

Table 3. Concentrations of phenols and flavonoids in different extracts of avocado peels and seeds.

Extracts
Assays
PEL-H PEL-ET SED-H SED-ET
Total phenolic content (TPC) * 26.33 +0.48 8 35.40 + 0.60 4 32.48 +2.00¢© 32.15+0.39fe
Total flavonoid content (TFC) ** 1243.78 + 32.33 ) 694.058 £1.490 ! 1199.04 + 49.39 k 640.72 +9.301

SED-H: seed hexane extract; SED-ET: seed ethanolic extract; PEL-H: peel hexane extract, PEL-ET: peel ethanolic
extract. * (TPC) = expressed as mg gallic acid/g extract; ** (TFC) = expressed in mg quercetin/g of extract. Data
are expressed as the mean =+ SD of five replicates. Different letters in the columns indicate statistical difference
according to Tukey’s test (p < 0.05).

The TPC values was found in the range of 26.33-35.40 mg of gallic acid/g of extract,
and the TFC values ranged from 640.72 to 1199.04 mg of quercetin/g of extract. The peel
ethanolic extract (PEL-ET) presented the highest content of total phenolic compounds
(35.40 £ 0.599 mg of gallic acid /g of ethanol extract), which was significantly different from
all other extracts. Similarly, the TPC reported for peels from another variety of avocados
using the same methodology (Folin-Ciocalteau) was 47.9 & 2.7 mg of gallic acid /g of ethanol
extract [28]. Conversely, peel ethanolic extracts from different varieties of P. Americana,
including the Fortuna variety, presented lower phenolic compounds contents [29].

The peel extracts presented significantly higher flavonoid content than the extracts of
the corresponding seeds. Higher percentages of flavonoid compounds were expected in
the ethanol extracts, given the polar nature of the most representative flavonoids. However,
our results showed that the higher percentages were present in the hexane extracts. This
discrepancy can be partially explained by the presence of vitamin E in avocado residues [2].
Vitamin E is a phenolic non-polar compound, known to be present in substantial levels
in avocado. Probably, its aliphatic long side chain may have contributed to the results. In
addition, the percentages were determined by a colorimetric method that, although being a
widely used methodology, is not a specific analysis. Flavonoid compounds have also been
identified in the peels and seeds of the Hass and Fuerte varieties using HPLC-DAD [30].
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2.5. Total Antioxidant Capacity and Antioxidant Activity Determined by DPPH Radical
Scavenging and Ferric Reducing Power

The results regarding the antioxidant functional properties are shown in Table 4. In the
total antioxidant activity assay (expressed as mmol of ascorbic acid /g extract) (R? = 0.9339),
the values ranged from 630.23 to 770.01 and all extracts from seeds (SED-H and SED-ET)
and peel hexane extracts (PEL-H) showed no significant differences.

Table 4. Total antioxidant capacity, antioxidant activity determined by DPPH radical scavenging and
ferric reducing power, and acetylcholinesterase inhibition of avocado peels and seeds.

Extracts
Assays
PEL-H PEL-ET SED-H SED-ET
Total antioxidant capacity * 26.33 +0.48 8 35.40 + 0.60 4 32.48 +2.00© 32.15+0.39f
DPPH scavenging (%) 7.77 4 1.44° 5220 £ 1.05™ 35.89 £ 1.59 ™ 37.60 = 1.67 ™
Ferric reducing power (%) ** 481+1378 1.11 4+ 0.251 4.07 +£1218h 238 +0.24 M
ACHhE inhibition (%) 70.8 £ 9.7 85.6 + 11.1 P4 65.0+89° 78.0 + 6.8 I

SED-H: seed hexane extract; SED-ET: seed ethanolic extract; PEL-H: peel hexane extract, PEL-ET: peel ethanolic
extract, DPPH: 2,2-Diphenyl-1-picrylhydrazyl. * (TPC) = expressed as mg gallic acid /g extract; ** (TFC) = ex-
pressed in mg quercetin/g of extract. Data are expressed as the mean =+ SD of five replicates. Different letters in
the columns indicate statistical differences according to Tukey’s test (p < 0.05). Controls: Ferric reducing power
(ascorbic acid): 98.89 & 9.36%; DPPH capture assay (ascorbic acid): 79.16 & 0.37%; AChE inhibition (eserine):
91.5 £ 1.6%.

Peel and seed hexane extracts presented similar behavior in promoting the reduction
of ferricyanide ion to ferrocyanide, forming Prussia’s blue. The reducing power of both
seed and peel ethanolic extracts was lower. The extract capacities of scavenging DPPH
radicals were, in general, low. Only the PEL-ET showed moderate activity presenting
over 50% of inhibition, with an ICsg 92.557 pug/mL, being, therefore, the most promising
extract in this assay. The high antioxidant activity may be explained by the high content of
phenolic compounds, which was observed for peel and seed ethanolic extracts.

2.6. Acetylcholinesterase Inhibition

The hexane (SED-H and PEL-H) and ethanolic (SED-ET and PEL-ET) extracts were sub-
mitted to acetylcholinesterase inhibition assay. All extracts inhibited acetylcholinesterase
activity up to 65%, with the ethanolic extracts more active than the hexane ones (Table 4).
This range of extract activities is promising when compared with the activity presented by
the control, a pure compound. The extract is a complex mixture and the active constituents
are usually minor constituents in the extracts. In this way, the inhibitory capacity of the
peel ethanolic extract from avocado (85.6 & 11.1%) over acetylcholinesterase is outstanding,
presenting no significant difference (p > 0.05) compared to the activity of the pure standard,
eserine (91.5 & 1.6%). Comparing the whole picture, the extract PEL-ET demonstrated a
direct relationship between the amount of total phenolic compounds and AChE inhibition,
corroborating the influence of antioxidant phenolic compounds in the acetylcholinesterase
activity. By contrast, an inverse relationship was perceived for the hexane and ethanol ex-
tracts of the seeds. The principal component analysis (PCA) score biplot allowed a general
qualitative visualization of the results obtained in the biological screening (Figure 1).

The PCA biplot shows the close relationship of the ethanolic extracts with the presence
of phenolic compounds, DPPH assay, and acetylcholinesterase inhibition. The peel ethano-
lic extract (PEL-ET) demonstrated the closest association with the acetylcholinesterase
enzyme inhibition assay. Concerning the hexane extracts, the seed extract (SED-H) was
mainly related to the total antioxidant activity, while the peel extract (PEL-H) is associated
with both ferric reduction power and total flavonoid contents. The hexane extracts are more
distant from the AChE assay and present lower activity for acetylcholinesterase inhibition,
as observed in the study. Therefore, only the ethanolic extracts were submitted to the
in vivo D. melanogaster assay to evaluate the neuroprotective response.
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Figure 1. Principal component analysis biplot, PC1 versus PC2, correlating antioxidant responses,
total phenolic content, total flavonoid content, and acetylcholinesterase (AChE) inhibitory activity.
DPPH: 2,2-Diphenyl-1-picrylhydrazyl; SED-H: seed hexane extract; SED-ET: seed ethanolic extract;
PEL-H: peel hexane extract, and PEL-ET: peel ethanolic extract.

2.7. Activity of P. americana Extracts in Neuroprotection Using D. melanogaster Model

D. melanogaster flies have been used as an in vivo model for the evaluation of neu-
rological damage related to neurodegenerative conditions. In this model, neurological
damage can be induced in the flies by in vitro feeding with chemicals such as rotenone,
preventing these insects from flying. The D. melanogaster model was used by Jiménez
et al. [31] to demonstrate the neuroprotective effect of methanol extract prepared from
Solanum ovalifolium, and by Siima et al. [32] to show the effect of flavonoids and polyketides
in rescuing locomotor capacity in a Parkinson’s disease-related study [33]. Test compounds
can be administered before or after flies” exposure to rotenone to evaluate protective and
regenerative effects, respectively. In the first alternative, the test compound avoids some of
the damages that rotenone would cause (preventive action). In the second, damages due to
rotenone exposure are established in the flies before test compound administration, and
the capacity of the target compound to revert the neurodegenerative effects is evaluated
(regenerative action).

In the present work, test compounds were administered before and after exposure to
rotenone, to evaluate both effects (Figure 2). The ethanol extracts (PEL-ET and SED-ET)
were evaluated by this model and the results were submitted to the Shapiro-Wilk statistical
normality test. The p-value found (>0.05) indicated that the distribution was not suitable.
Therefore, the Kruskal-Wallis nonparametric test was conducted, identifying a significant
difference; subsequently, the Dunn’s test was used, which identified a significant difference
p < 0.05 between the samples. Overall, a high mortality rate was observed during the trial
in which flies were first exposed to rotenone (Figure 2). In this condition, rotenone caused
60.4-72.9% of flies to die, showing high acute toxicity. Under this condition, peel extract
(PEL-ET) did not statistically differ (p > 0.05) from the control, in which flies were not
exposed either to the extracts or to rotenone. Therefore PEL-ET showed neither preventive
nor regenerative effect in this model.
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Figure 2. Outline and results of negative geotaxis assay of peels and seeds ethanol extracts in
comparison with the control. Different letters indicate statistical difference by Dunn’s test (p < 0.05).
SED-H: seed hexane extract; SED-ET: seed ethanolic extract; PEL-H: peel hexane extract, and PEL-ET:
peel ethanolic extract.

SED-ET showed a more significant result (Figure 2). Comparing the seed and peel
results in this assay, only SED-ET demonstrated a protective effect in this treatment. In
addition, the performance of SED-ET was significant compared to the control, presenting a
higher number of flies capable of flying above the limit established, which suggests that
the seed extract provided a neuroprotective effect against rotenone-induced neurological
damage (Figure 2). This flies model has been leading to the identification of new therapeutic
targets for research in Parkinson’s [34], Alzheimer’s [35], and other neurodegenerative
diseases. The regenerative activity has been the main target of drugs to individuals in
the advanced neurodegeneration stage. However, protection against degeneration can be
helpful to patients in the early stages of neurodegenerative diseases.

2.8. Identification of Metabolites by Paper Spray Mass Spectrometry

Paper spray mass spectrometry (PSMS) was applied to identify the natural products
present in the ethanol extracts. This quick and efficient technique for chemical profile
determination is commonly used in the clinic and in forensic research to identify specific
ions through direct sample analysis [36-39]. This study showed no difference in the
chemical profile of peel and seed samples. PS (—) MS spectrum of SED-ET is presented in
Figure 3. Fifty-five compounds were tentatively identified in the ethanol extracts by PSMS
analyzing their MS and MS2 spectra, together with information previously reported in the
literature. In the negative mode, 41 metabolites were identified, mainly flavonoids and
organic acids, most of them with biological activities already reported [12].

The presence of compounds such as caffeic acid (m/z 179 [M — H] ™), catechin (m/z 289
[M — HJ7), rutin (m/z 609 [M — H] ™), procyanidin isomers, and flavonoids validated the
antioxidant activity of the seed extract and were in accordance with previous reports [39,40].
Corroborating the experiments, some of the metabolites detected in the current work were
already reported in the seeds and peels of avocado (vanillin, caffeic acid, ferulic acid, synap-
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tic acid, kaempferol, catechin, quercetin-3-glucoside, quercetin-O-arabinosyl-glucoside,
rutin, dimers A and B, and trimer A of procyanidin) [12]. Based on the antioxidant effect,
Segovia et al. [41] described the role of avocado seed extract as an additive to protect
oil mixtures from oxidation. The presence of quinic acid derivatives in the extract also
contributed to validating the antioxidant activity and, therefore, highlighted the beneficial
properties of this residue as food ingredients for industrial use [42]. Table 5 presents the
compounds tentatively identified in the extracts in negative mode.
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Figure 3. PS (—) MS full scan of ethanol extracts from seed of avocado.

Table 5. Compounds tentatively identified in avocado seed and peel by (—) PSMS.

mlz Compound g:::;l::el Class MS/MS Extract Reference
151 Vanillin CgHgO3 Aldehyde 136, 107, 93 S, P [43]
179 Caffeic acid CoHgOy4 Phenolic acid 151,135 S [43]
191 Quinic acid CyH1,0¢ Phenolic acid 93,111 S, P [43]
197 Syringic acid CoH1905 Phenolic acid 153,141,125 [43]
209 5-Hydroxyferulic acid C10H1005 Phenolic acid 191, 165, 118 [44]
223 Sinapic acid C11H1205 Phenolic acid 179,151, 85 [43]
269 Apigenin C15H1905 Flavonoid 252,223,197 S, P [43]
285 Kaempferol C15H190¢6 Flavonoid 255,224,213 S, P [43]
289 Catechin C15H1304 Flavonoid 274, 245,217,199 S, P [44]
301 Quercetin C15H1907 Flavonoid 272,265,123 S, P [43]
315 Hydroxytyrosol hexoside C14H59Og Phenolic glycoside 297,269, 243 S, P [44]
325 p-coumaroyl hexose Ci5H170g Phenolic glycoside 261,197,183, 170 S, P [44]
337  3-O-p-coumaroylquinic acid C16H180sg Phenolic compound 293,237,183 S P [44]
341 Caffeic acid-hexoside C15H1809 Phenolic glycoside 280, 185, 183,179 S, P [44]
353 5-O-caffeoylquinic acid Ci16H1809 Phenolic compound 309, 211, 191, 183 S, P [43]
417 Kaempferol-O-pentoside CooH15019 Flavonoid glycoside 404, 344, 289 S, P [44]
419 Cyanidin 3-O-pentatoside CyoH19019 Flavonoid glycoside 395, 361, 292, 287 S, P [44]
431 Vitexin Cr1H9O0q9 Flavonoid glycoside 362, 351, 311, 196 S [44]
433 Peonidin 3-O-pentoside Cy1Hy1011 Flavonoid glycoside 420, 389, 301, 205 S P [44]
435 Phloridzin Cy1H240q9 Flavonoid glycoside 426,416, 369 S [43]
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Table 5. Cont.

mlz Compound gtl;itlt:::: Class MS/MS Extract Reference
447 Kaempferol-O-hexoside Cy1H19011 Flavonoid glycoside 420, 403, 352, 301 S, P [44]
449 Dihyfﬁ;’i‘gggie“&& CyHpO;;  Flavonoid glycoside 430, 303, 298, 286 S [44]
451 Cinchonain Cp4Hp9O9 Flavonoid 424,414,377 S, P [44]
461 Isorhamnetin-O-coumaroyl CypH»0qq Flavonoid 461,417,216 S, P [44]
463 Quercetin-3-hexoside Cy1H9O012 Flavonoid glycoside 464, 384, 316, 300 S [44]
473 Quercetin-3-O-hexoside Cy1H19012 Flavonoid glycoside 467,436, 372 S, P [45]
477 Quercetin glucuronide Cy1H15013 Flavonoid 431, 262, 231 S [44]
487 Caffeoyl hexose-deoxyhexoside CypH31015 Flavonoid 442,298, 173 S [44]
491 Dimethyl ellagic acid hexoside CypH»,043 Flavonoid 343, 275, 269 S, P [44]
563 Apigen}i)r;ﬁ:;fg:side—C— CoeHzg014 Flavonoid glycoside 531, 446, 298 S [44]
575 Procyanidin dimer A C30H4012 Flavonoid 431, 404, 329 [43]
577 Procyanidin dimer B C39H25012 Flavonoid 532,516, 420 [44]
579 o (2/,_0_1;)‘255’;;;‘1)}“051 de CogHagO15 Flavonoid glycoside 560, 542, 514 S, P [44]
593 Catechin dihexoside Co7H9015 Flavonoid glycoside 574,495, 347 S [44]
595 Quercetin-O-pentatosyl-hexoside CoeHz8014 Flavonoid glycoside 562, 558, 497 S, P [44]
609 Rutin CoyH39014 Flavonoid glycoside 573,564, 208 S, P [44]
625  Quercetin-3,4’-O-diglucoside Co7H30047 Flavonoid glycoside 605, 588, 581 S, P [43]
863 Procyanidin trimer A Cy5H36015 Flavonoid 845, 826, 555 S, P [43]
865 Procyanidin trimer B-isomer 1 Cy5H3501g Flavonoid 829, 735, 560 S [43]

S: Avocado seed; P: Avocado peel.

In the positive mode, fifteen alkaloids were identified: anibine (1), duckeine (2),
riparin I, II and III (3-5), norcanelilline (6), N-methylcoclaurine (7), anicanine (8), (-)-«-
8-methylpseudoanibacanine (9), ceceline (10), (+)-manibacanine (11), cassythicine (12),
isoboldine (13), reticuline (14), nantenine (15), and anibamine (16) (Figures 4 and 5, Table 6).
PS(+)MS full scan of ethanol extract from peel of avocado can be found in Supplementary
Materials, Figure S1. It is reported that, as the avocado fruit develops, the carbohydrate
amount decreases and the fatty acids and secondary metabolites content increases [46,47].
In ripe avocado fruits, the alkaloids constitute a remarkable percentage of the natural
compounds present in the pulp [46,47]. From the alkaloids identified, anibine (1), duckeine
(2), and anicanine (8) were not detected in PEL-ET. All other alkaloids were detected in
both extracts.

Alkaloids are used as active substances in prescriptions for the treatment of neurode-
generative diseases, e.g., galantamine. Therefore, the alkaloids detected in the extracts
may contribute to the acetylcholinesterase inhibition and neuroprotective effect. More
specifically, the alkaloids riparin (3-5) show antioxidant, antinociceptive, anti-inflammatory,
and neuroprotective effects [49-51]. The aporphine alkaloid nantenine (14) has a potential
role in acetylcholinesterase inhibition, since nantenine is present in Unopsis stipitate, a
plant traditionally used for cognitive disorders [52]. Furthermore, nantenine possesses
pharmaceutical interest as anticonvulsant, due to its direct inhibitory effect on calcium
influx [53].
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Figure 4. PS (+) MS full scan of ethanol extract from seed of avocado.
Table 6. Compounds tentatively identified in avocado seed and peel by (+) PSMS.
mlz Compound Chemical MS/MS Extract Reference
Structure
204 Anibine (1) C;1HoNO; 183,188,192 [48]
244 Duckeine (2) Ci3H11NOy 226,235,187 [48]
256 Riparin I (3) CiH;7NO, 241,187,212 S, P [48]
270 Norcanelilline (6) C17H19NO3; 214, 261, 240 S,P [48]
272 Riparin IT (4) C16H17NO3 263, 250, 254 S, P [48]
282 Anicanine (8) C19H3NO3 200, 183,192 S [48]
288 Riparin TII (5) CigH7NO, 270,106,271 S, P [48]
296 (—)-oc—8—methyl—p(sge;udoambacamne CoHyNOs 279, 287,239 S, p [48]
300 N-methylcoclaurine (7) CigHy1NO3 283,291, 227 S,P [48]
305 Ceceline (10) C19H14N,O, 263,273,287 S, P [48]
312 (+)-Manibacanine (11) Ci9Hp1NO3 116, 291, 243 S, P [48]
325 Cassythicine (12) Ci9H19yNO4 287,316, 307 S, P [45]
328 Isoboldine (13) C19H1NO, 297,178,310 S, P [48]
330 Reticuline (14) CioHsNO, 187,218,235 S, P [48]
339 Nantenine (15) CyoHyNO, 249,330,321 S, P [45]
424 Anibamine (16) CsoHsoN* 334,379,418  S,P [48]
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Figure 5. Chemical structures, m/z and chemical formulas of alkaloids putatively identified by PSMS

in seed and peel of avocado.
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3. Materials and Methods
3.1. Materials and Reagents

Ripe avocado (cultivar Persea americana var. Fortuna) fruits were purchased in Ibirité
city (MG, Brazil) in the winter of 2018. P.A. grade hexane (Nox Lab Solutions, Maua, SP,
Brazil) and hydrated ethanol 96% (Emfal, Betim, MG, Brazil) were used. Ascorbic acid
(Neon, Suzano, SP, Brazil), gallic acid (Neon, Suzano, SP, Brazil), quercetin (Sigma-Aldrich,
St. Louis, MO, USA), and eserine (Sigma-Aldrich, St. Louis, MO, USA) were used as
positive controls in the biological assays. Acetylcholinesterase iodide, acid 5,5'-dithio-bis-
(2-nitrobenzoate), bovine serum albumin, and AChE (Sigma-Aldrich, St. Louis, MO, USA)
were used in the AChE inhibition assay. For cultivation of Drosophila melanogaster flies,
bacteriological agar (Vetec, Duque de Caxias, SP, Brazil), powdered dry yeast (Fleischmann,
Sorocaba, SP, Brazil), and nystatin (oral suspension from Germed, Campinas, SP, Brazil)
were used. Rotenone (Sigma-Aldrich, At. Louis, MO, USA) was employed in the negative
geotaxis assay to induce toxicity. The experiments were carried out in quintuplicate unless
otherwise specified.

3.2. Biomass Processing and Extract Preparation

The peels (53.233 g) and seeds (103.431 g) of avocado fruits were separately removed
from the pulp, sanitized under running water, and dried separately with paper towel
sheets. The peels were sliced, the seeds were grated, and 3 g of each was utilized for atomic
absorption spectroscopy analysis. The remaining biomasses (sliced peels and grated seeds)
were separately soaked in hexane (600 mL). After 24 h, the hexane fraction was separated
by filtration and another aliquot of hexane (600 mL) was added to the vegetal material.
The procedure was repeated three times. The hexane fractions were combined; the solvent
was removed in a rotary evaporator (60 °C), obtaining the respective hexane extracts of
peels (PEL-H) and seeds (SED-H). After hexane extraction, the defatted plant material was
further extracted with 96% ethanol, following the same procedure previously described, to
furnish the peel (PEL-ET) and seed (SED -ET) ethanolic extracts (Figure 5) [54].

3.3. Mineral Element Analysis by Atomic Absorption

The separated aliquots of fresh peels and seeds (3 g each) were placed in a porcelain
crucible and heated until complete carbonization. Subsequently, the crucibles with the
carbonized plant material were placed in a muffle at 550 °C, obtaining the organic matter-
free ashes. Nitric acid (2 mL) was added to an aliquot of the ashes (0.05 mg) and the volume
was completed with distilled water to 5 mL. The resulting suspension was analyzed using
Atomic Absorption Spectrometer AA 240 FS (Varian, Australia) to quantify the minerals
Ca, Cu, Fe, Mg, Mn, and Zn [4].

3.4. Fatty Acid Gas Chromatography Analysis

Aliquots (10 mg) of the extracts were derivatized to fatty acid methyl esters (FAMEs) [55],
solubilized in methanol, and injected into an HP5890 Gas Chromatograph. A Supelcowax-
10 analytical column (30 m x 0.2 mm x 0.2 um) (Supelco) was used for analysis under the
following chromatographic conditions (split 1/50): 150 °C, 0 min, 10 °C /min up to 240 °C
and detector at 250 °C. Hydrogen was used as carrier gas (4 mL/min) and the injection
volume was 1 pL. A standard of fatty acid methyl esters (FAME C14-C22) were injected,
and their retention times were used to comparatively identify the fatty acids present in the
avocado residues.

3.5. Total Content of Phenol and Flavonoids Assay

The determination of total phenolic content was performed spectrophotometrically
with a Folin—Ciocalteau reagent method previously described [56]. Briefly, the ethanolic
extract solutions (0.5 mL) were mixed with Folin—Ciocalteau reagent (2.5 mL). The solutions
were incubated for 3 min at room temperature, and 0.3 mL of saturated sodium carbonate
solution was added to each one. After a further incubation period (20 min at 25 °C),
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absorbance was read at 760 nm using a Biospectro SP-22 Spectrophotometer. The same
procedure was carried out for gallic acid (standard), which was used for constructing the
calibration curve (10-100 pg/mL; R? = 0.9291). In the equation of the calibration curve
established using gallic acid, “y” was replaced by the absorbance and divided by the mass
of the extract/standard. The results were expressed in mg gallic acid /g extract.

The total flavonoid contents were determined by aluminum chloride spectrophoto-
metric method as described by Yang et al. [27]. Briefly, 2.5 mL of the ethanolic extract
or standard solutions were mixed with 0.3 mL sodium nitrate solution (5% w/v) with
subsequent addition of aluminum chloride solution (10% w/v) (3.0 mL). The mixture was
vortexed, and 2.0 mL of sodium hydroxide solution (1 M) was added and well vortexed.
After 10 min, the absorbances were determined at 510 nm using a Biospectro SP-22 Spec-
trophotometer. Quercetin standard solutions (350-600 pg/mL) were used for constructing
the calibration curve (R? = 0.9887). The result was expressed as mg of quercetin equivalent
per g of extract.

3.6. Antioxidant Activity

Ethanol and hexane extracts (SED-ET, PEL-ET, SED-H, and PEL-H) and the standards
(ascorbic acid and gallic acid) were dissolved in ethanol (500 pug/mL), except quercetin
(1000 pg/mL). All assays were performed in quintuplicate. Microsoft Excel 2013 software
was used for data analysis.

3.6.1. Total Antioxidant Capacity

A reagent solution (100 mL) was prepared mixing sulfuric acid (3.22 mL), bibasic
phosphate (0.39 g), and ammonium molybdate (0.49 g). An aliquot (0.3 mL) of ethanolic
extract solutions (500 ug/mL) was mixed with 3.0 mL of the reagent solution. The resulting
test samples were incubated in an oven at 95 °C for 90 min. After the samples had
cooled to room temperature, the absorbances were read at 695 nm on a Biospectro SP
22 Spectrophotometer. The same procedure was carried out with ascorbic acid (positive
control) and a negative control was carried out with the solvent. The results were expressed
in mmol of ascorbic acid per gram of extract (adapted from [57]).

3.6.2. Ferric Reducing Power Assay

An aliquot (1.0 mL) of the ethanolic extract solutions was mixed with 2.5 mL of
phosphate buffer (pH 6.6, 0.2 M) and 2.5 mL of potassium ferricyanide aqueous solution
(1% w/v). The mixture was homogenized and incubated in a laboratory water bath at
50 °C for 20 min. Subsequently, 2.5 mL of trichloroacetic acid solution (10% w/v) was
added and the mixture was centrifuged (300 rpm, 10 min). An aliquot (2.5 mL) of the
superior layer was mixed with 2.5 mL distilled water, and 0.5 mL ferric chloride solution
(0.1% w/v) was added. The same procedure was conducted with the positive control. The
absorbances were read at 700 nm on a Biospectro SP-22 Spectrofotometer. The results were
converted into a percentage of ferric reducing power in relation to the positive control
ascorbic acid [57].

3.6.3. Free Radical Capture Assay (DPPH)

Solutions of extracts (100 uL) were added to 96-well plates in quadruplicate, followed
by the addition of 2,2-Diphenyl-1-picrylhydrazyl (DPPH) solution (175 uL) prepared in
ethanol (0.1 mM). The materials were incubated for 30 min in the dark, after which reading
was performed at 490 nm in a microplate reader. Solutions of known concentration of
ascorbic acid, the positive control, were used to construct a graph of percent inhibition
versus concentration (pug/mL) [58].

3.7. Acetylcholinesterase Inhibition Assay

The extracts were solubilized in dimethylsulfoxide (DMSO) (10 mg/mL) and an
aliquot of each one (25 pL) was mixed with aqueous solutions of acetylcholine iodide
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(15 mM) (25 pL) and 125 pL of a solution containing 5,5'-dithio-bis (2-nitrobenzoic acid)
(3 mM), NaCl solution (0.1 M) and MgCl,-6H,0 (20 mM) prepared in Tris/HCI buffer
(50 mM, pH 8.0, 50 pL) in wells of 96-well plates. The first set of wavelength readings was
then performed at 405 nm every 1 min (8 readings). Subsequently, a solution of acetyl-
cholinesterase was prepared (0.22 U/mL) in buffer and 0.1% (w/v) of bovine serum albumin
and added to the wells (25 pL each). Eserine (10 mg/mL) was used as positive control.
Next, new readings were performed at the same wavelength every 1 min (10 readings) [20].
The following equation was used to calculate the percentage of inhibition (%), where Ab:
Negative control (DMSO) and Aa: Sample absorbance.

(Ab — Aa) x 100

Yo I = b

3.8. In Vivo Neuroprotection Activity Using Drosophila melanogaster Model

A sterile mixture containing bananas (400 g), bacteriological agar (4 g), commercial
yeast (3.5 g), nystatin (2.5 mL), and propionic acid (0.6 mL) in distilled water (350 mL) was
prepared and used to grow D. melanogaster flies for the whole experiment. The cultivations
were performed in glass vessels in triplicate. Twelve 6-8-day-old male flies were grown in
vessels containing (A) rotenone (neurotoxic inductor, 10 mg/mL in ethanol; 0.4 mL) or (B)
extracts (5 mg/mL in water; 0.6 mL). Rotenone and extracts were mixed with the nutritive
substrate. A control flask (C) was utilized. Neither rotenone nor extract were added to the
control flasks. After 7 days, the flies that were in vessels A and B were anesthetized with
ether and interchanged. After 15 days the flies were transferred to falcon tubes that were
horizontally placed on a support. A photographic camera was positioned approximately
30 cm away. Then, the support was subjected to three hits against the bench surface, and
ten photographs of the tubes containing the flies were recorded. Picture number 6 was
used to account for the number of flies that were able to fly above half the tube height after
hitting [31].

3.9. Paper Spray Mass Spectrometry

Pulps were analyzed using a Thermo Fisher LCQ FLEET ion-trap mass spectrometer
(Thermo Scientific, San Jose, CA, USA) equipped with an ambient paper spray ionization
source. Analyses were performed in triplicate in positive and negative ionization modes.
For PSMS analyses, a 2 uL sample volume and 40 pL of methanol were added to a triangular
chromatographic paper (equilateral, 1.5 cm lengthwise) positioned 10 mm away from the
mass spectrometer inlet [37-39]. A high voltage was then applied to the paper held by a
copper clamp and attached to a three-dimensional moving platform for data acquisition.
Instrumental conditions of operation were: PSMS source voltage equal to +4 kV (positive
mode) and —3 kV (negative mode); capillary voltage of 40 V; transfer tube temperature
of 275 °C; tube lens voltage of 120 V; mass scanning range of 100 to 1000 m/z in positive
and negative modes. Ions were fragmented using collision energies from 15 to 45 eV.
Some representative MS can be found in Figures 52-548. Tentative identification of the
compounds was carried out using a comparison of the m/z ratios of the data obtained from
literature associated with instrumental readings and subsequent fragmentation employing
sequential mass spectrometry.

3.10. Statistical Analysis

GraphPad Prism 5.0 software was used for statistical analysis, applying variance
analysis (ANOVA) [20]. To evaluate the differences between the means, the Tukey test
with significance level of 5% was used. Kruskal-Wallis (nonparametric) and Dunn’s post-
test, with significance of 5%, were utilized to evaluate data from neuroprotection assay.
SensoMaker 1.61 software was used for main components analyses.
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4. Conclusions

The avocado residues produced during industrial processing retain nutrients and
bioactive compounds independent of the extraction solvent. Concerning the minerals,
avocado peels and seeds displayed significant levels of Ca, Mg, Mn, and Zn. The seeds
presented high essential fatty acids content, such as linoleic, palmitic, and oleic acids. Seed
and peel ethanolic extracts showed phenolic compounds correlated to their antioxidant
and AChE inhibitory activities. Additionally, the seed ethanolic extract exhibited in vivo
neuroprotective effect. In vivo studies are an important step to determine the real potential
of phytochemicals since they overcome many problems inherent to in vitro models. There-
fore, the positive in vivo results encourage research of this extract as a potential candidate
to develop drugs to treat patients in the early stages of neurodegenerative illnesses such
as Alzheimer’s and Parkinson’s diseases. The PSMS chemical profile of the residues led
to the identification of fifty-five metabolites, including phenolic, hydroxycinnamic acids,
flavonoids, and alkaloids, most of them already reported as pharmacologically active com-
pounds. Quantification of the phytochemicals will be the object of future work. In addition,
toxicity, bioavailability, and suitable formulations should be further investigated before
using avocado residues in pharmacotherapy, but the current results pave the way to deeper
studies on the in vivo potential of avocado residues as a bioresource in the development of
low-cost drugs and functional foods with neuroprotective effects.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules27061892/s1, Section S1: PSMS of the seed and ethano-
lic extracts and of the compounds identified, Figure S1: PS(+)MS full scan of ethanol extract from
peel of avocado, Figure S2: Anibine PS(+)MS fragmentation and chemical structure, Figure S3: Duck-
eine PS(+)MS fragmentation and chemical structure, Figure S4: Riparin I PS(+)MS fragmentation
and chemical structure, Figure S5: Norcanelilline PS(+)MS fragmentation and chemical structure,
Figure S6: Riparin II PS(+)MS fragmentation and chemical structure, Figure S7: Anicanine PS(+)MS
fragmentation and chemical structure, Figure S8: Riparin III PS(+)MS fragmentation and chemical
structure, Figure S9: (-)-a-methylpseudoanibacanine PS(+)MS fragmentation and chemical struc-
ture, Figure 510: N- methylcoclaurine PS(+)MS fragmentation and chemical structure, Figure S11:
Ceceline PS(+)MS fragmentation and chemical structure, Figure S12: (+)-manibacanine PS(+)MS
fragmentation and chemical structure, Figure S13: Cassythicine PS(+)MS fragmentation and chemical
structure, Figure 514: Isoboldine PS(+)MS fragmentation and chemical structure, Figure S15: Reticu-
line PS(+)MS fragmentation and chemical structure, Figure S16: Anibamine PS(+)MS fragmentation
and chemical structure, Figure S17: PS(—)MS full scan of peel ethanolic extract of avocado, Figure S18:
Vanillin PS(—)MS fragmentation and chemical structure, Figure S19: Caffeic acid PS(—)MS fragmenta-
tion and chemical structure, Figure S20: Quinic acid PS(—)MS fragmentation and chemical structure,
Figure S21: Syrinc acid PS(—)MS fragmentation and chemical structure, Figure S22: 5-hydroxyferulic
acid PS(—)MS fragmentation and chemical structure, Figure S23: Sinapic acid PS(—)MS fragmen-
tation and chemical structure, Figure S24: Apigenin PS(—)MS fragmentation and chemical struc-
ture, Figure 525: Kaempferol PS(—)MS fragmentation and chemical structure, Figure 526: Catechin
PS(—)MS fragmentation and chemical structure, Figure S27: Quercetin PS(—)MS fragmentation and
chemical structure, Figure 528: Hydroxytyrosol glucoside PS(—)MS fragmentation and chemical struc-
ture, Figure 529: p-coumaroyl hexose PS(—)MS fragmentation and chemical structure, Figure S30:
3-O-p-coumaroylquinic acid PS(—)MS fragmentation and chemical structure, Figure S31: Caffeic
acid hexoside PS(—)MS fragmentation and chemical structure, Figure S32: 5-O-caffeoylquinic acid
PS(—)MS fragmentation and chemical structure, Figure S33: Kaempferol-O-pentoside PS(—)MS
fragmentation and chemical structure, Figure S34: Cyanidin-3-O-arabinoside PS(—)MS fragmenta-
tion and chemical structure, Figure S35: Vitexin PS(—)MS fragmentation and chemical structure,
Figure S36: Peonidin-3-O-pentoside PS(—)MS fragmentation and chemical structure, Figure S37:
Phloridzin PS(—)MS fragmentation and chemical structure, Figure S38: Kaempferol-O-hexoside
PS(—)MS fragmentation and chemical structure, Figure S39: Dihydroquercetin-3,5-rhamnoside
PS(—)MS fragmentation and chemical structure, Figure S40: Isorhamnetin-O-coumaroyl PS(—)MS
fragmentation and chemical structure, Figure S41: Quercetin-3-glucoside PS(—)MS fragmentation
and chemical structure, Figure S42: Quercetin glucuronide PS(—)MS fragmentation and chemi-
cal structure, Figure 543: Caffeoyl hexose-deohyhexoside PS(—)MS fragmentation and chemical

150



Molecules 2022, 27, 1892

structure, Figure S44: Dimethy] ellagic acid hexoside PS(—)MS fragmentation and chemical struc-
ture, Figure S45: Apigenin-C-hexoside-C-pentoside PS(—)MS fragmentation and chemical structure,
Figure $46: Luteolin-7-O-(2"/-O-pentosyl)-hexoside PS(—)MS fragmentation and chemical structure,
Figure 547: Catechin diglucopyranoside PS(—)MS fragmentation and chemical structure, Figure 548:
Quercetin-3,4’-O-diglucoside PS(—)MS fragmentation and chemical structure.

Author Contributions: Conceptual idea, methodology design, writing, and editing: J.A.T.; Data
collection, antioxidant assays, data analysis and interpretation, writing, and editing: G.G.d.S. and
L.PS.P; Paper Spray analysis and data interpretation: ].O.FM., H.d.O.P.M. and R.A. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by CAPES (Code 001), Fundacao de Amparo a Pesquisa do
Estado de Minas Gerais (FAPEMIG PPM-00255-18), and Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico (CNPq Grant 304922 /2018-8).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: We acknowledge Lucas Xavier da Silva for drawing the graphical abstracts.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available.

References

1.

10.

11.

12.

13.

14.

Ochoa-Zarzosa, A.; Bdez-Magafia, M.; Guzman-Rodriguez, ]J.J.; Flores-Alvarez, L.J.; Lara-Marquez, M.; Zavala-Guerrero, B.;
Salgado-Garciglia, R.; Lépez-Goémez, R.; Lopez-Meza, J.E. Bioactive Molecules From Native Mexican Avocado Fruit (Persea
americana var. drymifolia): A Review. Plant Foods Hum. Nutr. 2021, 76, 133-142. [CrossRef] [PubMed]

Tesfaye, T.; Ayele, M.; Gibril, M.; Ferede, E.; Limeneh, D.Y.; Kong, F. Beneficiation of avocado processing industry by-product: A
review on future prospect. Curr. Res. Green Sustain. Chem. 2022, 5, 100253. [CrossRef]

Alkhalaf, M.I.; Alansari, W.S.; Ibrahim, E.A.; ELhalwagy, M.E.A. Anti-oxidant, anti-inflammatory and anti-cancer activities of
avocado (Persea americana) fruit and seed extract. J. King Saud Univ. Sci. 2019, 31, 1358-1362. [CrossRef]

Borges, C.V.; Maraschin, M.; Coelho, D.S.; Leonel, M.; Gomez, H.A.G.; Belin, M.A E; Diamante, M.S.; Amorim, E.P.; Gianeti, T.;
Castro, G.R.; et al. Nutritional value and antioxidant compounds during the ripening and after domestic cooking of bananas and
plantains. Food Res. Int. 2020, 132, 109061. [CrossRef] [PubMed]

Araujo, R.G.; Rodriguez-Jasso, R.M.; Ruiz, H.A.; Govea-Salas, M.; Pintado, M.; Aguilar, C.N. Recovery of bioactive components
from avocado peels using microwave-assisted extraction. Food Bioprod. Process. 2021, 127, 152-161. [CrossRef]

Baysal, S.S.; Ulkii, M.A. Food Loss and Waste: A Sustainable Supply Chain Perspective. ICGI-Global: Istanbul, Turkey, 2021;
ISBN 9789251317549.

Yap, K.M.; Sekar, M.; Seow, L.J.; Gan, S.H.; Bonam, S.R.; Mat Rani, N.N.I,; Lum, P.T.; Subramaniyan, V.; Wu, Y.S.; Fuloria,
N.K; et al. Mangifera indica (Mango): A promising medicinal plant for breast cancer therapy and understanding its potential
mechanisms of action. Breast Cancer Targets Ther. 2021, 13, 471-503. [CrossRef]

Béné, C.; Oosterveer, P.; Lamotte, L.; Brouwer, LD.; de Haan, S.; Prager, S.D.; Talsma, E.F.; Khoury, C.K. When food systems meet
sustainability—Current narratives and implications for actions. World Dev. 2019, 113, 116-130. [CrossRef]

Gonzélez-Chang, M.; Wratten, S.D.; Shields, M.W.; Costanza, R.; Dainese, M.; Gurr, G.M.; Johnson, J.; Karp, D.S.; Ketelaar, ].W,;
Nboyine, J.; et al. Understanding the pathways from biodiversity to agro-ecological outcomes: A new, interactive approach. Agric.
Ecosyst. Environ. 2020, 301, 107053. [CrossRef]

Tumwesigye, K.S.; O’Brien, E.; Oliveira, ].C.; Crean, A.; Sousa-Gallagher, M.]. Engineered food supplement excipients from bitter
cassava for minimisation of cassava processing waste in environment. Future Foods 2020, 1-2, 100003. [CrossRef]
Ortega-Arellano, H.F,; Jimenez-Del-Rio, M.; Velez-Pardo, C. Neuroprotective Effects of Methanolic Extract of Avocado Persea
americana (var. Colinred) Peel on Paraquat-Induced Locomotor Impairment, Lipid Peroxidation and Shortage of Life Span in
Transgenic knockdown Parkin Drosophila melanogaster. Neurochem. Res. 2019, 44, 1986-1998. [CrossRef]

Salazar-Lopez, N.J.; Dominguez-Avila, J.A.; Yahia, E.M.; Belmonte-Herrera, B.H.; Wall-Medrano, A.; Montalvo-Gonzélez, E.;
Gonzalez-Aguilar, G.A. Avocado fruit and by-products as potential sources of bioactive compounds. Food Res. Int. 2020, 138,
109774. [CrossRef] [PubMed]

Del Castillo-Llamosas, A.; del Rio, P.G.; Pérez-Pérez, A.; Yafiez, R.; Garrote, G.; Gullon, B. Recent advances to recover value-added
compounds from avocado by-products following a biorefinery approach. Curr. Opin. Green Sustain. Chem. 2021, 28, 100433.
[CrossRef]

Fuloria, S.; Yusri, M.A.A,; Sekar, M.; Gan, S.H.; Rani, N.N.LM.; Lum, P.T.; Ravi, S.; Subramaniyan, V.; Azad, A K,; Jeyabalan, S.;
et al. Genistein: A Potential Natural Lead Molecule for New Drug Design and Development for Treating Memory Impairment.
Molecules 2022, 27, 265. [CrossRef] [PubMed]

151



Molecules 2022, 27, 1892

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

World Health Organization (WHO). Global Action Plan on the Public Health Response to Dementia 2017-2025; World Health
Organization: Geneva, Switzerland, 2017; p. 27.

Bernstein, ].J.J.; Holt, G.B.; Bernstein, J. Price dispersion of generic medications. PLoS ONE 2019, 14, e0225280. [CrossRef]
[PubMed]

FAO; IFAD; UNICEF; WHO. The State of Food Security and Nutrition in the World 2020; FAO: Rome, Italy, 2020; ISBN 9789251329016.
[CrossRef]

Ferguson, E.L.; Watson, L.; Berger, J.; Chea, M.; Chittchang, U.; Fahmida, U.; Khov, K.; Kounnavong, S.; Le, B.M.; Rojroong-
wasinkul, N.; et al. Realistic Food-Based Approaches Alone May Not Ensure Dietary Adequacy for Women and Young Children
in South-East Asia. Matern. Child Health J. 2019, 23, 55-66. [CrossRef]

Adams, ].B.; Sorenson, J.C.; Pollard, E.L.; Kirby, ] K.; Audhya, T. Evidence-based recommendations for an optimal prenatal
supplement for women in the U.S., part two: Minerals. Nutrients 2021, 13, 1849. [CrossRef] [PubMed]

Lourengao, L.F.d.P; de Paula, N.C.; Cardoso, M.A.; Santos, P.R.; de Oliveira, LR.C.; Fonseca, FL.A.; da Veiga, G.L.; Alves, B.d.C.A,;
Graciano, M.M.d.C.; Pereira-Dourado, S.M. Biochemical markers and anthropometric profile of children enrolled in public
daycare centers. J. Pediatr. 2021, in press. [CrossRef]

Guirlanda, C.P; da Silva, G.G.; Takahashi, J.A. Cocoa honey: Agro-industrial waste or underutilized cocoa by-product? Future
Foods 2021, 4, 100061. [CrossRef]

Mousa, M.M.H.; El-Magd, M.A.; Ghamry, H.I.; Alshahrani, M.Y.; El-Wakeil, N.H.M.; Hammad, E.M.; Asker, G.A.H. Pea peels as a
value-added food ingredient for snack crackers and dry soup. Sci. Rep. 2021, 11, 22747. [CrossRef]

Marangoni, F; Agostoni, C.; Borghi, C.; Catapano, A.L.; Cena, H.; Ghiselli, A.; La Vecchia, C.; Lercker, G.; Manzato, E.; Pirillo,
A.; et al. Dietary linoleic acid and human health: Focus on cardiovascular and cardiometabolic effects. Atherosclerosis 2020, 292,
90-98. [CrossRef]

Park, W.J. The Biochemistry and Regulation of Fatty Acid Desaturases in Animals; Elsevier Inc.: Amsterdam, The Netherlands, 2018;
ISBN 9780128112304.

Orsavova, ].; Misurcova, L.; Vavra Ambrozova, J.; Vicha, R.; Mlcek, J. Fatty acids composition of vegetable oils and its contribution
to dietary energy intake and dependence of cardiovascular mortality on dietary intake of fatty acids. Int. J. Mol. Sci. 2015, 16, 2871.
[CrossRef]

Guillén-Sanchez, J.; Paucar-Menacho, L.M. Oxidative stability and shelf life of avocado oil extracted cold and hot using discard
avocado (Persea americana). Sci. Agropecu. 2020, 11, 127-133. [CrossRef]

Velderrain-Rodriguez, G.R.; Quero, J.; Osada, J.; Martin-Belloso, O.; Rodriguez-Yoldi, M.J. Phenolic-rich extracts from avocado
fruit residues as functional food ingredients with antioxidant and antiproliferative properties. Biomolecules 2021, 11, 997.
[CrossRef] [PubMed]

Vinha, A .F; Moreira, J.; Barreira, S.V.P. Physicochemical Parameters, Phytochemical Composition and Antioxidant Activity of the
Algarvian Avocado (Persea americana Mill.). J. Agric. Sci. 2013, 5, 100-109. [CrossRef]

Amado, D.A.V,; Helmann, G.A.B.; Detoni, A.M.; de Carvalho, S.L.C.; de Aguiar, C.M.; Martin, C.A.; Tiuman, T.S.; Cottica, S.M.
Antioxidant and antibacterial activity and preliminary toxicity analysis of four varieties of avocado (Persea americana Mill.). Braz.
J. Food Technol. 2019, 22, 04418. [CrossRef]

Tremocoldi, M.A ; Rosalen, P.L.; Franchin, M.; Massarioli, A.P.; Denny, C.; Daiuto, E.R.; Paschoal, J.A.R.; Melo, PS.; De Alencar,
S.M. Exploration of avocado by-products as natural sources of bioactive compounds. PLoS ONE 2018, 13, €0192577. [CrossRef]
[PubMed]

Jimenez, E.V.; Tovar, ].; Mosquera, O.M.; Cardozo, F. Actividad Neuroprotectora de Solanum ovalifolium (SOlanaceae) contra la
toxicidad Inducida por rotenona em Drosophila melanogaster. Rev Fac Cienc. Basicas 2017, 13, 27-35. [CrossRef]

Siima, A.A.; Stephano, F.; Munissi, ].J].E.; Nyandoro, S.S. Ameliorative effects of flavonoids and polyketides on the rotenone
induced Drosophila model of Parkinson’s disease. NeuroToxicology 2020, 81, 209-215. [CrossRef]

Kumar, S.; Behl, T.; Sehgal, A.; Chigurupati, S.; Singh, S.; Mani, V.; Aldubayan, M.; Alhowail, A.; Kaur, S.; Bhatia, S.; et al.
Exploring the focal role of LRRK2 kinase in Parkinson’s disease. Environ. Sci. Pollut. Res. 2022, 1-15. [CrossRef] [PubMed]

Vos, M.; Klein, C. UnCover Cellular Pathways Underlying Parkinson’s Disease. Cells 2021, 10, 579. [CrossRef]

Bolus, H.; Crocker, K.; Boekhoff-Falk, G.; Chtarbanova, S. Modeling neurodegenerative disorders in drosophila melanogaster. Int.
J. Mol. Sci. 2020, 21, 3055. [CrossRef]

McBride, E.M.; Mach, PM.; Dhummakupt, E.S.; Dowling, S.; Carmany, D.O.; Demond, P.S.; Rizzo, G.; Manicke, N.E.; Glaros, T.
Paper spray ionization: Applications and perspectives. TrAC Trends Anal. Chem. 2019, 118, 722-730. [CrossRef]

Silva, V.D.M.; Macedo, M.C.C.; dos Santos, A.N.; Silva, M.R.; Augusti, R.; Lacerda, I.C.A.; Melo, J.O.F,; Fante, C.A. Bioactive
activities and chemical profile characterization using paper spray mass spectrometry of extracts of Eriobotrya japonica Lindl.
leaves. Rapid Commun. Mass Spectrom. 2020, 34, e8883. [CrossRef] [PubMed]

Garcia, YYM.; Ramos, A.L.C.C.; de Oliveira Junior, A.H.; de Paula, A.C.C.EE; de Melo, A.C.; Andrino, M.A.; Silva, M.R.; Augusti,
R.; de Aradjo, R.L.B.; de Lemos, E.E.P; et al. Physicochemical Characterization and Paper Spray Mass Spectrometry Analysis of
Myrciaria Floribunda (H. West ex Willd.) O. Berg Accessions. Molecules 2021, 26, 7206. [CrossRef] [PubMed]

Do Nascimento, C.D.; de Paula, A.C.C.EFE; de Oliveira Jtunior, A.H.; Mendonga, H.d.O.P; Reina, L.D.C.B.; Augusti, R.; Figueiredo-
Ribeiro, R.d.C.L.; Melo, ].O.F. Paper spray mass spectrometry on the analysis of phenolic compounds in rhynchelytrum repens: A
tropical grass with hypoglycemic activity. Plants 2021, 10, 1617. [CrossRef] [PubMed]

152



Molecules 2022, 27, 1892

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Weremfo, A.; Adulley, F.; Adarkwah-Yiadom, M. Simultaneous Optimization of Microwave-Assisted Extraction of Phenolic
Compounds and Antioxidant Activity of Avocado (Persea americana Mill.) Seeds Using Response Surface Methodology. J. Anal.
Methods Chem. 2020, 2020, 7541927. [CrossRef] [PubMed]

Segovia, FJ.; Hidalgo, G.I; Villasante, J.; Ramis, X.; Almajano, M.P. Avocado seed: A comparative study of antioxidant content
and capacity in protecting oil models from oxidation. Molecules 2018, 23, 2421. [CrossRef]

Mijangos-Ramos, L.E.; Zapata-Estrella, H.E.; Ruiz-Vargas, ].A.; Escalante-Erosa, F.; Gémez-Ojeda, N.; Garcia-Sosa, K.; Cechinel-
Filho, V.; Meira-Quintao, N.L.; Pefia-Rodriguez, L.M. Bioactive dicaffeoylquinic acid derivatives from the root extract of Calea
urticifolia. Rev. Bras. Farmacogn. 2018, 28, 339-343. [CrossRef]

Rosero, J.C.; Cruz, S.; Osorio, C.; Hurtado, N. Analysis of Phenolic Composition of Byproducts (Seeds and Peels) of Avocado
(Persea americana Mill.) Cultivated in Colombia. Molecules 2019, 24, 3209. [CrossRef]

Castro-Lopez, C.; Bautista-Hernandez, I.; Gonzédlez-Hernandez, M.D.; Martinez-Avila, G.C.G.; Rojas, R.; Gutiérrez-Diez, A;
Medina-Herrera, N.; Aguirre-Arzola, V.E. Polyphenolic Profile and Antioxidant Activity of Leaf Purified Hydroalcoholic Extracts
from Seven Mexican Persea americana Cultivars. Molecules 2019, 24, 173. [CrossRef]

Moita, I.S.; Yamaguchi, KK.L.; Alcantara, ].M.; Silva, Y.C.; Fernandes, N.S.; Nakamura, C.V.; Veiga Junior, V.E. Phytochemical and
Biological Studies on Ocotea ceanothifolia (Nees) Mez. Rev. Virtual Quim. 2019, 11, 1267-1276. [CrossRef]

Alagbaoso, C.A.; Osakwe, O.S.; Tokunbo, L.I. Changes in proximate and phytochemical compositions of Persea americana mill.
(avocado pear) seeds associated with ripening. |. Med. Biomed. Res. 2017, 16, 28-34.

Setyawan, H.Y.; Sukardi, S.; Puriwangi, C.A. Phytochemicals properties of avocado seed: A review. IOP Conf. Ser. Earth Environ.
Sci. 2021, 733, 012090. [CrossRef]

Silva, Y.C.D. Estudo de Marcadores em Espécies de Aniba (Lauraceae) Bioativas da Amazoénia. 2018. Available online: https:
/ /tede.ufam.edu.br/handle/tede/6494 (accessed on 23 January 2022).

Nunes, G.B.L.; Costa, L.M.; Gutierrez, S.J.C.; Satyal, P.; De Freitas, R.M. Behavioral tests and oxidative stress evaluation in
mitochondria isolated from the brain and liver of mice treated with riparin A. Life Sci. 2015, 121, 57-64. [CrossRef] [PubMed]
Rodrigues de Carvalho, A.M.; Vasconcelos, L.F.; Moura Rocha, N.F,; Vasconcelos Rios, E.R.; Dias, M.L.; Maria de Franca Fonteles,
M.; Gaspar, D.M.; Barbosa Filho, ].M.; Chavez Gutierrez, S.J.; Florenco de Sousa, F.C. Antinociceptive activity of Riparin II from
Aniba riparia: Further elucidation of the possible mechanisms. Chem.-Biol. Interact. 2018, 287, 49-56. [CrossRef] [PubMed]
Chaves, R.d.C.; Mallmann, A.S.V.; de Oliveira, N.E,; Capibaribe, V.C.C.; da Silva, D.M.A.; Lopes, 1.S.; Valentim, J.T.; Barbosa, G.R.;
de Carvalho, A.M.R.; de Fonteles, M.M.E; et al. The neuroprotective effect of Riparin IV on oxidative stress and neuroinflammation
related to chronic stress-induced cognitive impairment. Horm. Behav. 2020, 122, 104758. [CrossRef] [PubMed]

Singh, S.; Pathak, N.; Fatima, E.; Negi, A.S. Plant isoquinoline alkaloids: Advances in the chemistry and biology of berberine. Eur.
J. Med. Chem. 2021, 226, 113839. [CrossRef] [PubMed]

Kaur, J.; Famta, P; Famta, M.; Mehta, M.; Satija, S. Potential anti-epileptic phytoconstituents: An updated review. J. Ethnopharmacol.
2021, 268, 113565. [CrossRef] [PubMed]

Martins, B.d.A.; Sande, D.; Solares, M.D.; Takahashi, J.A. Antioxidant role of morusin and mulberrofuran B in ethanol extract of
Morus alba roots. Nat. Prod. Res. 2021, 35, 5993-5996. [CrossRef]

Sande, D.; Colen, G.; dos Santos, G.E; Ferraz, V.P; Takahashi, ].A. Production of omega 3, 6, and 9 fatty acids from hydrolysis of
vegetable oils and animal fat with Colletotrichum gloeosporioides lipase. Food Sci. Biotechnol. 2018, 27, 537-545. [CrossRef] [PubMed]
Santos, B.O.; Labanca, R.A. Development and Chemical Characterization of Pequi Pericarp Flour. J. Braz. Chem. Soc. 2022, 00,
1-11, (in press).

Bashmil, YM.; Ali, A.; Bk, A.; Dunshea, ER.; Suleria, H.A.R. Screening and characterization of phenolic compounds from
Australian grown bananas and their antioxidant capacity. Antioxidants 2021, 10, 1521. [CrossRef] [PubMed]

Seyrekoglu, F.; Temiz, H.; Eser, F; Yildirim, C. Comparison of the antioxidant activities and major constituents of three Hypericum
species (H. perforatum, H. scabrum and H. origanifolium) from Turkey. S. Afr. J. Bot. 2022, 146, 723-727. [CrossRef]

153



molecules

Article

The Purified Siderophore from Streptomyces tricolor HM10
Accelerates Recovery from Iron-Deficiency-Induced Anemia

in Rats

Hassan Barakat '>*(0, Kamal A. Qureshi 340, Abdullah S. Alsohim °> and Medhat Rehan %¢

Citation: Barakat, H.; Qureshi, K.A.;

Alsohim, A.S.; Rehan, M. The
Purified Siderophore from
Streptomyces tricolor HM10
Accelerates Recovery from
Iron-Deficiency-Induced Anemia in
Rats. Molecules 2022, 27, 4010.
https://doi.org/10.3390/
molecules27134010

Academic Editor: Jacqueline
Aparecida Takahashi

Received: 17 May 2022
Accepted: 19 June 2022
Published: 22 June 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Department of Food Science and Human Nutrition, College of Agriculture and Veterinary Medicine,
Qassim University, Buraydah 51452, Saudi Arabia

Department of Food Technology, Faculty of Agriculture, Benha University, Moshtohor 13736, Egypt
Department of Pharmaceutics, Unaizah College of Pharmacy, Qassim University,

Unaizah 51911, Saudi Arabia; ka.qurishe@qu.edu.sa

Faculty of Biosciences and Biotechnology, Invertis University, Bareilly 243123, Uttar Pradesh, India
Department of Plant Production and Protection, College of Agriculture and Veterinary Medicine,
Qassim University, Buraydah 51452, Saudi Arabia; a.alsohim@qu.edu.sa (A.S.A.);
m.rehan@qu.edu.sa (M.R.)

6 Department of Genetics, Faculty of Agriculture, Kafrelsheikh University, Kafr El-Sheikh 33516, Egypt
Correspondence: haa.mohamed@qu.edu.sa or hassan.barakat@fagr.bu.edu.eg; Tel.: +966-547141277

Abstract: Iron-deficiency-induced anemia is associated with poor neurological development, includ-
ing decreased learning ability, altered motor functions, and numerous pathologies. Siderophores are
iron chelators with low molecular weight secreted by microorganisms. The proposed catechol-type
pathway was identified based on whole-genome sequences and bioinformatics tools. The intended
pathway consists of five genes involved in the biosynthesis process. Therefore, the isolated catechol-
type siderophore (Sid) from Streptomyces tricolor HM10 was evaluated through an anemia-induced
rat model to study its potential to accelerate recovery from anemia. Rats were subjected to an iron-
deficient diet (IDD) for 42 days. Anemic rats (ARs) were then divided into six groups, and normal rats
(NRs) fed a standard diet (SD) were used as a positive control group. For the recovery experiment,
ARs were treated as a group I; fed an IDD (AR), group II; fed an SD (AR + SD), group III, and 1V,
fed an SD with an intraperitoneal injection of 1 pg Sid Kg_1 (AR + SD + Sid1) and 5 ug Sid Kg_1
(AR + SD + Sid5) twice per week. Group V and VI were fed an iron-enriched diet (IED) with an
intraperitoneal injection of 1 pg Sid Kg_1 (AR + IED + Sid1) and 5 pg Sid Kg_1 (AR + IED + Sid5)
twice per week, respectively. Weight gain, food intake, food efficiency ratio, organ weight, liver iron
concentration (LIC) and plasma (PIC), and hematological parameters were investigated. The results
showed that ~50-60 mg Sid L' medium could be producible, providing ~25-30 mg L~! purified
Sid under optimal conditions. Remarkably, the AR group fed an SD with 5 pg Sid Kg~! showed
the highest weight gain. The highest feed efficiency was observed in the AR + SD + Sid5 group,
which did not significantly differ from the SD group. Liver, kidneys, and spleen weight indicated
that diet and Sid concentration were related to weight recovery in a dose-dependent manner. Liver
iron concentration (LIC) in the AR + IED + Sid1 and AR + IED + Sid5 groups was considerably higher
than in the AR + SD + Sid1 AR + SD + Sid5 groups or the AR + SD group compared to the AR group.
All hematological parameters in the treated groups were significantly closely attenuated to SD groups
after 28 days, confirming the efficiency of the anemia recovery treatments. Significant increases
were obtained in the AR + SD + Sid5 and AR + IED + Sid5 groups on day 14 and day 28 compared
to the values for the AR + SD + Sid1 and AR + IED + Sid1 groups. The transferrin saturation %
(TSAT) and ferritin concentration (FC) were significantly increased with time progression in the
treated groups associatively with PIC. In comparison, the highest significant increases were noticed
in ARs fed IEDs with 5 ug Kg~! Sid on days 14 and 28. In conclusion, this study indicated that Sid
derived from S. tricolor HM10 could be a practical and feasible iron-nutritive fortifier when treating
iron-deficiency-induced anemia (IDA). Further investigation focusing on its mechanism and kinetics
is needed.
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1. Introduction

Iron, a trace metal, is crucial in maintaining normal human metabolism and is required
by most organisms. It is used in numerous living processes, including oxygen transport,
redox reactions, and nucleic acid synthesis [1,2]. Iron-deficiency-induced anemia (IDA) can
result in various diseases, including delays in development and behavior in children and, in
particular, in pregnant women [3-6]. Over two billion people worldwide suffer from IDA,
according to the FAO (Food and Agriculture Organization) [3,7]. Iron-deficiency-induced
anemia and latent iron deficiency significantly increase and spread among younger indi-
viduals [8]. Iron deficiency and IDA arise when dietary iron requirements cannot meet
the physiological requirements of the human body, particularly in developing countries,
primarily due to insufficient iron content in food and low iron absorption efficiency. Iron-
deficiency-induced anemia causes tissue hypoxia, fatigue, headaches, and palpitations. Its
association with neurological and psychiatric symptoms has been reported, as epidemio-
logical evidence has shown that restless leg syndrome is associated with iron-deficiency-
induced anemia [9]. Iron deficiency symptoms are not limited to anemia alone; for example,
prolonged iron deficiency is known to cause inferior papillary atrophy, angular cheilitis,
etc. [10]. Iron is found in animal and plant foods in two forms, i.e., heme and non-heme
iron; however, non-heme iron constitutes approximately 90% of the iron absorbed from
food [11]. Though iron is absorbed in the intestinal tract [12], non-heme iron is much more
poorly absorbed than heme iron [13]. Therefore, it is necessary to make iron absorption
more efficient and supplement daily diets with iron.

Siderophores are low-molecular-weight compounds (200-2000 Da) secreted by mi-
crobes, fungi, and plants under limited iron conditions [14]. Under iron-deficient growth
conditions, the hydrophobicity of microbial surface decreases; then, the surface protein
composition will alter, leading to the limitation of biofilm formation [15]. When iron
becomes unavailable in the environment, microorganisms start producing siderophores
as a developed specific uptake strategy. Siderophores consider a metal-chelating agent
that can be produced especially under Fe-limiting conditions, making them available for
microorganisms [16,17]. They could facilitate the iron acquisition and counter iron defi-
ciency by high-affinity iron (III) ligands [14]. Compared with other metal elements, iron is
preferentially chelated by siderophores [18].

Moreover, ferric iron considers the only state that siderophores could chelate. When
ferric iron is reduced to ferrous iron, siderophores will release it. This is an important
strategy for microbes to combat the iron stress environment [14,19]. The role of siderophores
in microbial physiological activities is to dissolve ferric iron and transport it into the
cytoplasm, so siderophores have the potential to become a nutritional fortifier [20]. The
majority of marine siderophores have distinctive structural features [14]. Accordingly,
they contain amphipathic and photochemical properties in Fe>* complexes. Depending on
membrane affinity and length, siderophores could anchor a particular gradient outside the
cell membrane, thereby enhancing the ability to capture iron from seawater [18,21].

A siderophore is a biological molecule with many applications, and various bacteria
can produce it. It can be utilized in multiple fields such as agricultural, medicinal, and
environmental applications [22-24]. In therapeutic applications and iron-overload diseases
(hemosiderosis, 3-thalassemia, hemochromatosis, and accidental iron poisoning), iron is
needed in the body so it can be treated with siderophore-based drugs [23,24]. Because of
their rapid cell division, cancer cells have a higher requirement of iron when compared to
healthy cells. Additionally, their iron uptake and storage rates are higher, so iron chelators
such as siderophores can be beneficial for use in cancer therapy (iron excess or iron over-
load). It was shown that desferrioxamines (hydroximate-type siderophores) significantly
decreased tumor cell growth in patients with neuroblastoma or leukemia [25,26]. Fur-

155



Molecules 2022, 27, 4010

thermore, desferrioxamine E produced by Streptomyces reduced the viability of malignant
melanoma cells significantly. At the same time, other siderophores (i.e., desferriexochelins,
desferrithiocin, tachpyridine, O-trensox, and dexrazoxane) were used in cancer therapy as
iron chelators [27,28].

The iron-conveying abilities of siderophores are used to deliver drugs. Drug deliv-
ery was shown to occur in cells by forming conjugating among antimicrobials such as
albomycins and siderophores [29]. Siderophores can be potentially used as iron chelators
in treating cancers, e.g., dexrazoxane, desferriexochelins, desferrithiocin, and O-trensox.
Furthermore, siderophores can rescue non-transferrin-bound iron in blood serum [29].
Siderophores produced by Klebsiella pneumoniae can act as antimalarial agents and can be
used to treat malaria caused by Plasmodium falciparum [30].

Streptomyces, Gram-positive bacteria, are famous for producing various secondary
metabolites. These secondary metabolites have significant biological and clinical usages.
Secondary metabolite biosynthesis is usually controlled by complex regulatory networks
that respond to various biotic and abiotic stresses in the surrounding environment. Strepto-
myces are considered to be one of the most common producers of secondary metabolites
(i.e., antibiotic, antibacterial, antifungal, anticancer, siderophores, etc.) [31-34].

Siderophores could potentially become exciting molecules for combating IDA. How-
ever, despite the literature showing promising potentialities related to siderophores, partic-
ular attention needs to be paid to the applicability, dose, and mechanisms of siderophores.
Moreover, to the best of the authors” knowledge, the literature review mainly highlighted
the purification and applications of siderophores, with only a few studies referring to
in vivo applications [35,36]. The need to further verify siderophore applications moti-
vated this work. Interestingly, the iron chelation capability of siderophores concerning
malignant cancerous cells has been recently studied [37]. Suehiro et al. [38] proved that
hemoglobin and hematocrit levels were significantly increased with maltobionic acid cal-
cium salt (MBCa) intake, and recovery from iron-deficiency-induced anemia was promoted.
MBCa effectively promoted the recovery of rats from subclinical iron deficiency and iron-
deficiency-induced anemia. Feng et al. [35] indicated that siderophores derived from
Synechococcus sp. PCC7002 could be practical and feasible iron-nutritive fortifiers. However,
no studies have clearly demonstrated the effectiveness of using siderophores to enhance
iron absorption in human food models. In anemia conditions, a lack of sufficient healthy
red blood cells to carry adequate oxygen to the body’s cells and low hemoglobin content
causes fatigue and weakness. Iron-deficiency-induced anemia is the most common type
of anemia worldwide, caused by a shortage of iron in the body. Bone marrow requires
iron to produce hemoglobin. When iron levels are low, our bodies cannot produce enough
hemoglobin for red blood cells. Therefore, the main objective of this study was to study the
potential application of purified Sid from S. tricolor HM10 bacteria to accelerate recovery
from iron-deficiency-induced anemia in a rat model.

2. Materials and Methods
2.1. Siderophore, Detection, Production, and Purification from S. tricolor HM10

S. tricolor HM10 strain (accession: MN527236) was used for siderophore production,
as previously established by Rehan et al. [39], with minor modifications. For siderophore
detection, the Chrome Azurol S (CAS) assay was applied by adding CAS solution prepared
according to Schwyn and Neilands [40] to King’s B agar medium (composed of peptone,
20.0; K;HPOy, 1.50; MgS04.7H,0, 1.50; agar, 15.0 (g/L), pH 7.2) with a ratio of 1:9. In
Sid production, a fresh culture of S. tricolor HM10 was cultivated on King’s B medium
supplemented with FeClz (5 uM) for 72 h at 28 °C with continuous agitation (170 rpm
min~!). Afterward, the culture broth was centrifugated at 10,000 g for 20 min~!. Sid
concentration and type were determined in clear supernatant using Arnow’s Assay [41]
for catechol-type siderophore and Atkin’s assay [42] for hydroxamate-type siderophore.
According to Clark [43], after the acidification of the collected supernatant to pH 2.0 using
concentrated HCI, the Sid produced was isolated and purified. The culture supernatant
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was passed through a column (5 x 30 cm) packed with Amberlite XAD-2, Sid was eluted
with methanol, and fractions were analyzed for the presence of Sid with Arnow’s Assay.
According to their hydrophobicity, the collected fractions were loaded on the Sephadex LH-
20 column and eluted with methanol as the mobile phase for separation. Subsequently, TLC
was used to test the collected fractions with Sid activity using a mobile phase containing
methanol: ammonium acetate (60:40) [44]. Before injecting the solutions into rats, the
concentration of purified Sid was determined with a standard curve generated by 2,3-
Dihydroxybenzoic acid (2,3-DHBA). The injected solutions were freshly prepared at two
concentrations (1 pug and 5 pg Sid) in sterilized saline buffer (pH 7.0).

2.2. Whole-Genome Sequence Analysis

The whole genome of S. tricolor HM10 was sequenced using Oxford Nanopore, assem-
bled, and annotated. The genome is available in the NCBI database with accession number
JAJREA000000000. In terms of searching the entire genome, the catechol-type pathway
putatively coding for siderophores close to petrobactin was identified using blast search
and antiSMASH [45,46].

2.3. Determination of Total Phenolic Content (TPC) and Antioxidant Activity (AOA) of
Purified Sid

The TPC-purified Sid was determined by using Folin—Ciocalteu reagent according to
Yawadio Nsimba et al. [47], and the TPC content was expressed as milligrams of Gallic acid
equivalents (GAE) per gram (mg of GAE g~! DW). The radical scavenging activity was mea-
sured spectrophotometrically based on the bleaching of DPPH radicals in purple solution
according to Yawadio Nsimba et al. [39], and ABTS (2,2’-azino-bis (3-ethylbenzothiazoline-
6-sulphonic acid)) radicals in a dark green solution using the method by Barakat and
Rohn [48]. The final results were expressed as millimoles of Trolox Equivalents (TE) per
gram (mmol of TE g_l).

2.4. Bio-Evaluation of Iron Absorption Using a Rat Model
2.4.1. Experimental Animals

The study protocol was approved by the Institutional Animal Ethics Committee (IAEC)
of Qassim University, KSA (21-07-06 on 26 January 2022). It was regulated by the Purpose
of the Control and the Supervision of Experiments on Animals (CPCSEA) Committee under
the National Committee of Bioethics (NCBE), Implementing Regulations of the Law of
Ethics of Research on Living Creatures. Fifty-six female Wistar rats (6-8 weeks) weighing
150-200 g were housed in polypropylene laboratory cages (four each) in aroom at24 + 1 °C
under inverted 12 h light-dark cycle conditions. Before the feeding experiment, the rats
were allowed to adapt to the AIN-93G standard diet (SD) for one week, as Suehiro et al. [38]
recommended, as shown in Table 1.
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Table 1. Composition of the experimental diets used in iron-deficiency anemia induction and control
(g 100 g~ diet).

Anemia-Inducing Period Experimental Diet and Anemia Recovery Period
Ingredients AR+SD+ AR+SD+ AR+IED+ AR+IED+
a

b IbD AR AR+SD sid1 Sids Sid1 Sids
Corn starch 53.43 53.45 53.45 53.43 53.43 53.43 53.41 53.41
Casein 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Sucrose 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Soybean oil 7.00 7.00 7.00 7.00 7.00 7.00 7.00 7.00
Cellulose powder 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
L-Cystine 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Choline bitartrate 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
AIN-93 vitamin mixture 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
AIN-93G mineral mixture P 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75
Calcium carbonate 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
Ferric citrate 0.02 - - 0.02 0.02 0.02 0.04 0.04
Sid (ug Kg~' Rat) © - - - - lug 5ug 1ug 5ug

2 Standard diet (SD) used for adaptation, the iron content per 100 g of diet: 4.50 mg, iron-deficient diet (IDD);
0.14 mg, iron-enriched diet (IED); 9.00 mg, b jron-free mineral mixture; ¢ pure Sid was intraperitoneally injected
twice per week as (ug Kg ! rat).

2.4.2. Experimental Diets

Table 1 shows the diet compositions utilized during the anemia induction and recov-
ery periods. An iron-deficient diet (IDD) was created during the anemia-inducing period
by slightly altering the AIN-93G diet used during the adaptation period. The rats were
divided into two groups: the first (8 rats) were fed an SD for 42 days, and the second (48)
were provided an IDD for 42 days. According to Suehiro et al. [38], rats administered
the IDD had their serum iron level measured randomly and were deemed anemic if their
plasma iron concentration (PIC) was less than 50 g dL.~!. The animals were given unlimited
access to deionized water. Anemic rats were separated into six groups during the anemia
recovery period, each having eight rats. Anemic rats (ARs) in group I was fed an IDD
for another four weeks. Group II (AR + SD) received the SD, group III (AR + SD + Sid1)
received the SD and received purified Sid at 1 pug Kg~! rat twice per week, and group IV
(AR + SD + Sid5) received the SD and received pure Sid at 5 ug Kg~! rat twice each week.
The iron-enriched diet (IED) was created with double the iron content of the standard diet
(SD) and administered to groups V and VI. Group V (AR + IED + Sid1) received pure Sid
intraperitoneally twice a week at a dose of 1 ug Kg~! rat. Group VI (AR + IED + Sid5) re-
ceived pure Sid intraperitoneally twice a week at a dose of 5 pg Kg~! rat. The animals were
given deionized water ad libitum during iron-deficient anemia induction, while ordinary
tap water was offered to drink throughout the recovery period. Rats were anesthetized
and slaughtered, and their spleen and liver were taken and weighed before the liver was
perfused with physiological saline to eliminate blood at the end of the experiment. The
relative weight of organs was calculated using the following equation:

Weight of the organ

The relati ight of th =
e relative weight of the organ Weight of the rat

x 100 1)

2.4.3. Measurement of Hematological Parameters

Five hundred microliters of blood were collected in 1.5 mg mL~! purple capped tubes
incorporated with disodium salt of ethylenediaminetetraacetic acid (EDTA-2Na) from the
tail vein of rats at the end of the 0, 2nd, and 4th week. The hemoglobin level (g dL~!) and
hematocrit (%) were analyzed on the day of blood collection using CBC (Mindray Vet 28000,
China). The plasma iron (ug dL~') was determined using a photometric—colorimetric
test based on the chromazurol B (CAB) protocol according to Gar¢ic [49], and ferritin
concentration (ng mL~!) was determined using an enzyme immunoassay test kit according
to White et al. [50]. The total iron-binding capacity (TIBC, pug dL~!) was determined using
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an in vitro quantitative kit (TIBC-LS, MG, STC, USA). At the same time, serum transferrin
iron saturation (TSAT %) values were calculated using the following equations:

TSAT (%) = PIC (ug dL™1)/TIBC (ug dL 1) x 100 ()

2.5. Statistical Analysis

The statistical analysis was conducted using the SPSS program (ver. 23), applying
the experimental design variance analysis using one-way ANOVA for growth parameters,
food intake, feed efficiency, liver, kidney, and spleen weight, and iron concentration. In
contrast, two-way ANOVA was applied for hematological parameters, iron concentration,
transferrin saturation %, and ferritin concentration in plasma. The significance level was
0.05, and Tukey’s test was applied following Steel et al. [51].

3. Results
3.1. Production, Isolation, Purification, and Identification of Catechol-Type Sid from
S. tricolor HM10

The S. tricolor HM10 strain (Accession: MN527236) was used for Sid production, which
was first detected on King’s B agar medium (Figure 1, step 1). Later, mass production on
King’s B broth medium at 28 C with contentious agitation for 72 h (step 2) was carried out.
Around 50-60 mg Sid L~! medium could be produced using optimal growth conditions.
Afterward, the culture broth was cleaned of bacterial cells (step 3). Sid detection and type
determination in clear supernatant was achieved according to Arnow’s method (step 4).
Only 25-30 mg L~! could be isolated and purified by applying the established protocol
using acidified supernatant [43]. To test the purity of the isolated Sid, an appropriate
sample was loaded onto a cellulose plate, and one-dimensionally separated, resulting in
one single visible band, as shown in Figure 1 (step 5).

Purified
Siderophore

Figure 1. Production, isolation, and purification diagram of catechol-type Sid from S. tricolor strain
HM10. 1: detection of Sid production on King’s B medium supplemented with Chrome Azurol S
(CAS); the orange zone refers to produced Sid, 2: production of Sid in King’s B broth medium, 3: clear
supernatant containing produced Sid, 4: detection of catechol-type Sid by Arnow’s Assay [41], and
5: confirming the purity of purified Sid using thin-layer chromatography (TLC).

3.2. Catechol-Type Siderophore Pathway

A putative pathway for catechol-type Sid was identified by searching the sequenced
genome of S. tricolor HM10. The proposed pathway consisted of the gene that encodes
diaminobutyrate-2-oxoglutarate transaminase family protein (gene A), iron transporter
(gene B), the IucA /TucC family protein for siderophore biosynthesis (gene C), ferric iron re-
ductase FhuF-like transporter (gene D), and the acetyltransferase (GNAT) domain (gene E).
The proposed pathway consisted of five genes with predicted Enterochelin-like Sid produc-
tion (Figure 2).
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Acetyltransferase

FhuF Ferriciron reductase FhuF-like transporter

C Tuch_lucC )

Aminotransferase

Siderophore biosynthetic process

Figure 2. The proposed catechol-type Sid in S. tricolor HM10. (I) represents Sid pathway in contigs
28 in the genome, (II) represents genes involved in Sid production; A, aminotransferase; B, iron
transporter; C, IucA /IucC family protein; D, ferric iron reductase FhuF, and E, acetyltransferase.

3.3. TPC and Relative Antioxidant Capacities of Purified Sid from S. tricolor HM10

The TPC and potential antioxidant capacities of purified Sid from S. tricolor levels were
determined. The TPC in Sid was 452.12 & 5.78 mg GAE g~ !, which presented 85.18 4 4.21
and 97.38 + 2.95 mmol of TE g~! for DPPH-RSA- and ABTS-RSA-based antioxidant

capacities, respectively.

3.4. Weight Gain, Food Intake, and Food Efficiency Ratio

Table 2 shows the final body weight, weight gain, food intake, and food efficiency ratio
in the rats during the recovery period compared to the SD group. The highest body weight
gain was recorded in the SD group, while the lowest body weight gain was recorded in the
AR group. The AR group fed an SD with different concentrations of injected Sid exhibited
significant changes in weight gain. Remarkably, the AR group fed an SD with 5 pg Kg !
showed the highest weight gain. There was no significant difference with ARs provided
an IED with 5 pug Kg~! of Sid. However, feeding ARs with an IED containing double iron
content did not significantly affect weight gain compared to AR + SD + Sid5. Notably, high
Sid concentration is a key promoter in increasing weight gain. Consequently, the highest
food intake was observed with the SD, followed by ARs, which were fed the SD diet and
injected with 5 pg Kg~! of Sid, while the lowest food intake was seen in the AR group.
Feed efficiency significantly increased when feeding an SD in the SD group compared to
the AR group. A significant change was noted with ARs provided an SD or IED with Sid
injection. The highest feed efficiency was observed in the AR + SD + Sid5 group, which did
not significantly differ from the SD group.

Table 2. Growth parameters, food intake, and feed efficiency of rats fed different formulated experi-
mental diets with an intraperitoneal injection of Sid after a recovery period of 4 weeks (1 = 8).

Experimental Groups

Feed efficiency *#

0.172 £0.015¢

Items
AR +SD + AR +SD + AR +IED + AR +IED +
Sb AR AR +SD Sid1 Sids Sid1 Sids
Initial BW (g) * 17824 £7.21  168.00£11.67 18700778  179.83+£6.94 17650 £510 17133 +577  174.83 £ 3.89
Final BW (g) 27145+ 648 18550 £ 1473  236.67 £424 24633+ 614 25583 £ 551 23867502  251.67 £ 6.95
BW gain (g) 93.21+£5752  1250+4.91¢ 4987 +2839  6650+£4.09¢ 7933+368P 67.33+£335° 7683 +4.63°
Food intake (g day 1) # 1939 +£1.76° 1203+ 1.019 1578+163°¢ 1642+£174% 1706 +1.84%  1591+1.65°¢  16.11 £ 1.69%°

0.074 4+ 0.004¢ 0.112 4+ 0.0139  0.145 £+ 0.015" 0.166 £0.0172 0.151 + 0.013 b (0.148 + 0.017 b¢

SD: standard diet, AR: anemic rat fed iron-deficient diet, AR + SD: AR fed SD, AR + SD + Sid1: AR fed SD
and intraperitoneally injected with Sid at 1 pg Kg~! rat twice per week, AR + SD + Sid5: AR fed SD and
intraperitoneally injected with Sid at 5 g Kg~! rat twice per week. AR + IED + Sid1: AR fed iron-enriched diet
(IED) and intraperitoneally injected with Sid at 1 pg Kg~! rat twice per week, AR + IED + Sid5: AR fed IED
diet and intraperitoneally injected with Sid at 5 ug Kg*1 rat twice per week, *: initial BW was recorded at the
beginning of the experiment, BW: body weight, *: calculated as gram diet/rate per day, * feed efficiency = BW
gain/food intake, abede. there is no significant difference (p > 0.05) between any two means within the same row
with the same superscripted letters.
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3.5. Liver, Kidney, and Spleen Weight and Liver Iron Concentration

The relative weights of the liver, kidneys, and spleen and liver iron concentration
(mg g~!) are shown in Table 3. The relative weights of the liver and kidneys varied
significantly across all groups. The AR group had the highest liver weight among all
groups, with a significant difference. Compared to the SD group, the AR + SD and AR + IED
groups with 1 or 5 ug Kg~! of Sid showed no significant differences. Consequently, ARs
had significantly higher relative liver weights than AR groups fed an SD or IED and
injected with 1 or 5 pg Kg~! of Sid. Diet and Sid concentration were clearly related to
the relative weight of the organ, and reductions in relative organ weights took place in a
dose-dependent manner. The SD and AR groups demonstrated that an IDD affected the
relative kidney weight. However, there was no significant difference in relative kidney
weight between ARs fed an SD or IED with 1 and 5 pg Kg~! of Sid groups and SD groups.
The SD group had the highest relative spleen weight, which differed significantly from
the AR group. ARs fed an SD or IED with 1 or 5 ug Kg~! Sid did not display significantly
different results from the SD and AR + SD groups. The LIC was significantly lower in
the AR group than in the SD group. Among iron-deficient groups, the values observed in
the AR + IED + Sid1 and AR + IED + Sid5 groups were considerably higher than those
observed in the AR + SD + Sid1 and AR + SD + Sid5 groups or in the AR + SD group.

Table 3. The relative weight of liver, kidneys, and spleen and iron concentration in the liver of rats
fed different formulated experimental diets with an intraperitoneal injection of Sid after a recovery
period of 4 weeks (1 = 8).

Items

Experimental Groups

AR + SD + AR +SD + AR + IED + AR + IED +

SD AR AR +SD Sid1 Sids Sid1 Sids

Relative liver weight (%)
Relative kidney weight (%)
Relative spleen weight (%)

LIC (mg g~ ! liver)

345+012b  385+£0.142 356+006° 3564+005P 362+009° 3424007° 3604005
070 £0.08> 08940022 0794+005> 073+001° 072+002° 0724002 073+0.03P
0324002 03940022 0344002 031+002° 032+001° 0304002> 030+0.03P
98.12 £3482 1124 +1.89¢ 352444189 4621 +324¢ 48544+328¢ 64254419 6924 +4.28P

SD: standard diet, AR: anemic rat fed iron-deficient diet, AR + SD: AR fed SD, AR + SD + Sid1: AR fed SD
and intraperitoneally injected with Sid at 1 pg Kg~! rat twice per week, AR + SD + Sid5: AR fed SD and
intraperitoneally injected with Sid at 5 pg Kg~! rat twice per week. AR + IED + Sid1: AR fed iron-enriched
diet (IED) and intraperitoneally injected with Sid at 1 pg Kg~! rat twice per week, AR + IED + Sid5: AR fed
IED diet and intraperitoneally injected with Sid at 5 pug Kg~! rat twice per week, LIC: liver iron concentration,
abede; there is no significant difference (p > 0.05) between any two means within the same row with the same
superscripted letters.

3.6. Measurement of Hematological Parameters of Blood

The hematological parameters, such as RBC (10'> L~!), HGB (g dL-1), HCT (%), MCV
(fL), MCH (pg), and MCHC (g dL1), are determined through complete blood counts
(CBCs) for blood samples taken at the start (day 0) and at the end of the recovery period
(day 28) for different experimental groups are illustrated in Table 4. Immediately after
inducing anemia, rats were divided into six boxes with eight rats each, and 0.35 mL of fresh
blood was taken from the tail vein. The RBC, HGB, HCT, MCV, MCH, and MCHC were
determined through CBCs. The results on day 0 presented the means of the hematological
parameters for each group. However, no considerable variation could be seen among AR
divided groups regarding RBC, HGB, HCT, MCV, MCH, and MCHC. Of course, the SD
group differed significantly from other AR groups. After 14 days, RBC, HGB, HCT, MCYV,
MCH, and MCHC values were improved considerably due to the attenuation of induced
anemia compared to SD or AR groups. Quick enhancement was seen in ARs fed an IED
with Sid injection compared to ARs fed an SD with Sid injection.
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Table 4. Hematological parameters of rats fed different formulated experimental diets with
an intraperitoneal injection of Sid at 1 and 5 pg Kg~! at starting and recovery period up to
28 days (n = 8).

Experimental Groups

Hf,‘;‘rﬁ;l‘ﬁ?l Days sD AR AR+ SD AR + SD AR + SD AR+IED AR +IED
* +Sid1 +Sid5 +Sid1 +Sid5
0 6.26 2.68 257 2.30 2.67 257 2.69
RBC +0.08 € +0.17bA +0.10 b€ +0.41bC +0.15bC +0.15 b€ +0.24 €
102 1-1] 1 6.57 247 327 4.18 477 461 5.37
+0.272B +0.24dA +031¢<B +0.75bB + 0.59 bB + 0.09 bB +0.81bB
08 8.20 241 6.52 7.21 7.80 7.23 7.37
+03124 +0.15¢A +0.19bA +02524 + 05424 +0.3024 +0.2724
0 15.90 7.06 7.88 7.52 6.52 6.43 6.87
HGB +0353A +1.063PA 4+ 2(09abB +1.01bC +0.47bC +0.20 b€ +0.25bC
[gdl 1] 1 16.13 6.91 8.98 9.23 12.24 11.08 13.01
+0.4723A +0.92¢eA +0.87 9B +0.84 4B + 1.18 beB +0.79 B +0.64bB
28 16.60 6.36 13.58 15.43 16.18 14.88 15.15
+0.2223A +0.954dA +1.42bcA 4 74abA +0.853A +0.30bA +0.51 abA
0 36.05 13.69 11.63 10.12 11.93 11.60 14.70
HCT + 286234 +1.06PA + 0.46 PC +1.81bC +0.58 bC +0.87bC +0.84bC
4] 1 36.78 13.74 13.15 13.14 14.79 15.27 17.25
© +1.133A +0.79 dA +0919B +0.97 9B +1.47¢B + 0.59 beB +1.51bB
28 38.60 12.33 21.30 24.00 25.10 23.10 23.20
+0.483A +0.95¢A +0.57bA +0.9423A +1.0723A +0.723bA 4 .78abA
0 91.30 15.38 65.13 74.72 84.95 65.08 68.28
MOV +0.7423A +0.25bA +0.04bA +0.77bA +0.69bA + (.38 A + (.58 abA
] 1 90.77 13.91 55.78 48.17 40.80 49.27 39.75
+0.922A +0.540A +0.25bB +1.81¢B +1.29dB +247¢B +3.199B
28 92.08 13.84 52.88 33.40 32.23 32.32 31.48
+0.673A +0.22bA +1.963€ +0.83C +1.647C +1.49€ +1.873€
0 29.08 7.00+ 8.47 6.67 6.76 6.94 711
. +28023A 0.52 bA +1.93bC +0.20 b€ +0.14 b€ +0.20 b€ +0.47bC
28.75 7.08 12.57 14.17 15.34 15.07 15.08
[pg] 14 +0.192A +0499A  4£201bB 4 93beB 4+ 1.28 bB +0.68 bB +1.27bB
28 30.25 6.30 20.80 21.38 20.55 20.72 20.55
+0.8923A +0.47 <A +1.13bA +0.41bA +0.79 bA +0.49 bA +1.05bA
0 31.71 6.85 8.43 6.82 6.82 6.94 5.84
MCHC +12723A +0.42 2B +1.922B +0.16 2B +0.352B +0.322B +0222B
[gdL 1] 1 30.91 6.71 12.80 15.98 19.72 16.74 21.76
+2283A + 0.64 ¢AB + 15244 +0.86 A +0.98bA +1.65¢A +215bA
28 33.75 6.17 31.60 32.20 34.10 31.42 32.55

+1.6624 +0.38bA +0.99 24 +1.0324 + 14624 + 151234 + 13924

SD: standard diet, AR: anemic rat fed iron-deficient diet, AR + SD: AR fed SD, AR + SD + Sid1: AR fed SD
and intraperitoneally injected with Sid at 1 pg Kg~! rat twice per week, AR + SD + Sid5: AR fed SD and
intraperitoneally injected with Sid at 5 pg Kg~! rat twice per week. AR + IED + Sid1: AR fed iron-enriched
diet (IED) and intraperitoneally injected with Sid at 1 ug Kg~! rat twice per week, AR + IED + Sid5: AR
fed TED diet and intraperitoneally injected with Sid at 5 pg Kg~! rat twice per week, RBC: red blood cells,
HGB: hemoglobin, HCT: hematocrit, MCV: mean corpuscular volume, MCH: mean corpuscular hemoglobin,
MCHC: mean corpuscular hemoglobin concentration, #><¢: there is no significant difference (p > 0.05) between
any two means within the same row that have the same superscripted letters, ~F<: there is no significant
difference (p > 0.05) between any two means for the same attribute within the same column with the same
superscripted letters.

After 28 days, a non-significant difference was found in the SD group regarding all
hematological parameters except RBC. After 28 days, a non-significant reduction in all
hematological parameters was found in the AR group except the MCHC value compared to
results recorded on day 0. On the contrary, significant changes were found in all parameters
in all experimental groups, confirming the efficiency of the anemia recovery treatments.
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The RBC count exhibited substantial increases in the group of ARs fed SD. There was
no significant difference between ARs that provided an SD or IED with 1 and 5 pg Kg !
Sid and the SD group. The group of ARs provided an SD with Sid injection at 1 and
5 ug Kg~!, which resulted in significant HBG increases compared to AR + SD or AR
groups. Accordingly, HCT % exhibited a considerable increase in the blood of ARs fed an
SD with 1 and 5 pg Kg~! than the group of ARs fed an SD. Although there was a significant
difference between SD- and AR-treated groups, the HCT % in the treated group indicated
high iron absorption rates depending on the treatment. The MCV of RBC showed a
significant difference between the AR group and AR-treated groups. Most of the monitored
hematological parameters observed when providing an SD in the presence of Sid injection
were efficiently better than those observed when providing an SD without Sid injection or
even an IED with Sid injection.

In contrast, feeding an SD or IED with Sid helped improve the RBC status and attenuate
the MCV compared with the SD group. Consequently, the MCH and MCHC values
underwent a considerable improvement in hemoglobin content in the RBC of ARs fed an
SD with 1 and 5 pg Kg~! than the group of ARs fed an SD, which indicated a normal status
compared to the SD group.

3.7. Plasma Iron Concentration, Transferrin Saturation %, and Ferritin Concentration in Plasma

Figure 3 shows the plasma iron levels, transferrin saturation %, and ferritin concentra-
tion in different experimental groups. At the beginning of the recovery period, the PIC val-
ues of the SD and iron-deficient diet groups were 143.83 g dL ! and (17.68-26.30 ug dL 1),
respectively. Significant increases were seen during the recovery period when ARs were fed
an SD or an SD or IED with 1 or 5 ug Kg~! Sid. The PIC values in the AR + SD group were
significantly lower than in the other four groups on days 14 and 28. Significant increases
were observed in AR + SD + Sid5 and AR + IED + Sid5 groups on day 14 and day 28 com-
pared to the values for the AR + SD + Sid1 and AR + IED + Sid1 groups. The TSAT levels
in the SD and AR groups were 59.93% and (10.34-19.84%), respectively, at the beginning of
the recovery period. No significant difference was recorded in the SD group until the end of
the recovery period. On the contrary, the TSAT in the AR group was significantly decreased
with time progression. At the beginning of the recovery period, ferritin concentration in
the SD and AR blood serum was 71.92 and (12.48-19.56) ng mL~! (Figure 3).

No significant difference was recorded in the AR group until the end of the recovery
period. On the contrary, the FC in the SD group was significantly increased with time
progression. In comparison, the most significant increases were noticed in ARs fed an IED
with 5 ug Kg~! Sid on days 14 and 28.
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Figure 3. Plasma iron concentration (PIC), transferrin saturation % (TSAT), and ferritin concentration
(FC) in rats fed different formulated experimental diets during a recovery period of up to 28 days
(n = 8). SD: standard diet, AR: anemic rat fed iron-deficient diet, AR + SD: AR fed SD, AR + SD + Sid1:
AR fed SD and intraperitoneally injected with Sid at 1 pg Kg~! rat twice per week, AR + SD + Sid5:
AR fed SD and intraperitoneally injected with Sid at 5 ug Kg~! rat twice per week. AR + IED + Sid1:
AR fed iron-enriched diet (IED) and intraperitoneally injected with Sid at 1 pg Kg~! rat twice per
week, AR + IED + Sid5: AR fed IED diet and intraperitoneally injected with Sid at 5 ug Kg~! rat
twice per week, #P<de£f8; bars for the same recovery day not sharing similar letters are significantly
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4. Discussion

Siderophores are secondary metabolites produced by various organisms to scavenge
iron, thereby increasing its bioavailability and absorption into the cell. They are character-
ized by a high affinity for ferric iron, forming powerful iron-chelating complexes [14,18].
Siderophores recently received considerable attention, and many studies regarding their
application in medicine and agriculture have been carried out [14,19-24]. Different synthe-
sized siderophores have been identified, including catecholate-type, hydroxamate-type,
carboxylate-type, and mixed-type siderophores, as reviewed by Sah and Singh [52]. The
production and isolation of catecholate-type Sid from S. tricolor HM10 were previously
established [39]. In the current research, a catechol-type Sid was successfully isolated
and purified from the S. tricolor HM10 strain in significant quantities as 25-30 mg Sid L~*
medium under optimal conditions. The obtained results agree with the produced and
purified siderophores in previous studies [43,53-55].

The proposed catechol-type siderophore pathway was identified based on genome
sequencing and bioinformatic tools, i.e., antiSMASH online software. The intended
pathway contains five genes similar to the petrobactin biosynthetic gene cluster from
Bacillus anthracis. This pathway is composed of asb locus (asbABCDEF) and activates cate-
cholate siderophore production [56]. The absB protein demonstrated substrate positions in
the binding pocket and reaction flexibility [57]. Bacillus anthracis can produce two catechol-
type siderophores (petrobactin and bacillibactin) under iron-limited conditions. Bacil-
libactin siderophores are highly sensitive to iron concentration, whereas petrobactin is less
dependent on Fe [58]. Catechol-type siderophores are formed from 3,4-dihydroxybenzoyl
spermidine (3,4-DHB-SPD) via the condensation process, followed by an activated form
of citrate to produce 4-dihydroxybenzoyl spermidinyl citrate (3,4-DHB-SPD-CT). Both
previously produced components condensate to form a mature siderophore [56]. Our study
identified the expected catechol-type siderophore molecular weight to be 658.33 (M). This
siderophore is similar close to Enterochelin (MW = 668.5), which can be produced from
E. coli [59] and Pseudomonas aeruginosa [60]. Iron plays an essential role in maintaining
normal human metabolism and is necessary for most organisms [2]. As is evidently known,
iron-deficiency-induced anemia could cause a low hemoglobin concentration and a defi-
ciency of iron enzymes, which initiates systemic dysfunction and abnormal macrophage
secretion, further damaging immune function [61-63]. IDA could lead to numerous patholo-
gies, particularly delays in development and behavior among children, girls, and pregnant
women [3-5]. Interestingly, the isolated Sid in the current study expressed valuable TPC
with potential antioxidant capacities against DPPH and ABTS radical scavenging activity,
adding additional features to the Sid. Indeed, phenolic content and relative antioxidant
capacity revealed that catecholate-type Sid has potential antioxidant activity [64,65].

The rats’ final body weight, weight gain, food intake, and food efficiency ratio com-
pared to the SD group during the recovery period were carefully investigated. During the
recovery period, the AR group fed an SD and ARs fed an SD with different concentrations
of injected Sid exhibited significant changes in weight gain. It could be noticed that Sid
injection improved the weight gain in a dose-dependent manner in the presence of avail-
able iron in the diet. The increases in the weight gain might have been due to improved
metabolism and increased fat and muscle mass, which was observed in the feed efficiency
ratio [35]. Remarkably, the AR group fed an SD with 5 ug Kg~! from Sid showed the
highest weight gain. Although AR groups were fed an IED containing double iron content,
the weight gain was not significantly changed. It might be because a diet containing high
inorganic salt such as ferric citrate had side effects on the stomach and affected appetite
and digestion [66]. Feed efficiency significantly increased with the feeding of an SD in the
SD group compared to the AR group. A significant change was noted with ARs fed an SD
or IED with Sid injection. The highest feed efficiency was observed in the AR + SD + Sid5
group, which did not significantly differ from the SD group. Notably, Sid concentration is a
key promoter in increasing weight gain [35].
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Consequently, the relative weights of the liver, kidneys, and spleen were linked to
growth and body weight gain. Weight gained in the organs might have been due to im-
proved metabolism and increased fat and muscle mass, as observed and indicated [36,39].
Consequently, ARs with an SD or IED injected with 1 pug Kg~! of Sid had significantly
lower relative liver weights than in the AR group, reflecting the improvement in body
weight. Indeed, the higher relative weight may explain the higher organ weight and lower
body weight. Diet and Sid concentration were clearly related to weight recovery in a dose-
dependent manner, similarly noted in [35,38]. IDA resulted in a negatively skewed iron
balance, causing a reduction in LIC and increased serum ferritin levels. Subsequently, de-
creasing iron intake will cause a decrease in the TSAT level and an increase in the TIBC level,
resulting in “latent iron deficiency” [38]. In addition, as the iron deficiency state progresses,
subjective symptoms of anemia appear, and the HGB level and HCT% decrease, resulting
in “iron deficiency anemia” [67]. Indeed, LIC was measured as an index to determine the
possible iron deficiency level in the body. On day 0, the PIC concentration confirmed that
the iron-deficient diet group induced the latent iron deficiency condition. Among the iron-
deficient groups, the values observed in the AR + IED + Sid1 and AR + IED + Sid5 groups
were considerably higher than those observed in the AR + SD + Sid1 and AR + SD + Sid5
groups or in the AR + SD group. This may have indicated that iron was more efficiently
absorbed and stored in the liver in the presence of both high iron content in the diet
and Sid [35,38]. This relationship is directly related to serum transferrin iron saturation
(TSAT %), which increased associatively (Figure 2) and was confirmed [38].

Surprisingly, a noticeable improvement in the hematological parameters such as RBC,
HGB, HCT, MCV, MCH, and MCHC was observed. Immediately after inducing anemia, the
RBC, HGB, HCT, MCV, MCH, and MCHC were monitored every two weeks up to 4 weeks.
Significant changes were found in all parameters in all experimental groups, confirming the
efficiency of the anemia recovery treatments. After 2 weeks, the remarkable improvements
in HGB, HCT%, MCV, and MCHC in treated AR were evident in the efficiency of Sid in the
presence of iron in the diet to attenuate anemia. This may be because Sid could anchor a
specific gradient outside the cell membrane, depending on membrane affinity and length,
thereby enhancing the ability to capture iron from surrounding matrixes [20,21]. The above
results clarified that providing an SD to AR groups with Sid injection at 1 and 5 pg Kg~!
resulted in more significant improvements in the hematological parameters than feeding
an SD alone or even an IED with Sid injection. Accordingly, considerable increases in HGB,
HCT%, MCV, MCH, and MCHC values promoted recovery from iron-deficiency-induced
anemia. Iron is mainly absorbed in the duodenum; there are two types of iron in the diet:
non-heme and heme iron, each with a different absorption mechanism. Non-heme iron is
taken up into intestinal epithelial cells by the divalent metal transporter 1 (DMT1), though
the iron in the intestinal tract would then need to be solubilized [68]. However, acidified
digesta by gastric acid is gradually neutralized by pancreatic and intestinal juice in the
duodenum, and poorly soluble salts are formed with coexisting phosphoric acid as the
pH increases, which results in poor iron absorption [69]. The solubility of the iron citrate
used in the tested diet in this study was low, and insoluble salts were formed with an
increase in pH. However, the results indicated that the presence of Sid might contribute to
enhanced iron absorption [35]. Siderophores have low molecular weights and facilitate the
iron acquisition and counter iron deficiency by high-affinity iron (III) ligands [14]. As Sid
preferentially chelates iron, ferric iron could be chelated by Sid, increasing iron availability.
Later on, when ferric iron is reduced to ferrous iron, Sid will release it. This is a crucial
strategy for increasing iron absorption [14,70]. The role of siderophores is to dissolve ferric
iron and transport it into the cytoplasm, so siderophores have the potential to become a
nutritional fortifier [20].

As previously hypothesized, Sid could anchor a specific gradient outside the cell
membrane, depending on membrane affinity and length, thereby enhancing the ability
to capture iron from surrounding matrixes [20,21]. Iron is an indispensable nutrient;
however, excess iron works as a pro-oxidant to produce hydroxyl radicals. Therefore, iron
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absorption has a regulatory system [71,72]. There are two iron transporters in epithelial
cells, namely DMT1, an importer of iron, and feroportin (Fpn), an exporter of iron. The
expression of hepcidin, a peptide hormone produced in the liver, is promoted during
iron deficiency. Blood hepcidin binds to Fpn, which accelerates the internalization of
the complex and the degradation of Fpn. Thus, the exportation of iron from enterocytes
to ferritin is reduced. An inverse relationship between hepcidin expression and iron
absorption and the expression of duodenal iron transporters was reported in rats [73].
These might be reasonable explanations for the significant increases observed in the PIC
of ARs fed an SD or IED with 1 or 5 pg Kg~! Sid. Likewise, the TSAT was associated
significantly with serum iron (SI), as evidently presented [35,38]. Significant increases
in ferritin concentration were noticed in ARs fed an IED with 5 ug Kg~! Sid on days 14
and 28. On the other hand, indigestible saccharides, such as water-soluble dietary fibers
and oligosaccharides, are reportedly fermented in the large intestine by intestinal bacteria
to produce short-chain fatty acids such as acetic acid, propionic acid, n-butyric acid, or
organic acids such as lactic acid and succinic acid. These acids acidify the lumen, increase
the number of minerals solubilized in the intestine, and promote iron absorption in the
intestine [74-76].

Indeed, in small species, intraperitoneal injection is used instead of intravenous
access, and it can be used to safely administer large volumes of fluid. A higher affinity
between siderophores and iron than between transferrin and iron is recognized. The
catecholate-type siderophore has stronger iron affinities than transferrin in comparison
to other categories of siderophores. A siderophore—iron complex is expected to enter the
cell through simple diffusion (according to the low iron concentration inside the cells
regarding anemia induced by iron deficiency) via the endocytosis of the transferrin receptor
(TfR1) Siderocalin/Lipocalin 2 /Neutrophil Gelatinase Associated Lipocalin, which is an
innate immune system protein with bacteriostatic activity, or ATP-binding cassette (ABC)
transporters, the energy-dependent efflux transporters. Red pulp macrophages (RPMs)
and Kupffer cells (KCs) express complete machinery for RBC clearance and heme iron
recycling [77-82].

Noticeably, at present, we did not delineate the detailed mechanism of these changes,
and further experiments are needed to elucidate the exact underlying mechanisms. Comb-
ing our results with clearly reviewed studies, we suggest that the mechanism of action
of Sid is to be effective in chelating iron in the entire intestine and binding to the cell
membrane and will then find a way to transfer iron elements into the cell. However, to
further confirm this hypothesis, we need to design a signaling experiment to elucidate iron
pathways. In addition, the possibility of excess iron absorption needs to be examined using
an iron-repleted diet and prolonged feeding conditions.

5. Conclusions

Isolated Sid from S. tricolor HM10 was evaluated through an anemia-induced rat
model to study its potential to accelerate recovery from IDA. This study revealed that
Sid significantly improved weight gain and iron-deficiency-induced anemia was effective
during recovery from anemia and could be a practical iron-nutritive fortifier. Combining
our findings with previously mentioned studies, we suggest that Sid’s mechanism of
action is effective in chelating iron in the entire intestine, binding to the cell membrane,
and then finding a way to transfer iron elements into the cell. Noticeably, at present, we
did not delineate the detailed mechanism of these changes, and the design of a signaling
experiment to confirm this hypothesis is highly recommended. In addition, the possibility
of excess iron absorption needs to be examined using an iron-repleted diet and prolonged
feeding conditions.
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Abbreviations

2,3-DHBA 2,3-Dihydroxybenzoic acid

ABC ATP-binding cassette transporters

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
AOA Antioxidant activity

AR Anemic rat

AR+1IED +Sidl  Anemic rat fed iron-enriched diet with an intraperitoneal injection of 1 pg Sid Kg~!
AR+IED +Sid5  Anemic rat fed iron-enriched diet with an intraperitoneal injection of 5 ug Sid Kg !
AR +SD +Sidl  Anemic rat fed standard diet with an intraperitoneal injection of 1 pg Sid Kg~!
AR +SD +Sid5  Anemic rat fed standard diet with an intraperitoneal injection of 5 pg Sid Kg~!

ARs Anemic rats

CAB Chromazurol B

CAS Chrome Azurol S

CPCSEA Purpose of the Control and the Supervision of Experiments on Animals
DPPH 1,1-diphenyl-2-picryl hydrazine

dw Dry weight

EDTA-2Na Ethylenediaminetetraacetic acid

FC Ferritin concentration

GAE Gallic acid equivalent

HCT Hematocrit

HGB Hemoglobin

IAEC Institutional Animal Ethics Committee

IDA Iron-deficiency-induced anemia

IDD Iron-deficient diet

IED Iron-enriched diet

KC Kupffer cell

KSA Kingdom of Saudi Arabia

LIC Lever’s iron concentration

MBCa Maltobionic acid calcium salt

MCH Mean corpuscular hemoglobin

MCHC Mean corpuscular hemoglobin concentration
MCV Mean corpuscular volume

NCBE National Committee of Bioethics

NCBI National Center for Biotechnology Information
NRs Normal rats

PIC Plasma iron concentration

RBC Red blood cells

RPM Red pulp macrophage
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SD Standard diet

Sid Siderophore

TE Trolox Equivalents

TIBC Total iron-binding capacity
TLC Thin-layer chromatography
TPC Total phenolic compounds
TSAT Transferrin saturation %
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Abstract: Lactic acid bacteria (LAB) produce antimicrobial substances that could potentially in-
hibit the growth of pathogenic and food spoilage microorganisms. Lacticaseibacillus rhamnosus XN2,
isolated from yak yoghurt, demonstrated antibacterial activity against Bacillus subtilis, B. cereus,
Micrococcus luteus, Brochothrix thermosphacta, Clostridium butyricum, S. aureus, Listeria innocua CICC
10416, L. monocytogenes, and Escherichia coli. The antibacterial activity was estimated to be 3200 AU/mL
after 30 h cultivation. Time-kill kinetics curve showed that the semi-purified cell-free supernatants
(CFS) of strain XN2 possessed bactericidal activity. Flow cytometry analysis indicated disruption
of the sensitive bacteria membrane by semi-purified CFS, which ultimately caused cell death. In-
terestingly, sub-lethal concentrations of semi-purified CFS were observed to reduce the production
of a-haemolysin and biofilm formation. We further investigated the changes in the transcriptional
level of [uxS gene, which encodes signal molecule synthase (Al-2) induced by semi-purified CFS from
strain XN2. In conclusion, L. rhamnosus XN2 and its bacteriocin showed antagonistic activity at both
cellular and quorum sensing (QS) levels. Finally, bacteriocin was further purified by reversed-phase
high-performance liquid chromatography (RP-HPLC), named bacteriocin XN2. The amino acid
sequence was Met-Lue-Lys-Lys-Phe-Ser-Thr-Ala-Tyr-Val.

Keywords: Lacticaseibacillus rhamnosus; yak yoghurt; antibacterial activity; purification; bacteriocin

1. Introduction

A yak (Bos mutus) is a long-haired bovid commonly farmed in the Himalayan region.
It is distributed in an area above the altitude of 3000 m in the Tibet Plateau in China [1].
Homemade and naturally fermented yak milk yoghurt is one of the favorite foods for the
Tibetan people. The yoghurt is prepared by naturally fermenting yak milk in a custom-
made, specially treated tung-made big jar for at least 7-10 days at ambient temperatures
around 15 °C to produce acidity, alcohol, and flavor to the desired level [2]. A characteristic
common feature of this yak yoghurt is the presence of alcohol in addition to lactic acid [3].
These yak milk yoghurts in the Qinghai-Tibet Plateau area may be considered a good
reservoir for lactic acid bacteria. Ding et al., (2011) investigated the microorganisms among
the yoghurts from Gansu province in China [1]. Among the isolates, 164 isolates (51.41% of
the total) were classified under Lactobacilli, and 155 (48.59%) belonged to cocci. All the
isolates were classified into six genera (Lactobacillus, Lactococcus, Leuconostoc, Streptococcus,
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Enterococcus, and Weissella) and 21 species. Luo et al. (2017) indicated that the average
counts of lactic acid bacteria of the naturally fermented yak milk were higher than that of
yoghurt and suggested new strains of lactic acid bacteria and yeasts may be isolated from
the yak yoghurts, as well as for new functional products [2].

Many researchers are screening and isolating bacteriocin-producing lactic acid bac-
teria from naturally fermented yoghurt due to concerns of potential damage to health by
artificial chemical preservatives [4,5]. Bacteriocins from lactic acid bacteria are peptides
secreted by some lactic acid bacteria with antimicrobial activity against other microor-
ganisms, including food spoilage and pathogens. They are generally considered safe [6].
Todorov et al. isolated bacteriocins ST461BZ and ST462BZ produced by L. rhamnosus iso-
lated from boza [7]. Srinivasan et al. reported that L. rhamnosus L34 isolated from the feces
of Thai Breastfed infants could produce bacteriocins [8]. However, there is no report on
screening bacteriocins producing lactic acid bacteria from naturally fermented yak yoghurts.
This study aimed to screen and isolate bacteriocin-producinger lactic acid bacteria (LAB)
from the naturally fermented yak yoghurt in the Qinghai-Tibet plateau in China.

Most of the research regarding the antibacterial mechanism action of bacteriocins
has focused on their mechanism of action against sensitive bacteria cells. For example,
they damage the integrity of the cell membrane and bind to the DNA [4,5]. However,
some researchers denoted that bacteriocins may also inhibit biofilm formation and the
production of secondary metabolites. For instance, Lactiplantibacillus paraplantarum, isolated
from cheese, produces bacteriocin FT259, potentially influencing Listeria monocytogenes
biofilm formation [9]. Chopra et al. [10] investigated a new bacteriocin with the potential to
prevent biofilm formation. This study aimed to characterize the antibacterial activity and
the mode of action of the bacteriocin-producing strain isolated from naturally fermented
yak yoghurt and its bacteriocin. As biofilm formation may be regulated by the quorum
sensing (QS) system [11,12], we also investigated whether bacteriocins were also able to
regulate the QS system of sensitive bacteria in this study.

2. Results and Discussion
2.1. Screening of Bacteriocin Production by LABs Isolated from Yak Yoghurt

Among the isolates from Qinghai yak yoghourt, strain XN2 could inhibit the growth
of both gram-positive and gram-negative bacteria (the diameter of the inhibition zone
was 15.1 £ 1.2 mm for S. aureus CICC10384, and 7.2 + 0.5 mm for E. coli CICC10302).
After eliminating the antibacterial activity caused by organic acids or HyO,, strain XN2 was
selected as the bacteriocin producer. Based on carbohydrate utilization profile using API 50
CHL kits and 16S rRNA sequence analyses, the strain XN2 was identified as L. rhamnosus,
referred to as L. rhamnosus XN2.

Naturally fermented yak yoghurts from different locations may contain different
microorganisms. For instance, Ding et al. (2011) reported that Lactobacillushelveticus,
Leuconostoc mesenteroides subsp. mesenteroides, Streptococcus thermophilus, Lactobacillus casei,
and Lactococcus lactis subsp. lactis were the predominant populations in the yak milk
products from Gansu Province in China [1]. This study isolated the functional strain XN2
from yak yoghurts in Qinghai province. The use of L. rhamnosus in food has been well
documented in probiotics and starter culture strain, and it is generally accepted as a safe
and probiotic lactic acid bacteria [7,8,13].

The activity spectrum is listed in Table 1. The semi-purified CFS of stain XN2 deployed
the inhibitory activities towards both gram-positive (Bacillus subtilis, B. cereus, B. megaterium,
Micrococcus luteus, S. aureus, Listeria innocua, and L. monocytogenes) and gram-negative
bacteria (E. coli) (Table 1).
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Table 1. Effect of enzymes, temperature, and pH on bacteriocin XN2.

Antibacterial Activities of

Testing Condition Semi-Purified CFS of Stain XN2

Effect of temperature and storage on the
activity of semi-purified CFS of stain XIN2

Effect of pH on the activity of semi-purified pH2-8
CFS of stain XN2 pH 9-10

The activity of semi-purified CFS of stain XN2 Clostridium butyricum CICC 10350
against gram-positive bacteria Staphylococcus aureus CICC 10384

The activity of semi-purified CFS of stain XN2 E. coli CICC 10300

Lipase, x-Amylase, +
Proteinase K, Papain, x-Chymotrypsin,
Trypsin, Pepsin
Catalase
60 °C, 80 °C, and 100 °C
37°Cfor14d
2 months at 4 °C

+ 4+ + + + |

Bacillus subtilis CICC 10034
B. cereus CICC 2155
Micrococcus luteus CICC 10209
Brochothrix thermosphacta CICC 10509

S. aureus CICC 10201
Methicillin-resistant S. aureus *
Listeria innocua CICC 10416
L. monocytogenes CICC 21529
Escherichia coli CICC 10302
E. coli CGMCC 3373

U S S S S S S SRR R

against gram-negative bacteria Pseudomonas aeruginosa CICC 21636 -

The activity of semi-purified CFS of stain XN2

against fungi

Enterobacter cloacae CICC 21539 -
Salmonella paratyphi 3 CICC 10437 -
Aspergillus niger CICC 2124 -
Candida albicans CICC 1965 -
Saccharomyces cerevisiae CICC 1002 —

CICC: China Center of Industrial Culture Collection. *: Methicillin-resistant S. aureus provided by a local hospital
in Xi’an, Shaanxi, China. +: There is a clear inhibition circle. —: there is no inhibition circle.

It is worth noting that the semi-purified CFS of strain XN2 could inhibit gram-negative
(E. coli), while most bacteriocins from LAB belonged to Class I and Class II, only inhibiting
gram-positive bacteria [14,15]. As well as bacteriocin from strain XN2, some bacteriocins
were also found to have the ability to interact with intracellular enzyme systems and nucleic
acid, besides damaging the integrity of the bacterial cell membrane. The determination and
characterization of these bacteriocins with broad antibacterial spectra require the attention
of more and more researchers [16,17]. One of the bottlenecks of applying bacteriocins in the
food industry or medical clinics is that the antibacterial spectra of bacteriocins is usually
narrow. The ability of the strain XN2 and its bacteriocin, which was active against both
gram-positive and negative, might improve its potential.

2.2. Bacteriocin Characterization of XN2 Strain
2.2.1. Growth and Bacteriocin Production Curve

Bacteriocin production began after 8 h, and the stable high level was recorded after 30 h of
growth in MRS broth (Figure 1). Similar results were also reported for other LAB bacteriocin-
producing strains, such as Companilactobacillus crustorum MNO47 [17], Lactobacillus plantarum
ST16Pa [18], and Pediococcus acidilactici HWO1 [19]. Bacteriocin might be the secondary
metabolites of lactic acid bacteria.
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Figure 1. Production of bacteriocin by strain XN2. Square: growth of strain XN2; column: antibacterial
activity of the CFS of strain XN2. The data are shown as mean =+ standard deviation. The critical
limit is 5%. p < 0.05, the differences are significant.

2.2.2. Bacteriocin Stability

Treatment with proteinase resulted in inactivation, whereas treatment with catalase,
x-amylase, and lipase did not affect the antibacterial activity (Table 1). Similar results were
observed for bacteriocin RC20975 produced by L. rhamnosus RC20975 [13] and bacteriocin
BacC1 produced by Enterococcus faecium C1 [20]. The antibacterial activity was stable
under heat treatment and over a pH range from 2-8 (Table 1). However, bacteriocin
RC20975, similar to Sonorensin, enterocin E50-52, and pediocin PA-1[10,13,21] were quickly
inactivated under alkaline conditions

2.3. Kill Kinetics Curve of Semi-Purified CFS of Strain XN2 against S. aureus

Treatment with 50 ug/mL semi-purified CFS of strain XN2 did not affect the popu-
lation of S. aureus. However, treatment with 100 ug/mL semi-purified CFS of strain XN2
inhibited the growth of S. aureus. On the other hand, the population of S. aureus was
drastically decreased within 1 h of treatment with 200 or 400 ug/mL semi-purified CFS
(Figure 2).

10

Log 10 (CFU/ml)

0 : %

1 1 T
0 60 120 180 240

Time (min)

Figure 2. S. aureus in the PBS treated with 0 ug/mL (¢), 50 pg/mL (M), 100 ug/mL (V),
200 pg/mL (A) and 400 ug/mL (e) of the semi-purified CFS of strain XN2. The data are shown
as mean = standard deviation. The critical limit is 5%. p < 0.05, the differences are significant.
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The bactericidal activity against S. aureus implied that the inhibitory effect of the
semi-purified CFS was concentration dependent. Similar action was reported for Ente-
rocin FH99 isolated from Enterococcus faecium FH99 (active against L. monocytogenes) by
Kaur et al. (2013) [22], bacteriocin RC20975 produced by L. rhamnosus RC20975 (active
against Alicyclobacillus. Spp.) by Yue et al. (2013) [13], and Plantaricin GZ1-27 produced by
L. plantarum GZ1-27 (against Bacillus cereus) by Du et al. (2018) [16].

2.4. Effect of Semi-Purified CES of Strain XN2 on the Integrity of S. aureus

Living cells cannot allow the passage of propidium iodide (PI) across the intact cell
membrane. However, increase in permeability would increase the concentration and
fluorescence intensity of PI within the cells. Herein, an extension of the incubation time led
to a significant increase in the amount of PI passed through the cells; the finding was proved
by the cell membrane rupture (Figure 3). These results indicate that the semi-purified CFS
of strain XN2 can increase the cell permeability, ultimately resulting in cell death.

Counts Counts
250 250

200 200
150 150

100 100

1 10 100 1,000 10,000 1 10 100 1,000 10,000
PI PI

T
1 10 100 1,000 10,000 1 10 100 1,000 10,000
i i Pl

Figure 3. Effects of the semi-purified CFS of strain XN2 on the membrane integrity of S. aureus, tested
by fluorescent staining and flow cytometry. Left-up: S. aureus cells treated with 2 MIC of the semi-
purified CFS of strain XN2 for 0 min; right-up: for 30 min; left-down: for 60 min; and right-down:
for 240 min.

The great diversity of chemical structures of bacteriocins from different lactic acid
bacteria determines the diversity of their functions and modes of action [17,23]. How-
ever, researchers believe that the alteration of cell membrane permeability is the principal
mechanism of action of bacteriocins isolated from LAB [24,25]. Similar mode of action was
also seen in Bacteriocin RC20975 from Lacticaseibacillus rhamnosus CICC20975, bacteriocin
BacC1 from Enterococcus faecium C1, and bacteriocin SLG10 from Lactobacillus plantarum
SLG10 [13,20].

2.5. Effect of Semi-Purified CES of Strain XN2 on «-Haemolysin Secreted by S. aureus

Compared with the control, the hemolytic activity of S. aureus CICC 10384 decreased
t0 90.05% and 27.34%, following treatment with 1/2 MIC and 2 MIC semi-purified CFS of
strain XN2, respectively (Figure 4).
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Figure 4. Effects of semi-purified CFS of strain XN2 on the secretion of «-haemolysin by S. aureus.
The data are shown as mean =+ standard deviation. The critical limit is 5%. p < 0.05, the differences
are significant.

These results could justify the ability of the semi-purified CFS of strain XN2 to in-
hibit the secretion of a-haemolysin in a dose-dependent manner, even at the sub-MIC.
a-haemolysin is one of the major virulence factors produced by S. aureus [26]. Semi-purified
CFS of strain XN2 reduced the secretion of x-haemolysin, which meant that bacteriocin
from stain XN2 had good potential characteristics to control S. aureus in the future.

2.6. Effect of Semi-Purified CFS of Strain XN2 on the Biofilm Formation of S. aureus

In the control group, S. aureus (Figure 5A) was able to form a thin biofilm. It should be
noted that samples treated with 1/2 MIC semi-purified CFS of strain XN2 would have fewer
bacteria attached to the carrier surface (Figure 5B). The inhibition percentage of biofilm
formation of S. aureus by the same concentration of semi-purified CFS of strain XN2 was
45.8 £ 3.1. The results were consistent. For the sample treated with 2 MIC semi-purified
CFS of strain XN2, it could be seen that there were fewer cells in the biofilms, the biofilm
was looser (Figure 5C), and the inhibition precent of biofilm formation was 90.3 &+ 5.9.
This finding suggested that bacteriocin XN2 could inhibit the formation of biofilm.

Figure 5. Effect of semi-purified CFS of strain XN2 on the biofilm formation of S. aureus; (A): con-
trol (S. aureus cells treated with no semi-purified CFS); (B): with 1/2 MIC semi-purified CFS;
and (C): with 2 MIC semi-purified CFS.

It is well known that only a tiny proportion of bacteria are present in the form of
free-floating plankton [9]. The formation of biofilm communities is one of the most critical
strategies for microbial survival under a particular ecological niche [11]. As strain XN2
and its bacteriocin could inhibit biofilm formation of food pathogens, such as S. aureus,
they might be used in the food industry. The biofilm formation and «-haemolysin secretion
may be regulated by the QS system [12]. Thus, it can be assumed that strain XN2 and its
bacteriocin can also regulate the QS system of sensitive bacteria. Therefore, we further
investigated the effect of semi-purified CFS of strain XN2 on the QS system of S. aureus.
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2.7. Effect of Semi-Purified CES of Strain XN2 on the QS System of S. aureus

With 1/2 MIC or 2 MIC semi-purified CFS of strain XN2, the gene expression of [uxS
was increased 2 and 5.6 fold (Figure 6). The result proved that strain XN2 or its bacteriocin
could affect the QS system of S. aureus at a molecular level.

8-
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L

Relative expression of /uxS
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Control 50 pg/mL 200 pg/mL
Concentration of semi-purified CFS of XN2

Figure 6. Effect of semi-purified CFS of strain XN2 on the relative expression of luxS of S. aureus.
The data are shown as mean =+ standard deviation. The critical limit is 5%. p < 0.05, the differences
are significant.

It was reported that the expression of gene [uxS is one of the vital targets for QS
inhibitors. Therefore, the effect of bacteriocin on the [uxS gene expression was tested to
determine the encoding of the protein LuxS, the enzyme for the synthesis of Al-2, and the
signal molecule of the QS system. It was generally accepted that the formation of biofilm
and production of some secondary compounds, for instance, x-haemolysin, were regulated
by the QS system. When the bacterial population was big enough, inferred by the amount
of signal molecules, the processing of the biofilm formation and production of secondary
compounds, like x-haemolysin, starts. The results in this study were complementary with
the findings that semi-purified CFS of strain XN2 can affect the secretion of x-haemolysin
and the formation of biofilm aforementioned above. Most of the previous research has
focused on bacteriocin’s inhibition/killing mechanism on sensitive bacteria via increasing
the membrane permeability and eventually cell death [14,18]. There are few reports inves-
tigating the effect of bacteriocin on the QS system of sensitive bacteria [9]. In the present
study, a bacteriocin from XN2 has dual activities, damaging the integrity of S. aureus cells
and affecting its QS system.

2.8. Purification of Bacteriocin

After (NHy),SOy precipitation, the specific activity of bacteriocin improved to 262.44 IU/mg.
After passing through the Sephadex G-50 column, fractions 33 to 37 showed antibacterial
activity. A single sharp peak in the RP-HPLC spectrum at retention time of 16.58 min
showed the antibacterial activity.

The three-step method used in this study for isolation and purification of bacteriocin
XN2 was frequently used and was utilized for successful purification of diverse bacteriocins
from culture supernatants, such as bacteriocin RC20975 [13], Plantaricin GZ127 [16] and
bacteriocin BacC1 [20]. The industrial production of nisin, the most well-known bacteriocin,
was also obtained by the standard three steps. The standard purification method would
make this bacteriocin easier to obtain.

N-sequencing indicated that the amino acid sequence of the bacteriocin was Met-
Leu-Lys-Lys-Phe-Ser-Thr-Ala-Try-Val (MLKKFSTAYYV). Similarity analysis revealed none
in the database (http://web.expasy.org/blast/, accessed on 5 February 2019). Therefore,
this bacteriocin was designated as a novel peptide, bacteriocin XN2. Bacteriocin XN2
falls into the category of Class IId bacteriocins because it does not contain lanthionine or
YGNGVXC (characteristics of Class Ila bacteriocins).

179



Molecules 2022, 27, 2066

The mode of action of small-sized bacteriocins has recently attracted much research
attention. Due to the small size, bacteriocins might not cause “pore formation” on sensitive
bacteria. They might inhibit cell wall/membrane synthesis through binding with precur-
sors of cell wall/membrane synthesis, destroying the integrity of the wall/membrane,
and interacting with enzyme system or DNA in cells [27].

3. Materials and Methods
3.1. Isolation and Identification of Bacteriocin-Producing Stain

Traditional Natural fermented Qinghai yak yoghurts (a total of 40 bottles from
20 different local markets (GaoYuanZhiBao Co.Ltd, Xining, China)) were used to iso-
late bacteriocin-producing LAB. One loop of the yoghurt was inoculated into 20 mL MRS
medium and incubated anaerobically at 37 °C for 24 h. Then, one loop was streaked onto
a De Man, Rogosa, Sharpe (MRS) agar (Oxoid, Basingstoke, UK) plate. Gram-positive,
catalase-negative, and oxidase-negative bacterial strains were chosen as LAB [27]. After-
wards, cell-free culture supernatants (CFS) from LAB were produced by centrifugation
(Avanti J-E, Beckman, CA, USA) at 5000x g for 15 min at 4 °C, followed by 0.22 pm
micro-filtration (Millipore, MA, USA), according to Yue et al. [13]. The pH of the CFS was
adjusted to pH 6.5 to eliminate the antibacterial effect of organic acid. Catalase (Solarbiio,
Beijing, China) was added to eliminate the effect of peroxide, as described by Yue et al. [13].
Furthermore, the agar well diffusion method was utilized for the antibacterial activity
screening of CFS. Gram-positive, S. aureus CICC10384, and Gram-negative bacteria, E. coli
CICC 10302, were used as indicator bacteria [28]. The indicator strains were pre-cultured
at 30 °C to mid-exponential with anaerobic culture. The well with 10 mM phosphate
buffer (pH 6.5) was used as a negative control. The well with 2 MIC Ampicillin (Solarbiio,
Beijing, China) in buffer was considered as a positive control. The strain in which CFS
showed a clear inhibition zone with both indicator strains was chosen and isolated. Pri-
mary strain identification was performed using a commercial kit (API 50 CHL, BioMerieux,
Montalieu Versie, France), which recognizes the carbohydrate fermentation pattern of
bacteria [29]. Finally, the bacterial strain genotype was identified by 16S rRNA gene se-
quence analysis using the same 27F (5'-AGTTTGATCMTGGCTCAG-3') and 1492R primers
(5'-GGTTACCTTGTTACGACTT-3') as reported earlier [7]. Sequence similarity searches
were compared with NCBI (www.ncbi.nlm.nlh.gov, accessed on 9 January 2018) database.

3.2. Bacteriocins Production by Strain XN2

A 12 h old culture of strain XN2 was inoculated (5%, v/v) into MRS broth and incu-
bated at 30 °C. Cell growth, antibacterial activity, and pH value of the culture were tested at
6 h intervals [13]. The growth of strain XN2 was evaluated by testing the optical density at
600 nm (ODgp). Antibacterial activity was tested with S. aureus CICC10384 as the sensitive
strain. The pH values of the culture were monitored with a pH meter (Lei-ci SJ-5, INESA
Scientific instrument Co., Ltd., Shanghai, China).

3.3. Semi-Purification of CFS of Strain XN2

The CFS of strain XN2 was semi-purified using ammonium sulfate (NH4),SO4) pre-
cipitation and size-exclusion chromatography (SEC) [13]. After 30 h cultivation, the CFS
of strain XN2 was recovered by centrifugation at 10,000x g for 30 min at 4 °C. After-
wards, CFS was concentrated to 1/5th of the initial volume using a rotavapor (RV-8V, IKA,
Staufen, Germany). Subsequently, (NH,),SO,4 was slowly added up to the concentration of
60% (v/v). After stirring overnight at 4 °C, the precipitate was collected and resuspended
in 20 mM NayHPO,-citric acid buffer (pH 3.6). The biologically active solution was added
onto the Sephadex G-50 column (80 x 2.0 cm, Sigma, Santa Clara, CA, USA) and eluted by
NayHPOj,-citric acid buffer at a flow rate of 0.5 mL/min. The highest active fraction was
collected and freeze-dried. The Bradford protein assay method was used [30] to quantify
protein in a fraction. The antibacterial activity was assessed by the agar well diffusion
method using S. aureus CICC10384 as an indicator strain [7].
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3.4. Antimicrobial Spectrum and Stability Testing

The antibacterial spectrum was determined using indicator strains, including
Bacillus subtilis CICC 10034, B. cereus CICC 2155, Micrococcus luteus CICC 10209,
Brochothrix thermosphacta CICC 10509, Clostridium butyricum CICC 10350, Staphylococcus aureus
CICC 10384, S. aureus CICC 10201, Listeria innocua CICC 10416, L. monocytogenes CICC 21529,
Escherichia coli CICC 10302, E. coli CGMCC 3373, E. coli CICC 10300, Pseudomonas aeruginosa
CICC 21636, Enterobacter cloacae CICC 21539, Salmonella paratyphi 3 CICC 10437, Aspergillus niger
CICC 2124, Candida albicans CICC 1965, Saccharomyces cerevisiae CICC 1002 All the strains
are purchsed from China Center of Industrial Culture Collection(CICC). To determine the
influence of pH or enzymes on antibacterial activity, the pH of the samples was adjusted
between 2 and 10 with 1 M HCl and 1 M NaOH solutions, or the samples were treated with
different enzymes (Lipase, x-Amylase, Proteinase K, Papain, x-Chymotrypsin, Trypsin,
Pepsin, and Catalase) (Solarbiio, Beijing, China), with the final concentrations of 1.0 mg/mL,
as described by Du et al. [18]. The effect of temperature on antibacterial activity was tested,
as shown in Table 1. The antibacterial activity was tested as described above, with S. aureus
CICC 10384 as indicator strain [7]; samples without any treatments were used as controls.

3.5. Time-Killing Kinetics

Overnight-cultured S. aureus CICC 10384 was washed with and suspended in PBS
(10 mM, pH 7.0), adjusted to the ODg of 0.5, and treated with 50, 100, 200, and 400 pg/mL
of semi-purified CFS of strain XN2. At fixed time points, the plate count method determined
viable cells [13].

3.6. Flow Cytometry (FCM) Analysis

The mid-logarithmic phase of S. aureus CICC10384 at a concentration of 10* CFU/ mL
was co-cultured with 2 MIC semi-purified CFS of strain XN2 at 37 °C for 240 min. Cells
were then labeled with propidium iodide (PI) and subjected to flow cytometry analysis
(Becton Dickinson, NJ, USA), as described by Pei et al. (2018) [27,28,31]. Untreated S. aureus
CICC 10384 cells were used as a control.

3.7. a-Haemolysin Secretion

S. aureus CICC 10384 was inoculated in LB broth containing semi-purified CFS of
strain XN2 at 1/2 MIC and 2 MIC (control without semi-purified CFS of strain XN2) and
was cultured at 30 °C for 24 h. Following filtration with 0.22 um filter membrane, the a-
haemolysin content was tested according to Zhou et al. (2017) [26]. Fresh fibrin removed
from rabbit blood was washed with calcium chloride buffer three times. A mixture of
875 uL calcium chloride buffer, 100 pL sample supernatant, and 25 pL red blood cells was
incubated for 30 min at 37 °C, centrifuged at 5500 ¢ 1 min, then tested for the Ds43 value.

3.8. Biofilm Formation

The mid-logarithmic phase culture of S. aureus CICC 10384 was diluted to approxi-
mately 107 CFU/mL. Each 6-well cell culture plate hole was filled with 1 mL of the suspen-
sion. The cell culture plate was pre-positioned with a sterile cover glass (22 mm x 22 mm).
Plates were cultured at 30 °C after adding 0 (control), 1/2 MIC, or 2 MIC of semi-purified
CFS of strain XN2. After 25 h of cultivation (visible and mature biofilm can be seen in
control samples), the cover slides were taken out from each hole and washed with dis-
tilled water three times. After fixation with 2.5% glutaraldehyde and washing with PBS,
the samples were then dehydrated with ethanol (100% repeated thrice, 90, 80, 70, and 50%)
for 15 min each. The gold powder was used to cover the sample surface under vacuum
conditions. Samples were observed under a scanning electron microscope.

The percent of biofilm inhibition was assessed by the crystal violet staining method
according to the protocol adopted by Saporito et al. (2018) [32]. Briefly, after stained by
crystal violet (0.1% w/v in water) for 10 min at room temperature (a washing step with PBS
removed the excess dye) and re-dissolved by adding 96% ethanol for 10 min, OD595 of the
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samples in a new plate were recorded (SpectraMax 190, San Jose, CA, USA). The percent of
biofilm inhibition was calculated by comparing the optical density values for the treated
samples and the untreated control [32].

3.9. RT-PCR

To verify the effect of semi-purified CFS of strain XN2 on the quorum sensing (QS)
system of S. aureus CICC 10384, RT-PCR was developed for the detection of transcriptional
changes observed in the luxS gene (encoding the synthase of QS signal molecular (Al-2)
of S. aureus) and induced by 0 (control), 1/2 MIC or 2 MIC of semi-purified CFS of strain
XN2. One loop of stain S. aureus CICC 10384 was added onto 10 mL sterilized LB broth
and cultured at 30 °C for 12 h. The ODg value was adjusted to 0.5 and inoculated into
the fresh LB broth containing 0 ng/mL (control), 1/2 MIC, or 2 MIC semi-purified CFS of
strain XN2 with the inoculum size of 3%, v/v. After co-culture in LB broth at 30 °C for 24 h,
the gene expression of luxS was investigated.

The total RNA from S. aureus CICC 10384 was extracted by the Trizol method (Cui et al.,
2012) [33]. The reverse transcription reaction system (10 pL) contained: 2 uL of total RNA,
0.5 uL of ANTP, 0.5 pL of random primers, and 4 pL of distilled water without RNAase.
All samples were heated at 70 °C for 5 min and then placed immediately in an ice bath.
Then, 2 uL of 5x reverse transcription buffer, 0.5 uL of RN Aase inhibitor, and 0.5 pL of
MMLYV reverse transcription enzyme were added immediately. The reverse transcription
reaction procedure was as follows: 30 °C for 10 min, 42 °C for 1 h, 70 °C for 15 min,
and 4 °C forever. The DNA templates were stored at —20 °C until use.

PCR reaction contained: 0.2 uL of upstream primer (10 uM), 0.2 uL of downstream
primer (10 uM), 5 puL of 2x Ultra SYBR Mixture, 3.6 puL of double-distilled H,O, and 1 uL
of 5x DNA templates. The PCR reaction conditions were: 95 °C for 10 min, 95 °C for 15 s,
60 °C for 1 min, and 40 cycles. Primers were designed according to the gene sequence
of luxS Primer Premier 5.0 software (version 5.0, Primer Premier, Canada, 2017) as (5'-
GAGATCTTATGCCATCAGTAGAAAG-3'; 5'-GGTCACCTTTATCCAAACACTTTCTC-3').

3.10. Bacteriocin Purification

The semi-purified CFS of strain XN2 was additionally purified using an HPLC system
with photodiode array detector (PDA) (UltiMate 3000, Dionex, Sunnyvale, CA, USA) and
HC-Cig column (5 um, 250 mm x 4.6 mm, Agilent Technologies, Palo Alto, CA, USA) [13]
(Yue et al., 2013). The bacteriocin was eluted by linearly increasing the ACN content in
ACN /water (Milli-Q) mixture from 10 to 95% over 40 min, at a flow rate of 0.5 mL/min
with an injection volume of 1 mL. The amount of proteins was quantified according to
the Bradford assay method [30]. The antibacterial activity was tested using an agar well
diffusion assay, using S. aureus CICC10384 as an indicator strain [7]. The amino acids
sequence were tested by N-sequence by Shengo bioengineering Co. Ltd. (Shanghai, China).

3.11. Statistical Analyses

SPSS 18.0 software (IBM SPSS Statistics, Amund, NY, USA) was used to analyze the
data [16]. All data were the average representation of three measurements and shown as
mean + standard deviation. T-test was used to calculate whether there were significant dif-
ferences in statistics for the group of data. t > ty (p < 0.05) was considered that the differences
(between the control and the testing groups, between testing groups) are significant.

4. Conclusions

In this study, one bacteriocin-producing strain, Lacticaseibacillus rhamnosus XN2, was suc-
cessfully isolated from the yak yoghurt produced in the Xining and Qinghai Provinces
in China. The bacteriocin, bacteriocin XN2, exhibited antibacterial activities against
Bacillus subtilis, B. cereus, Micrococcus luteus, Brochothrix thermosphacta, Clostridium butyricum,
S. aureus, Listeria innocua CICC 10416, L. monocytogenes, and Escherichia coli. The bacteriocin
was able to disrupt the cell membrane (ultimately causing cell death), inhibit the secretion
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of a-haemolysin, and regulate the QS system of S. aureus. The amino acid sequence of the
bacteriocin XN2 was YGNGVFSVIK.
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Abstract: Filamentous fungi synthesize natural products as an ecological function. In this study, an
interesting indigenous fungus producing orange pigment exogenously was investigated in detail as
it possesses additional attributes along with colouring properties. An interesting fungus was isolated
from a dicot plant, Maytenus rothiana. After a detailed study, the fungal isolate turned out to be a
species of Gonatophragmium belonging to the family Acrospermaceae. Based on the morphological,
cultural, and sequence-based phylogenetic analysis, the identity of this fungus was confirmed as
Gonatophragmium triuniae. Although this fungus grows moderately, it produces good amounts of
pigment on an agar medium. The fermented crude extract isolated from G. triuniae has shown
antioxidant activity with an ICsy value of 0.99 mg/mL and antibacterial activity against Gram-
positive bacteria (with MIC of 3.91 pg/mL against Bacillus subtilis, and 15.6 pg/mL and 31.25 ug/mL
for Staphylococcus aureus and Micrococcus luteus, respectively). Dyeing of cotton fabric mordanted
with FeSO, using crude pigment was found to be satisfactory based on visual observation, sug-
gesting its possible use in the textile industry. The orange pigment was purified from the crude
extract by preparative HP-TLC. In addition, UV-Vis, FTIR, HRMS and NMR (\H NMR, 13C NMR),
COSY, and DEPT analyses revealed the orange pigment to be “1,2-dimethoxy-3H-phenoxazin-3-one”
(C14H11NOy, m/z 257). To our understanding, the present study is the first comprehensive report on
Gonatophragmium triuniae as a potential pigment producer, reporting “1,2-dimethoxy-3H-phenoxazin-
3-one” as the main pigment from the crude hexane extract. Moreover, this is the first study reporting
antioxidant, antibacterial, and dyeing potential of crude extract of G. triuniae, suggesting possible
potential applications of pigments and other bioactive secondary metabolites of the G. triuniae in
textile and pharmaceutical industry.

Keywords: Gonatophragmium triuniae; pigments; bioactivity; dyeing; chemical characterization

1. Introduction

Ascomycetous filamentous fungi are known to produce bio-pigments extensively used
as colourants, additives, colour intensifiers, antimicrobial, antioxidants, etc., in different
industries such as food, beverages, cosmetics, textiles, and pharmaceuticals [1-3]. Natural
pigments/colours are gaining increased attention currently because of the adverse effects
of synthetic colours on humans and the environment. Most of the synthetic colours have
been found to be toxic, allergic, and carcinogenic to human beings, and hazardous to the
environment [4-6]. This has increased the need for safe, natural, eco-friendly pigments as
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an alternative to synthetic pigments. Increasing demand for natural pigments necessitates
a greater need to explore colours or pigments from safe, natural sources, especially from
microbes (bacteria, fungi, algae, lichens, and actinomycetes).

Fungi are currently emerging as a better and excellent source of natural pigments.
Many researchers have reported fungi of different taxonomic groups exhibiting the pro-
duction of pigments of diverse chemicals classes such as carotenoids, flavins, ubiquinones,
anthraquinones, quinines, phenazines, etc. [1,7-10]. Due to the additional attributes of
these “mycopigments” such as antimicrobial, anticancer, antioxidant, cytotoxicity, activity,
etc. in addition to colouring property, they are being extensively used for a wide range of
applications in food, textiles, medicines, paints, cosmetics, and electronics [8,9]. Some fun-
gal pigments such as azaphilones, astaxanthin, Arpink Red, riboflavin, S-carotene isolated
from Monascus, Xanthophyllomyces dendrorhous, Penicillium oxalicum, Ashbya gossypii, and
Blakeslea trispora, respectively, are already in the market for their commercial and industrial
applications [11]. Numerous studies have reported the dyeing potential of fungal pigments
and suggested their possible use in the textile industry for dyeing different types of textile
fabrics like cotton, silk, wool, etc. [7,8,12,13].

Literature indicates that extensive studies have been done worldwide on produc-
tion, optimization, and applications of pigments from common ascomycetous fungi like
Monascus, Talaromyces, Aspergillus, Penicillium, Fusarium, etc. [8,9]. Besides these conven-
tional ones, several other genera, such as Epicoccum, Trichoderma, Alternaria, Chaetomium,
etc., are reported to have good pigment production potential [7,14-18]; however, several
genera of filamentous ascomycetes are still unknown and unexplored for their pigment
production potential and exploitations. These unexplored fungi might prove to be a hidden
treasure of novel bio-active pigments having a variety of applications.

Taking this view into account, we have planned the present research in which we
have isolated an uncommon fungus, Gonatophragmium triuniae, from infected leaves of the
Maytenus rothiana, a plant endemic to central Maharashtra (Western Ghats). Interestingly,
it was found that this rare fungus produces a very good extracellular orange pigment
on solid media [potato dextrose agar medium (PDA)] as well as in liquid media [potato
dextrose (PD) broth]. For the characterization of pigment, pure culture of G. triuniae was
subjected to flask level fermentation in PD broth, and pigments were extracted from the
culture filtrate using Hexane and dried. The dried Hexane extract was then examined
for its antimicrobial and antioxidant properties and also assessed for its dyeing potential
on cotton fabric using two mordants (Alum & FeSO;). Finally, by preparative thin-layer
chromatography (TLC), we purified an orange pigment from the crude pigment extract and
identified it as “1,2-dimethoxy-3H-phenoxazin-3-one” based on ultra-violet (UV); Fourier
transform infrared (FTIR); high-resolution mass (HRMS) spectroscopy; and 'H & '3C NMR,
COSY, and DEPT analysis.

Several natural and synthetic phenoxazines are well known for their bioactivity and
dyeing properties. These phenoxazines were found to exhibit antioxidant, antibacterial,
anti-proliferative, and anti-tumoral activities [19]. 3H-phenoxazin-3-one and its derivatives
exhibiting numerous biological activities (antimicrobial, anticancer, antitumor, antiviral,
antitubercular, anticoccidial, antineoplastic, phytotoxic, and cell growth-stimulating) have
been reported from different microorganisms such as actinomycetes, lichens, and fungi [20].
Phenoxazine class of pigments such as Phenoxazone, Pycnosanguin, Cinnabarine, O-acetyl
cinnabarine, 2-Amino-9-formylphenoxazone-1-carbonic acid, and 9-Hydroxymethyl-2-
methylaminophenoxazone-1-carbonic acid methyl ester have been described from the
fungus Pycnoporus sanguineus [21]. Similarly, Chandrananimycins A-C belonging to class
3H-phenoxazin-3-one, exhibiting antitumor activity against colon cancer (CCL HT29);
breast cancer (LCL H460, CNCL SF268, MACL MCEF-7); lung cancer (LXFA 526L, LXFL
529L); melanoma (MEXF 514L); and kidney tumor cells (PRCL PC3M, RXF 631L) has
also been reported from Actinomadura sp. [22,23]. One of the recent studies evaluated the
antibacterial activity of the synthesized derivatives of 3H-phenoxazin-3-one [20]. Based
on the history of Phenoxazin class of pigments, their promising bioactivity, and their
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dyeing property, we may consider present compound 1,2-dimethoxy-3H-phenoxazin-3-one
isolated from G. triuniae NFCCI 4873 as a good colourant as well as a potential candidate
for application in the textile and pharmaceutical industry.

2. Results and Discussion
2.1. Morphological Identification

Leaf lesions, amphigenous, necrotic spots single or irregular in concentric rings, later
spots unite to form large spots. Margin: greyish-white; center: white. Colonies hypophyl-
lus, velvety, brown. Mycelium superficial. Hyphae branched, septate, pale olivaceous
to subhyaline, smooth-walled, up to 6.5 um wide. Stroma and hyphopodia are absent.
Conidiophores arising from superficial hyphae, dichotomously branched, multi-septate
(6-8), the width of conidiophore gradually decreasing towards the length; macronema-
tous to mononematous, erect, smooth-walled, highly geniculate, nodose, basal half part
of conidiophore olivaceous brown and subhyaline to light olivaceous towards the apex,
55-145 x 3.22-7 um. Conidiogenous cells integrated, polyblastic, terminal to intercalary,
swollen towards the apex, variable in size: 10-20 um long, bearing 10-15 loci, scars thick-
ened and darkened, dentate or plate-like about 1 um diameter. Conidia solitary, dry,
holoblastic, acropleurogenous, clavate, cylindrical, straight to slightly curved, 0-1 septate,
smooth-walled, subhyaline to light olivaceous, base narrowly truncate, apex obtuse, hilum
thickened and darkened, 6-15 x 2-3.6 um (Figure 1).

Colonies on Potato Dextrose Agar (PDA), slow-growing, reach 2629 mm diameter
after 4 weeks of incubation at 25 °C; front view of colony light yellow (4A4), circular,
raised, aerial mycelium slightly cottony, margin smooth. Reverse dark brown (7F8) with
diffusible yellowish orange (5B8) pigment in entire media. Mycelium branched, septate,
smooth-walled, with frequent anastomosis, hyaline, sterile. Colonies on Potato Carrot Agar
(PCA), reach 27-28 mm diameter after 4 weeks at 25 °C; front view of colony grey (6C1),
circular, raised, slightly cottony with margin smooth. Reverse dark brown (6F8) and with
diffusible yellowish orange (5B8) pigment in entire media. Mycelium branched, septate,
smooth-walled, anastomosis, hyaline, sterile (Figure 1).

2.2. Molecular Identification and Phylogeny

Mega Blast analysis of ITS sequence of G. triunine NFCCI 4873 showed 100% identity
with type strain G. triuniae CBS138901; whereas LSU sequence showed 99.74% identity with
G. epiloblii CPC 34889 and 99.61% similarity with G. triuniae CBS 138901. A phylogenetic
tree was constructed based on combined ITS & LSU rDNA sequence data of a total of
19 genetically-related isolates, which shows that our isolate was clustered with G. triuniae
CBS138901 with a very strong bootstrap value of 98.4 (Figure 2). Therefore, based on
combined morphological and molecular phylogenetic analysis, the present isolate was
identified as G. triuniae.
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Figure 1. Gonatophragmium triuniae (NFCCI 4873): (a) Numerous conidiophores in low magnification;
(b) Single dichotomously branched conidiophore; (¢) Conidiophore and conidiogenous cells bearing
dark scars (showing arrows); (d) Numerous conidia in high magnification; (e) SEM of conidiophores
with attached conidia; (f) SEM of conidiophore bearing intercalary and terminal conidiogenous cells
with dark scars (showing arrows); (g,h) SEM image of conidia; (i-1) Colonies of G. triunize NFCCI
4873 on PDA and PCA (front and reverse view); (m,n) Hyaline sterile hyphal bundle and anastomosis
in-vitro culture (showing arrows); (o) SEM of sterile hyphal bundles with coiling (showing arrow).
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Figure 2. Phylogenetic tree of G. triuniae NFCCI 4873 based on the combined ITS & LSU rDNA
sequence data. Digits on the nodes represent the likelihood bootstrap values.

2.3. Analysis of Pigment Production on Different Media

After 4 weeks of incubation, G. triuniae NFCCI 4873 produced yellowish orange (5B8)
pigment on potato dextrose agar (PDA), potato carrot agar (PCA), Sabouraud dextrose agar
(SDA), and Czapek Yeast Extract Agar (CYA), which was completely diffused in media. In
contrast, no pigment production was observed on cornmeal agar (CMA) and Czapek Dox
agar (CZA) (Figure 3).
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Figure 3. Studies on pigment production by G. triuniaze (NFCCI 4873) on different media:
(a,b) G. triuniae on PDA (front and reverse view); (¢,d) G. triuniae on PCA (front and reverse view);
(e,f) G. triuniae on SDA (front and reverse view); (g,h) G. triunize on CMA (front and reverse view);
(Lj) G. triuniae on CYA (front and reverse view; and (k,1) G. triunize on CZA (front and reverse view).

2.4. Pigment Production in Liquid Media

G. triuniae NFCCI 4873 started pigment production earlier in PD broth of Hi-media
compared to natural PD broth and natural PC broth. However, pigment production
increased in natural PD broth and PC broth after 28 days of incubation compared to the
PD broth of Hi-media (Figure 4). Scanning of coloured culture filtrate of G. triuniae NFCCI
4873 from three different media at a wavelength ranging from 390-760 nm shows that
pigment production was higher in natural PD broth than PD broth (Hi-media) and natural
PC broth (Figure 5). This clearly shows that natural potato dextrose broth supports the
pigment production by G. triunise NFCCI 4873 and suggests it as a good media for optimum
pigment production.

190



Molecules 2022, 27, 393

Control flask  After 7 days After 14days  After 21 days  After 28 days
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Figure 4. Analysis of pigment production by G. triuniaze NFCCI 4873 in different liquid media.

35

——Potato dextrose broth, Himedia
25 -

——Natural potato dextrose broth

——Natural potato carrot broth

Absrorbance value

15

05

L e e T e e e B B e e e e e e e o aan s ol
£ £ £ £ £ 3 £ £ E £ E £ E £ £ 3 £ E £
H H < < < < < < < < < < < < < < < < <
g & 8 8 R &8 2 8 B R & & 8 8 R & 2 8 R
@ b= < < < < n w n w n © © © © © ~ ~ ~

Wavelength (A)

Figure 5. UV-Vis spectroscopy scanning (390-760 nm) of culture filtrates of different media.
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2.5. Fermentation and Extraction of Pigments

Upon filtration of 6-L fermentation broth of G. triuniae NFCCI 4873, approximately 4 L
of coloured culture filtrate and 75 g of dry fungal biomass were obtained. Pigments from
the coloured culture filtrate were extracted with Hexane, and the concentration of hexane
extract in a rota evaporator under reduced pressure yielded 526.26 mg of crude hexane
extract. This dried crude hexane extract was then used for subsequent analysis, testing,
and purification (Figure 6).

— 25°C with -
20-25 agar blocks of 100 l:.u
6 mm diam. _
- — For 6 weeks &
*.’
3 weeks old culture of G.
triunae PNS-1 on PDA u -

Natural PD broth Fermented broth
(6 litre)

Biomass

Dried under veducer Cell free culture filivate l
pressure in rota-evaporator Extracted with Hexane Drying at 105°C for

12-15houwrs

l

Total dry weight

. 75 gms
Crude Pigment Extract Purification “

by HP-TLC

Chemical Characterization of
Pure Compound

Figure 6. Schematic representation of fermentation, extraction, and purification of the compound
from a pure culture of G. triuniae NFCCI 4873.

2.6. UV=Vis Spectroscopy Analysis of Hexane Extract

Dried hexane extract dissolved in methanol showed maximum absorption at 220 nm
(Amax) upon scanning at a wavelength ranging from 190-760 nm (Figure 7).
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Figure 7. UV-Vis spectrum of hexane extract dissolved in methanol of G. triuniae NFCCI 4873.
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2.7. Antagonistic Activity Testing

The dual culture assay shows that G. triuniae NFCCI 4873 retarded the growth of fungal
plant pathogens (Colletotrichum gloeosporioides, Fusarium oxysporum, and Fusarium solani).
Among them, G. triuniae showed 30% inhibition of radial growth of F. solani, followed by
23% inhibition of radial growth of C. gloeosporioides and 16% inhibition of radial growth of
F. oxysporum. This indicates that our isolate has the potential to inhibit the growth of other
fungal plant pathogens (Figure 8).

Figure 8. Antagonistic activity of G. triuniae NFCCI 4873: (a) C. gloeosporioides on PDA (control),
(b,c) G. triuniae against C. gloeosporioides on PDA (front and reverse view), (d) F. oxysporum on PDA
(control), (e,f) G. triuniae against F. oxysporum on PDA (front and reverse view), (g) F. solani on PDA
(control), and (h,i) G. triuniae against F. oxysporum on PDA (front and reverse view).

2.8. Antioxidant Activity Testing of G. triuniae NFCCI 4873

From the result of in-vitro antioxidant activity, it was observed that hexane extract
of G. triuniae NFCCI 4873 showed satisfactory dose-dependent DPPH radical scavenging
activity with an ICsq value of 0.99 mg/mL when tested with standard ascorbic acid (ICs
value of 0.24 mg/mL). This suggests the promising antioxidant potential of crude hexane
extract of G. triuniae NFCCI 4873 (Figure 9).
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Figure 9. Scavenging effects of hexane extract of G. triunine NFCCI 4873 on DPPH radical.

2.9. Antimicrobial Activity Testing by Disc Diffusion

A crude hexane extract of G. triuniae showed promising antibacterial activity in the
disc diffusion assay (Figure 10). The mean diameters of the inhibition zones of test strains
for the crude hexane extract of G. triuniae NFCCI 4873 are shown in Table 1. From the results
of disk diffusion assay, it was observed that crude hexane extract G. triuniae NFCCI 4873
showed promising antimicrobial activity mainly against Gram-positive bacteria (B. subtilis,
S. aureus, and M. luteus), displaying an average zone diameter of 17.33 mm, 18.67 mm,
and 17.33 mm respectively (Table 1). However, it showed very little activity against Gram-
negative bacterium R. planticola with an average zone diameter of 12.33 mm; whereas
no activity was observed against E. coli and P. aeruginosa. In general, S. aureus was more
sensitive to the crude hexane extract, followed by B. subtilis and M. luteus, which show
similar sensitivity to the crude hexane extract. The study revealed that crude hexane
extract of G. triuniae NFCCI 4873 has potential antibacterial compounds that can be used in
medicines for their possible applications as an antibiotic.

Bacillus subtilis Raoultella planticola Escherichia coli
MTCC 121 MTCC 530 MTCC 739

Pseudomonas aeruginosa Micrococcus luteus Staphylococcus aureus
MTCC 2453 MTCC 2470 MTCC 2940

Figure 10. Antimicrobial activity of hexane extract of G. triunine NFCCI 4873 against
different test bacteria.
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Table 1. The zone of inhibition of test organisms against sample and standards with control.

The Diameter of the Zone of Inhibition in Millimeters
(Values are Average of Three Readings)

Samples E. coli MTCC B. subtilis P. aeruginosa S. aureus R. planticola M. luteus
739 MTCC 121 MTCC 2453 MTCC 2940 MTCC 530 MTCC 2470
Hexane extract
of G. triunige - 17.33 £ 1.53 - 18.67 £ 0.58 12.33 £ 0.58 17.33 £ 1.53
NFCCI 4873
Streptomycin 23.33 £2.89 18+0 940 - 19.67 £ 0.58 38.66 £ 1.15
Ampicillin 18.33 £ 2.89 30.67 &= 2.08 - 14.33 £1.15 13.67 £ 0.58 54 £ 0
Chloramphenicol ~ 23.33 4 2.89 29 +1.00 - 26 £ 1.00 19 £1.00 26.67 & 1.53
Ciprofloxacin = 45 33 5 gg 42 +1.00 40+0 34 +1.00 30.33 +0.58 36.67 + 1.53
hydrochloride
Vancomyein - 2333+ 0.58 - 20 + 1.00 18.67 + 0.58 26.67 + 0.58
hydrochloride
Milli-Q water - - - - - -
Methanol - - - - - -

2.10. MIC and MBC of Crude Pigment

The MIC of the crude hexane extract was found to be 3.91 pg/mL against B. subtilis
and 15.6 ug/mL against S. aureus; whereas it was 31.25 pug/mL for M. luteus. The results
of MIC show that B. subtilis had the lowest MIC, while the highest MIC obtained was for
M. luteus (Figure 11).

7 8 9 1001 12

800680 |
€

Figure 11. Microtitre plate showing MIC of crude pigment of G. triunine NFCCI 4873.

The MBC of the crude hexane extract of G. triuniae NFCCI 4873 was found to be
1 mg/mL against B. subtilis MTCC 121 and>1 mg/mL against S. aureus MLS 16 MTCC
2940; whereas it was 0.25 mg/mL against M. luteus MTCC 2470.

2.11. Dyeing of Cotton Fabric

Results of the dyeing experiment showed that cotton fabrics mordanted with dif-
ferent mordants (FeSO, and Alum) show more pigment uptake than un-mordanted fab-
ric. Among the two mordants used, cotton fabrics mordanted with FeSO4 have shown
more pigment uptake than cotton fabrics mordanted with different concentrations of
Alum (Figures 12 and 13). This clearly shows that pigments of G. triuniage NFCCI 4873 have
potential applications in the textile industry for dyeing different textile fabrics. Moreover,
previous studies have already reported phenoxazines and their derivatives as promising
textile dyes. Their intense colours and chemical nature make them excellent vat dyes. Be-
sides this, these dyes act as good colourants for paint, ink, papers, candles, soap, and plastic
materials [24]. This confirms that the main pigment “1,2-dimethoxy-3H-phenoxazin-3-one”
isolated and characterized from the present study may have promising dyeing potential in
the textile industry.
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5% FeSO, 5% FeSO, 15% FeSO,

Figure 12. Dyeing of mordanted and un-mordanted cotton fabrics with crude pigment extract
of G. triuniae NFCCI 4873.
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Figure 13. Cotton fabrics dyed with crude pigment extract of G. triuniae NFCCI 4873.
2.12. GC-MS Analysis of Crude Hexane Extract

GC-MS analysis of crude hexane extract showed the peaks along with the mass
of the organic molecules present in the extract. The chromatogram showed 25 peaks
corresponding to the molecules (Figure S7). The detailed data of compounds present in
the extract, their molecular weight, and respective retention time is presented in Table 2.
Crude hexane extract majorly showed the presence of fatty acids [n-hexadecanoic acid and
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octadecanoic acid] and their derivatives, esters (glycidyl palmitate and dibutyl phthalate),
and alkanes (hexatriacontane and undecane).

Table 2. Compounds identified from hexane extract by GC-MS analysis.

Relative Content

No. Compound Name Retention Time Molecular Weight (%)
1 Undecane 8.361 156 0.34
2 Unknown 17.817 283 0.21

1,2-benzenedicarboxylic acid,

bis(2-methylpropyl) ester 18.243 278 0-40

4 alpha—D—Mamopyranose, 5TMS 18.594 540 0.19
derivative

5 Dibutyl phthalate 18.717 278 0.98
6 n-Hexadecanoic acid 19.116 256 3.56
7 Dibutyl phthalate 19.189 278 0.75
8 Phthalic acid, butyl nonyl ester 19.386 348 0.30

alpha-D-Mannopyranose,
? 1,2,3,4,6-pentakis-O-(trimethylsilyl)- 19.459 540 0.28
10 Hexadecanoic acid, trimethylsilyl ester 19.854 328 1.75
11 9-Octadecenoic acid, methyl ester, (E)- 20.401 296 0.21
12 9-Octadecenoic acid, (E)- 20.801 282 17.62
13 Octadecanoic acid 20.989 284 2.85
14 Unknown 21.380 355 0.25
15 9—0ctadeceno?c ac}d, (E)-, TMS 21.422 354 137

derivative

16 9,12-Octadecadienoic acid (Z,2)- 21.550 280 0.47
17 Unknown 21.655 327 1.13
18 Hexatriacontane 21.747 506 2.71
19 Unknown 21.820 383 0.51
20 Glycidyl palmitate 22.149 312 0.53
21 Unknown 22.355 340 0.65
22 Unknown 22.697 355 28.08
23 Unknown 22.854 411 30.35
24 Unknown 23.126 397 2.97
25 9-octadecenoic acid, 1,2,3-propanetriyl 23.990 884 156

ester,

2.13. Purification of Pigment

Purification of crude pigment extract of G. triuniae NFCCI 4873 by preparative TLC
yielded 40 mg of purified orange compound (band 2), which was named PNS-1-OR (Figure 14).
This purified pigment was used for further chemical characterization for identification.
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Figure 14. Separation of compounds in the crude pigment of G. triuniae NFCCI 4873 on TLC plate
using HP-TLC.

2.14. Chemical Characterization of Pure Compound (PNS-1-OR)

HRMS spectrum of the pigment gave a sodium adduct [M + Na]* at m/z 280 (C14H11NO4Na)
and molecular ion peak of C14H;1NOy at m/z 258 [M+1], suggesting C14H;1NOy as its molec-
ular formula (Figure S2). The IR spectra showed a significant carbonyl (—C=0) peak at
1647 cm~1, (—C=N) 2331 cm~ !, and aromatic C-H stretching at 2943 cm ™! (Figure S1).

1,2-dimethoxy-3H-phenoxazin-3-one: This compound is orange solid. mp 145—150 °C;
UV (MeOH) Amax (log ¢€) 220 nm; IR (KBr) Vimax 2943, 2331, 1647 cm~!; 'H and '3C NMR
data, see Table 3; HR-MS m/z 258 [M+1]* (caled. for C14H11NOy, m/z 257).

Table 3. The 'H NMR (500 MHz, CDCl3) and '*C NMR (125 MHz, CDCl3) spectroscopic data for
1,2-dimethoxy-3H-phenoxazin-3-one isolated from G. triuniae NFCCI 4873 along with the reported
one [25].

1,2-dimethoxy-3H-phenoxazin-3-one 1,2-dimethoxy-3H-phenoxazin-3-
. from one Reported from
Position G. triuniae NFCCI 4873 A. viticola
dc dy (J in Hz) dc dy (J in Hz)
1 1452 C - 1451 C -
2 1458 C - 1459 C -
3 181.8 C=0 - 181.8 C=0 -
4 104.6 CH 6.23,s 104.7 CH 6.23,s
4a 1472C - 147.3C -
5a 1434C - 1435C -
6 115.9 CH 7.33,dd (8.1, 1.07) 116.0 CH 7.33,dd (8.2)
7 132.2 CH 7.54,td (7.7, 1.37) 132.2 CH 7.53,td (8.2)
8 125.3 CH 7.39,td (7.71,1.37) 125.3 CH 7.39, td (8.2)
9 130.3 CH 7.92,dd (7.93, 1.53) 130.3 CH 7.92,dd (8.2)
9a 132.6 C 132.7C -
10a 1472 C 1478 C -
1-OMe 62.2 CHj 4.12,s 62.3 CHj 4.12,s
2-OMe 61.1 CH3 414,s 612 CHj; 414,s

The 'H NMR, 3C NMR details are shown in Table 3 along with the reported data and
were found in agreement with the natural product, 1,2-dimethoxy-3H-phenoxazin-3-one
(Figure 15) reported from Acrospermum viticola, a leaf spot fungus of Mulberry [25].
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Figure 15. Natural product 1,2-dimethoxy-3H-phenoxazin-3-one.

The pigment is isolated as an orange solid: yield (40 mg, 20%), mp 148-150 °C. The
'H NMR shows the distribution of protons signals between 1.0 and 8.0 ppm. Analysis of
the 'H NMR (Figure S3) and 2D-COSY spectra (Figure S4) revealed a sequence of 11 total
hydrogens at 6 4.12 (s, 3H, OCHj3), 4.14 (s, 3H, OCH3), 6.23 (s, 1H, 4-H), 7.33 (dd, 1H, ] = 8.1,
1.07 Hz, 6-H), 7.39 (td, 1H, = 7.71, 1.37 Hz, 8-H), 7.54 (td, 1H, ] = 7.7, 1.37 Hz, 7-H), and
7.92 (dd, 1H, ] = 7.9, 1.53 Hz, 9-H). The 'H NMR of 1a showed two singlets at 6 4.11 (s, 3H,
OCHj3) and 4 4.14 (s, 3H, OCHy), revealing two methoxy groups at positions one and two.
A singlet was observed at 6 6.23 (s, 1H, C-4) next to the carbonyl group at position four.
The characteristic signals for aromatic protons were observed at J 7.33 as a doublet for (dd,
] =8.09 Hz, 1H, 6-H), triplet at 6 7.39 (td, ] =7.71Hz, 1H, 8-H), triplet at 6 7.54 (td, ] =7.70,
1H, 7-H), and doublet at 6 7.92 (dd, ] = 7.93 Hz, 1H, 9-H). The 'H COSY spectrum showed
the correlation of a 6-H proton at 6 7.33 with a 7-H proton at  7.54 only. The 8-H proton
at § 7.39 showed a correlation with 7-H and 9-H at 6 7.54 and 7.92, respectively. The 7-H
proton at 6 7.54 displayed a correlation with 6-H and 8-H at ¢ 7.33 and 7.39, respectively.
The 9-H proton at 7.92 displayed a correlation with 8-H at 6 7.39.

The '3C spectrum of PNS-1-OR was observed between 60 ppm and 200 ppm. The
13C NMR spectra (Figure S5) showed 14 carbons at 6c 61.1 (OCHj3), 62.2 (OCH3z), 104.6
(C-4), 1159 (C-6), 125.3 (C-8), 130.3 (C-9), 132.2 (C-7), 132.6 (C-9a), 143.4 (C-5a), 145.2 (C-1),
145.8 (C-2), 147.2 (C-4a, 10a), and 181.8 (C-3). The DEPT 135 analysis (Figure S6) showed
the carbons that are attached to hydrogens. Therefore, peaks observed at 6 61.22 and
62.26 belong to two methoxy carbon. The peak detected at & 104.65 corresponds to C-4.
The displayed peaks at § 115.98, 125.375, 130.38, and 132.21 belong to C-6, C-8, C-9, and
C-7, respectively.

The elemental analysis of CHN for the formula C14H;1NO4 was obtained as C 64.97,
H 4.29, and N 5.44%, which was found in agreement with the calculated values C 65.37,
H 4.31, and N 5.44%. It was confirmed that the isolated pigment is 1,2-dimethoxy-3H-
phenoxazine-3-one.

3. Materials and Methods
3.1. Collection and Isolation of Fungus

Infected leaves of Maytenus rothiana were collected in sterile paper bags from the West-
ern Ghat region (Mahabaleshwar), Maharashtra, India. Collected samples were transported
to the laboratory and stored in a refrigerator at 4 °C till their processing. Collected leaves
(infected with fungus) were used to isolate fungus. The lower leaf surface was found to be
colonized by fungus. For the in-vitro culture of fungus, spore mass was lifted with the help
of a fine needle from the infected leaf surface and suspended in 1 mL sterile distilled water
incorporated with Tween 20. Then, with a micropipette’s help, 200 pL of spore suspension
was spread on a 2% Neutral agar plate using a spreader, and the plate was incubated at
25 °C overnight. On the next day, the plate was observed under the CX-21 compound
microscope, and germinated single spores with agar block were picked up with the help of
a sterile needle and transferred on sterile potato dextrose agar (PDA) plates. Plates were
incubated at 25 °C for 7 days. The pure growing colonies were further sub-cultured on
fresh PDA plates and slants. Slants were stored in a refrigerator at 4 °C till further use.
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3.2. Morphological Identification and Deposition of Fungal Culture

Necrotic lesions on the infected leaves were marked. Scrape mount slides were
prepared in lactophenol cotton blue and observed under a microscope; based on the
literature, the fungus was identified as Gonatophragmium sp. Similarly, slides were prepared
in lactophenol cotton blue mount from axenic culture. Microphotographs were taken using
Carl Zeiss AXIO-10 microscope, and scanning electron microscopic (SEM) images were
taken using images ZEISS EVO MA 15 Scanning electron microscope at 20 KV.

A pure culture of G. triunise was inoculated on potato dextrose agar (PDA) and potato
carrot agar (PCA) to study cultural and microscopic characters. Plates were incubated at
25 °C for 14 days, and cultural and microscopic characters were noted upon completion
of incubation. Slide culture [26,27] and grass leaf technique [28] were used to get the
sporulation, but no sporulation was observed.

Live and pure fungal culture of G. triunise were deposited in the National Fungal
Culture Collection of India (NFCCI), Agharkar Research Institute, Pune, under the accession
number NFCCI 4873. Voucher culture G. triuniae NFCCI 4873 was deposited in Ajrekar
Mycological Herbarium (AMH), Agharkar Research Institute, Pune, with accession number
AMH 10289.

3.3. Molecular Identification and Phylogeny

For the identification and authentication of fungal culture up to species level, molecular
characterization was done. The fungal genomic DNA was isolated following the standard
protocol [29]. Then by polymerase chain reaction (PCR), the ITS (internal transcribed spacer)
and LSU (large subunit) regions of rDNA were amplified from the extracted genomic DNA
using the primers ITS-4 & ITS-5 [30] and LR-0R & LR-7 [31], respectively. FavorPrepTM PCR
Purification Kit (Favorgen, Biotech Corporation, Taiwan) was used to purify PCR products.
Purified PCR products were subjected for sequencing by the BigDye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Waltham, MA, USA) and ABI Avant 3100 automated
DNA sequencer (Applied Biosystems, USA). The manually edited sequences of ITS and
LSU regions of rDNA of our fungal isolate were deposited in the nucleotide sequence
database of NCBI (Gene Bank Accession Numbers: ITS- MW193329 and LSU- MW144438).

The ITS and LSU rDNA sequences of our fungal isolate were subjected to Mega
BLASTn sequence homology searches. Based on the BLASTn search results, geneti-
cally related species, including genus Gonatophragmium, Acrospermum, Pseudovirgaria, and
Dyfrolomyces, were chosen to construct the phylogenetic tree (Table 4). Phylogenetic anal-
ysis of G. triuniae NFCCI 4873 was performed based on a combined ITS and LSU rDNA
sequence data of a total of 19 fungal cultures. The Eremomyces bilateralis CBS 781.70 was
chosen as an out-group. With the help of the MUSCLE algorithm, multiple sequence
alignment was performed in MEGA 7 [32]. Phylogenetic tree of G. triuniae NFCCI 4873 was
constructed based on combined data of ITS & LSU rDNA sequences in IQ-TREE multicore
version 1.6.11 [33] using the Maximum Likelihood method with best-fit model TN+F+G4.
Selection of the best-fit model was done using the ModelFinder employed in IQ-TREE.

3.4. Analysis of Pigment Production on Different Media

A pure culture of G. triunize NFCCI 4873 was inoculated on different media such as
potato dextrose agar (PDA), potato carrot agar (PCA), Sabouraud dextrose agar (SDA),
Czapek Dox agar (CZA), cornmeal agar (CMA), and Czapek Yeast Extract Agar (CYA) in
duplicates and incubated at 25 °C for 28 days to assess the pigment production potential.
After incubation, the colour of the pigment diffused in media was recorded using the
Methuen handbook of colour [34].

3.5. Analysis of Pigment Production in Liquid Media

The culture of G. triuniae was also tested for its pigment production ability in different
liquid media such as potato dextrose broth (PDB, Hi-media), natural potato dextrose
broth (n-PDB), and natural potato carrot broth (n-PCB). Four agar blocks of a pure culture
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of G. triunige (6 mm diameter) from 20-days-old PDA culture plate were inoculated in
a 250 mL Erlenmeyer flask containing 100 mL media (each media in the separate flask),
and flasks were incubated at 25 °C with 150 rpm. All tests were performed in duplicates.
All flasks were observed intermittently after every week from the date of inoculation for
pigment production, and observations were noted down. After 4 weeks of incubation,
culture broths were filtered, and absorption spectrum analyses of the coloured filtrates
were performed using a UV-VIS spectrophotometer (Shimadzu UV-2450). The absorbance
of coloured culture filtrates was recorded in the visible light range from 390-760 nm with a
10 mm optical pathlength and 0.1 nm resolution.

Table 4. GenBank accession numbers of taxa used for phylogenetic analysis.

GenBank Accession No.

Sr. No. Fungal Culture Strain
ITS LSU

1 Gonatophragmitm NFCCI 4873 MW193329 MW144438
triuniae

2 Gonatophragmitrm CBS 138901 NR_137932 NG_058117
triuniae

3 fpolglof hragmium CBS 122271 MH863183 MHS874728

4 Acrospermum sp. SGSF153 MK335823 MK?754265

5 Acrospermum MFLU 17-2849 - NG._064506
longisporium

6 Acrospermum M152 - EU940085
gmmmeum

7 Acrospermum M151 - EU940084
Compressum

8 Pseudovirgaria grisea CPC 19130 JF957607 JF957612

9 Pseudovirgaria CPC 10702 EU041765 EU041822
hyperpamsztlca

10 Pseudovirgaria CPC 10704 EU041766 EU041823
hyperparasitica

11 Pseudovirgaria CPC 10753 EU041767 EU041824
hyperpamsttlca

12 Pseudovirgaria grisea CPC 19126 JF957605 JF957610

13 Pseudovirgaria grisea CPC 19128 JF957606 JF957611

14 Dyfrolomyces sinensis MFLU 17-0777 - NG_064507

15 Dyfrolomyces sinensis MFLUCC 17-1344 - MGB836699

16 Dyfrolomyces NTOU3636 - KC692156
tiomanensis

17 Dyfrolomyces JK 5456A - GU479799
rhizophorae

18 Dyfrolomyces MFLUCC 15-0635 - KX925435
thamplaensis

19 Eremomyces bilateralis CBS 781.70 NR_145364 NG_059206

3.6. Fermentation and Extraction of Pigments

G. triuniage culture was subjected to flask scale fermentation in a total of 6 L (four flasks
containing 1.5 L of media) of natural potato dextrose broth (PD broth). Each flask was
inoculated with 20-25 mycelial disks (6 mm diameter) of G. triuniae from 3-weeks-old PDA
culture plate using a cork borer and incubated at 25 °C with 100 rpm for 4-6 weeks. After
incubation, the coloured culture broth was filtered through pre-weighed blotting paper, and
culture filtrate was collected in a separate flask. Later, the pigments from the culture filtrates
were extracted thrice with an equal volume of Hexane. With the help of a separating funnel,
the Hexane part was separated from the culture filtrate. The separated hexane part was
evaporated to dryness under reduced pressure in a rota evaporator (Heidolph, Schwabach,
Germany). The resulting concentrated hexane extract was used for further experiments.
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Finally, biomass collected in a pre-weighed blotting paper was dried at 105 °C for 12-15 h
and weighed to measure the yield of biomass concentration [35].

3.7. UV=VIS Spectroscopy Analysis of Hexane Extract

UV-Visible spectroscopic analyses of the crude hexane extracts were performed using a
UV-VIS spectrophotometer (Shimadzu UV-2450). The crude hexane extract was evaporated
to dryness and then dissolved in methanol solvent, and absorbance was recorded in the
range of 190-760 nm with a 0.1 nm resolution and 10 mm optical path length.

3.8. Antagonistic Activity of G. triuniae NFCCI 4873

Antagonistic activity of G. triuniae against three fungal pathogens (Colletotrichum
gloeosporioides, Fusarium oxysporum & Fusarium solani) was evaluated by dual culture tech-
nique [36]. Mycelial disks of 6 mm diameter were excised from the edge of actively growing
culture of G. triuniae and fungal pathogens and inoculated on opposite ends of PDA plates
equidistant from the periphery (each pathogen separately with test culture). For control,
PDA plates were inoculated with a pathogen without test culture. Plates were then incu-
bated at 25 °C for 14 days. Experiments were performed in duplicates. After completion of
incubation, the radial growth of each fungal pathogen on PDA plates was measured, and
percentage inhibition of radial growth (PIRG) of fungal pathogens was calculated relative
to the control plate using the following formula:

PIRG = [(R; — Rp)/Ry] x 100

where R; is the radial growth of the fungal pathogen in the control plate, and R; is the
radial growth of the pathogen in the presence of test culture (G. triuniae) [37].

3.9. In-vitro Antioxidant Activity of Crude Pigment

In-vitro antioxidant activity of hexane extracts was tested using DPPH radical scaveng-
ing method [38]. Different concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL) of the extract
and standard solution (Ascorbic acid, Sigma, USA) were used, and for that, dilutions were
prepared in methanol. For the assay, 10 pL of extract or standard solution was added to
200 pL of 0.1 mM DPPH in methanol solution in a 96-well microtitre plate (Thermofisher,
Waltham, MA, USA). All reactions were performed in triplicates. The plate was then incu-
bated at 37 °C for 30 min in the dark. After incubation, the absorbance of the solution in
each well was measured at 490 nm using a Synergy HT Multi-detection microplate reader
[BioTek, Winooski, VT, USA]. The percentage of radical scavenging activity of the hexane
extract was calculated by the following formula:

DPPH radical scavenging activity (%) = [(OD control — OD sample)/OD control] x 100

where OD means optical density or absorbance value. The IC5y value (concentration of
sample required to scavenge 50% of free radicals) of hexane extract was determined.

3.10. Antimicrobial Activity of Crude Hexane Extract

Crude pigment sample was screened against a panel of test organisms, including
Escherichia coli (MTCC 739), Bacillus subtilis (MTCC 121), Staphylococcus aureus MLS 16
(MTCC 2940), Pseudomonas aeruginosa (MTCC 2453), Raoultella planticola (MTCC 530), and
Micrococcus luteus (MTCC 2470). The test strains were procured from Microbial Type
Culture Collection (MTCC), CSIR-Institute of Microbial Technology (IMTECH), Chandigarh,
India. Ciprofloxacin hydrochloride (1 mg/mL), vancomycin hydrochloride (1 mg/mL),
chloramphenicol (1 mg/mL), streptomycin (1 mg/mL), and ampicillin (1 mg/mL) against
bacteria, were used as positive controls.
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3.11. Antimicrobial Activity by Disc Diffusion Method

The antimicrobial activity of the hexane extract of G. triuniae was tested using the disk
diffusion method. The standardized microbial inoculum of the test strain was prepared in
a saline solution (~10°~108 CFU/mL) from the 24 h old culture plates. The culture media
used was Muller-Hinton agar (MHA). A direct colony suspension method was used for
the inoculum preparation in which well-isolated colonies from 24 h old culture plates
were selected and suspended in sterile saline. Then saline suspensions of the test cultures
were adjusted to achieve turbidity equivalent to a 0.5 McFarland standard. This was done
by adjusting the turbidity of the cell suspensions between 0.08 and 0.12 AU in a UV-Vis
Spectrophotometer (Shimadzu UV-2450) at 625 nm as recommended by CLSI guidelines.
This results in a suspension with approximately 1-2 x 108 colony-forming units (CFU)/mL
for Escherichia coli ATCC®a 25922. The resulted suspension was added in sterile molten
Muller-Hinton agar (0.5 mL/100 mL of media). The final concentration of the cells in the
media was 0.5-1.0 x 10 CFU/mL. Then media was poured in Petri plates and allowed to
solidify [39].

Sterile Whatman filter paper discs impregnated with known amounts of the test sam-
ple (Img/mL of dried hexane extract dissolved in methanol) were placed on the surface
of an agar plate that was inoculated with a standardized suspension of microorganisms
that were to be tested. Standard antibiotics like ampicillin (1 mg/mL), ciprofloxacin hy-
drochloride (1 mg/mL), streptomycin (1 mg/mL), vancomycin hydrochloride (1 mg/mL),
and chloramphenicol (1 mg/mL) were used as positive controls. Paper discs impregnated
with only methanol and sterile water were used as negative controls. Plates were left at
room temperature for 1-2 h for the diffusion of samples and then incubated at 37 °C for
24 h. After completion of incubation, all plates were observed for the zone of inhibition.
The diameters of the zone of inhibition were measured in millimeters, including the disk
diameter (6 mm). All experiments were performed in triplicates.

3.12. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

3.12.1. Preparation of Pigment Stock

Forty milligrams of crude pigment was dissolved in 1 mL of DMSO in a 2 mL Eppen-
dorf tube, and a tube was mixed well. Then this 1 mL solution was then diluted 10 times in
sterile Muller-Hinton broth (MHB), and the resultant solution was stored in the refrigerator
at 4 °C until further use.

3.12.2. Preparation of Standardized Inoculum

The standard inoculum (0.5 McFarland) of Gram-positive bacteria (Bacillus subtilis,
Staphylococcus aureus MLS 16, and Micrococcus luteus) was prepared by the direct colony
suspension method as recommended by CLSI guidelines in which the ODgp5 value was
adjusted to the equivalent of 108 CFU/mL in a Shimadzu UV-2450 UV-VIS spectropho-
tometer [39].

3.12.3. MIC and MBC Experiment

The minimum inhibitory concentration (MIC) of the crude pigment extract was as-
sessed using the standard method [39]. The MIC of the crude pigment extract was deter-
mined by the broth microdilution method in a 96-well plate as per the CLSI recommended
protocol. All the wells of the microtitre plate from columns 2-11 were added with 50 pL of
sterile Muller-Hinton broth (MHB). The last (12%) column was added with 100 uL of MHB
as sterility control. One hundred microlitres of pigment solution (2 mg/mL) was added
to the first column of the 96-well microtitre plate. Then, using a micropipette, a two-fold
serial dilution was performed by transferring 50 uL of the pigment solution from the first
well to the succeeding well and up to the 10t well, and the final 50 uL of the solution
was discarded. Standardized inoculums of bacteria were diluted 1:150 times in sterile MH
broth to get 10° CFU/mL concentrations of bacteria. Then, 50 uL of microbial suspension
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(10 CFUs/mL) was added in each well from well 2-11; while in rows D and H, from well
1-10, there was no addition of bacterial suspension, which were treated as pigment control.
Plates were incubated at 37 °C for 20 h. Each test was performed in triplicates.

After incubation at 37 °C for 20 h, 30 uL of 0.01% resazurin was added to each well,
and then plates were further incubated for 2 h at 37 °C for the change of colour. The
well-containing lowest concentration of pigment showing no colour change was considered
as the MIC value.

After 20 h of incubation at 37 °C, 10 uL solution from each well (2-11) of the 96-well
microtitre plate was plated on Muller-Hinton agar plate, and plates were incubated at
37 °C for 24 h. After completion of incubation, plates were observed for the growth of
bacteria. The lowest concentrations that completely kill the bacteria and do not show
growth on the MHA plate were considered minimum bactericidal concentration (MBC).

3.13. Dyeing of Cotton with a Crude Pigment of G. triuniae NFCCI 4873
3.13.1. Textile Fabric

Raw cotton fabric was collected from the local market, Pune. Cotton fabric was then
cut into 10 x 10 cm pieces (each weighing 1 gm) and used for the dyeing experiment.

3.13.2. Scouring

Twelve cotton fabric pieces of 10 x 10 cm (12 g) were pre-soaked in milli-Q water and
then cooked in 2.5 L of Milli-Q water containing 20 mL of non-ionic detergent (Triton-X-100)
for 1 h at 70 °C in a water bath to remove oil and dirt. Scoured cotton fabrics were then
rinsed thoroughly with running water and air-dried [40].

3.13.3. Mordanting

Scoured cotton fabric pieces were mordanted by the pre-mordanting technique [40,41].
Cotton fabric pieces (10 x 10 cm) were mordanted with different concentrations (5%, 10%,
and 15% w/w of fabric) of Alum and FeSOy for 45 min at 70 °C with a 1:20 material to liquid
ratio (MLR). After completing mordanting, fabric pieces were rinsed in running water and
finally allowed to air dry.

3.13.4. Preparation of Dye Bath

One hundred milligrams of dried crude pigment of G. triuniae NFCCI 4873 was re-
dissolved in 500 mL of Milli-Q water using a magnetic stirrer. The resultant coloured
solution was used as a dye bath for dyeing cotton fabric.

3.13.5. Dyeing

Unmordanted and pre-mordanted cotton fabric pieces were dyed with a crude pigment
solution of G. triuniae NFCCI 4873. Cotton fabric pieces (10 x 10 cm) were dyed at a material
to liquor ratio (MLR) of 1:50 at 70 °C for 45 min in a water bath. The pH of the dye bath
was not controlled. Dyed fabric pieces were then treated with 1% acetic acid and washed
thoroughly in running water. The dyed fabric pieces were then rinsed with cold water and
dried overnight in the shed [40].

3.14. GC-MS Analysis

The dried hexane extract was subjected to derivatization using N-Methyl-N-(trimethylsilyl)
trifluoroacetamide [MSTFA] as a silylating agent. For derivatization, about 5 mg of sample
was dissolved in 100 puL of pyridine in a glass vial followed by the addition of 100 pL of
MSTFA. The solution was mixed well, heated at 60 °C for 20 min, and cooled to room
temperature. After derivatization, the sample was subjected to gas chromatography-mass
spectrometric analysis using GCMS-TQ8030 (Shimadzu, Nakagyo-ku, Kyoto, Japan). A
fused silica column [RTX-5MS (30 m x 0.25 mm x 0.25 um)] was used. The temperature of
the column was programmed from 50 to 280 °C at a rate of 10 °C/min. The injection port
temperature was set at 280 °C, and a split ratio of 1:40 was used for the analysis. Helium
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was used as the carrier gas at a flow rate of 1.0 mL/min. Electron ionization source of 70 eV
and a mass range of m/z 35-800 U was used for MS detection. The resultant MS peaks
in the GC-MS chromatogram were identified by comparing and matching the mass and
mass fragmentation pattern with the reference mass and mass fragmentation pattern in the
NISTO05 MS library.

3.15. Purification of a Compound by HP-TLC

Two-hundred milligrams of crude pigment extract of G. triuniae NFCCI 4873 was
dissolved in 4 mL of acetone, and compounds present in crude extract were separated
on silica plates using HP-TLC (CAMAAG). Hexane:ethyl Acetate (40:60) was used as the
mobile phase; thin aluminium silica plates (Merck) were used as the stationary phase. After
separating compounds through HP-TLC, the orange band separated on plates was cut,
and the compound attached to silica was extracted with acetone. Acetone extracts were
collected in a round bottom flask and dried using a rota evaporator under reduced pressure
using Heidolph rota evaporator. Finally, the weight of the dried, purified pigment was
measured and recorded.

3.16. Chemical Characterization of Purified Orange Compound (PNS-1-OR)

The high-resolution mass spectrum (HRMS) of the pure orange pigment labeled
as PNS-1-OR was recorded on a Bruker IMPACT HD. FTIR spectrum of pigment was
recorded on a Shimadzu-IRAffinity-1 FTIR spectrophotometer in the frequency range
4000400 cm~!. Pure compound was subjected to 'H (500 MHz) and 3C (125 MHz) NMR
in Bruker 500 MHz NMR instrument using CDCl; as a solvent for dissolving sample and
TMS as internal standard. Chemical shifts (5-values) are given in parts per million (ppm),
and the coupling constants (J-values) are given in hertz (Hz).

4. Conclusions

Many fungi of different taxonomic groups producing a wide variety of pigments
of different colours and chemical classes have been reported by researchers across the
world. Among them, some fungal pigments find their application in different industries
possessing promising colouring properties. The present study also reports one of the
unconventional fungi, i.e., G. triuniae, showing very good pigment production potential.
Moreover, this is the first experimental work reporting pigments and other secondary
metabolites from the fungus G. triuniae. Based on the results of the antibacterial activity of
the crude pigment extract, we conclude that the crude pigment extract shows the presence
of antibiotic compounds, exhibiting antibacterial activity against Gram-positive bacteria.
In addition to this, the DPPH radical scavenging activity of the crude pigment extract
confirmed the presence of antioxidant compounds in the crude pigment extract. Such
bioactivities (antibacterial and antioxidant) of the crude pigment extract have elevated
the G. triuniae as a promising source of bioactive compounds for their possible use in the
medicine and pharmaceutical industry. Besides this, the dyeing property of the crude
pigment extract revealed the potential use of pigments of G. triuniae in the textile industry
for dyeing different types of fabrics.

The purification of crude pigment extract of G. triuniae finally yielded into a major
orange-colored phenoxazine class pigment, which was characterized and identified as
1,2-dimethoxy-3H-phenoxazin-3-one (C14H11NO4, M.W. 257), based on UV-Vis, FTIR,
HRMS, and NMR analysis. Although this pigment was already described from fungus
A. viticola, this is the first study reporting the phenoxazine class of pigment from fungus
G. triuniae. Considering the previous studies describing dyeing potential and bioactivity
of phenoxazines, we may finally conclude that the orange pigment “1,2-dimethoxy-3H-
phenoxazin-3-one” is a promising colourant and possible bioactive compound of G. triuniae,
having future applications in the textile and pharmaceutical industry.
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Abstract: Screening of several fungi from the New Zealand International Collection of Microorgan-
isms from Plants identified two strains of Penicillium, P. bissettii and P. glabrum, which exhibited
antimicrobial activity against Escherichia coli, Klebsiella pneumoniae, and Staphylococcus aureus. Further
investigation into the natural products of the fungi, through extraction and fractionation, led to the
isolation of five known polyketide metabolites, penicillic acid (1), citromycetin (2), penialdin A (3),
penialdin F (4), and myxotrichin B (5). Semi-synthetic derivatization of 1 led to the discovery of
a novel dihydro (1a) derivative that provided evidence for the existence of the much-speculated
open-chained form of 1. Upon investigation of the antimicrobial activities of the natural products
and derivatives, both penicillic acid (1) and penialdin F (4) were found to inhibit the growth of
Methicillin-resistant S. aureus. Penialdin F (4) was also found to have some inhibitory activity against
Mycobacterium abscessus and M. marinum along with citromycetin (2).

Keywords: antimicrobial; penicillium; metabolite; fungi; natural products

1. Introduction

Manaaki Whenua'’s International Collection of Microorganisms from Plants (ICMP)
contains over 10,000 fungal cultures, most of which originate from Aotearoa New Zealand
and the South Pacific [1]. These fungal cultures include a diverse range of fungal species,
many of which are unique to Aotearoa New Zealand and most of which have not been
rigorously tested for antimicrobial activity or investigated for novel natural products. The
most well-known and significant example of antibiotic discovery from microbes was the
discovery of penicillin from a Penicillium rubens culture by Alexander Fleming in 1928 [2,3].
The structure of Fleming’s penicillin was proposed in 1942 by Edward Abraham and
confirmed by Dorothy Hodgkin in 1945. While the original penicillins were active mostly
against Gram-positive bacteria, numerous semisynthetic antibiotics were produced in the
subsequent years with an improved spectrum of activity [2].

The Penicillium genus is large with more than 350 currently accepted species divided
into 28 sections [4]. Section Aspergilloides contains many common cosmopolitan species
isolated from soil, food, and plants, including Penicillium glabrum ICMP 5686 isolated from
sheep dung in New Zealand [5]. Section Lanata-Divaricata contains many common soil-
inhabiting fungi, including Penicillium bissetti ICMP 21333 isolated from tree roots in New
Zealand [6]. Investigation of ICMP 5685 and ICMP 21333 led to the isolation of five known
polyketide secondary metabolites. Structure elucidation of secondary metabolites 1-5 with
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NMR spectroscopic and mass spectrometric data identified the natural products as penicillic
acid (1) [7,8], citromycetin (2) [9], penialdin A (3) [10], penialdin F (4) [11], and myxotrichin
B (5) [12] (Figure 1). The antimicrobial activities of 2-4 have been previously investigated
and were found to be not active when tested against S. aureus, E. coli, Bacillus subtilis, and
Acinetobacter sp. at concentrations less than 10 ug/mL [9,10,13]. However, 3 has been
reported to exhibit anti-inflammatory activity [14], antioxidant activity [15], and moderate
anti-diabetic activities [16]. Semisynthetic derivatization of penicillic acid (1), including
hydrogenation and acetylation, resulted in the discovery of a novel keto acid derivative 1a
and two other known derivatives, 1b and 1c. The structure of keto acid derivative 1a was
suspected to be a hydrogenation product of the open chain tautomer of penicillic acid (1),
the existence of which has somewhat been disagreed upon. Herein, we report the isolation,
derivatization, structure elucidation, and bioactivities of polyketide secondary metabolites
from Penicillium and provide evidence for the existence of the open-chain tautomer of
penicillic acid (1).

5a°0 OH HO 520 (@)

Penialdin F (4) Myxotrichin B (5)
Figure 1. Structures of polyketide metabolites isolated from Penicillium.

2. Results and Discussion
2.1. Evaluation of Extract Bioactivity

During initial whole cell screening, Penicillium bissettii ICMP 21333) showed antibac-
terial activity against E. coli, K. pneumoniae, and antibiotic-sensitive and resistant S. aureus,
with zones of inhibition of up to 35 mm in diameter (Figure 2).

From the crude extract of Penicillium bissettii ICMP 21333, a polyketide metabolite 1 was
isolated via flash column chromatography. HRESI mass spectrometric data for 1 identified a
sodiated adduct observed at m/z 193.0494 [M + Na]* corresponding to a molecular formula
of CgH;104. The 'H NMR spectrum of 1 exhibited one broad exchangeable singlet (6y
7.87, OH), one sharp olefinic singlet (5 5.41), two broad olefinic signals (6y 5.11 and
5.30), a methoxy singlet (5y 3.85), and a methyl singlet (5 1.65). The '3C NMR spectrum
showed eight signals at ¢ 179.4, 170.0, 140.2, 115.3, 102.4, 89.4, 59.8, and 17.1. HSQC NMR
data connected the two olefinic signals (6y 5.11 and 5.30, H»-6) to a carbon signal at d¢
115.3 (C-6), giving evidence for the presence of a terminal alkene. The HMBC spectrum
identified correlations between these terminal alkene protons (511 5.11 and 5.30, H-6) and
the methyl carbon at ¢ 17.1 (C-7) as well as the quaternary carbons at ¢ 102.4 (C-4) and
140.2 (C-5), suggesting the presence of a fragment with a methyl group adjacent to the
terminal alkene. HMBC correlations between the other olefinic proton (5y 5.41, H-2) and
both the carbonyl carbon at 6c 179.4 (C-1) and quaternary carbon at 6c 102.4 (C-4), and
the correlation between the methoxy singlet (857 3.85) and the other quaternary carbon at
d¢c 170.0 (C-3), identified the presence of an «,3-unsaturated y-lactone ring. Additional
HMBC correlations between both the methyl (8¢ 1.65, H3-7) and olefinic (6y 5.41, H-2)
protons and the quaternary carbon signal at ¢ 102.4 (C-4) connected the lactone ring to the
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Zone of inhibition (mmj_

terminal alkene fragment. The mass spectrometric and 'H NMR data were consistent with
data previously reported for penicillic acid (1) (Figure 1) [7,8].

Lad
=
1

[ ]
=
1

101

. coli 26822 K. preumoniae 700603 S aureus 29213 S aureus 33593

Bacterium

Figure 2. Antibacterial activity of Penicillium bissettii ICMP 21333 against Escherichia coli, Klebsiella
pneumoniae, and Staphylococcus aureus. The antibacterial activity of P. bissettii ICMP 21333 was
measured by the production of zones of inhibition (mm) when fungal plugs were incubated on lawns
of E. coli ATCC 25922, K. pneumoniae ATCC 700603, S. aureus ATCC 29213 (antibiotic-sensitive), and S.
aureus ATCC 33593 (antibiotic-resistant). Boxes are upper and lower quartiles with median shown.
The whiskers extend up to 1.5x the inter-quartile range, and any dots beyond those bounds are
outliers. The dotted line represents the diameter of the fungal plugs. Experiments were performed
on three separate occasions with three technical replicates per experiment.

From the crude extracts of P. glabrum, four metabolites were isolated after purification
by flash chromatography. Mass spectrometric analysis of metabolite 2 afforded a molecular
formula of C14H;9O7 from a sodiated adduct at m/z 313.0328 [M + Na]*. The 'H NMR
spectrum showed the presence of four singlets corresponding to a methyl group (g1 2.35),
a methylene group (0 5.03), and two olefinic protons (6y 6.22 and 6.53). Analysis of the
HMBC spectrum identified correlations between the olefinic proton at 6y 6.53 (H-7) and
four quaternary carbons at 6c 104.7 (C-10a), 141.9 (C-9), 153.3 (C-8), and 158.1 (C-6a) and
between the methylene protons at &1y 5.03 (H,-5) and three quaternary carbons at 5¢ 111.1
(C-4a), 152.5 (C-10b), and 158.1 (C-6a), indicating the presence of a chromene. The other
olefinic proton at 6y 6.22 (H-3) exhibited HMBC correlations to the methyl carbon at d¢
19.1 (Me), a carbonyl carbon at ¢ 177.2 (C-4), and two quaternary carbons at 6c 166.2
(C-2) and 111.1 (C-4a), indicating the presence of a y-pyrone fused to the chromene ring.
Substructure searching through the literature led to the identification of this metabolite
as citromycetin (2) [9]. The other three metabolites showed similar 'H and *C NMR
spectra to 2. Comparison of mass spectrometric and NMR data to the literature led to
the identification of these metabolites as penialdin A (3) [10], penialdin F (4) [11], and
myxotrichin B (5) [12].

2.2. Derivatisation of Penicillic Acid

Penicillic acid (1) was first reported in 1913 during an investigation between the
incidence of pellagra and mould spoiled corn where they isolated an unknown fungal
metabolite [17]. The structure of this metabolite was not determined until 1936 when
Birkinshaw, Oxford, and Raistrick, who had been working on Alsberg and Black’s original
cultures of Penicillium puberculum, were able to isolate the same compound in significantly
higher yields from cultures of P. cyclopium [18]. They used this material to complete
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their investigation on the structure, which they reported as a substituted y-keto acid that
tautomerized to a y-hydroxy lactone (Figure 3) [10].

o~ et

(@]
/ /O

Penicillic acid (1)
Figure 3. Tautomerization of penicillic acid (1).

There has been some disagreement on the existence of the open chain y-keto acid
tautomer [18-21]. The chemical studies carried out by Birkinshaw et al. provided evidence
for the open-chain form [18]. They observed esterification of anhydrous penicillic acid (1)
with diazomethane and the reaction of a cold aqueous solution of penicillic acid with one
mole equivalent of free hydroxylamine, both of which they suggested provided evidence for
the presence of the carboxyl group. However, a study by Raphael presented UV absorption
spectra of both penicillic acid (1) and the methyl ester in acid and alkaline aqueous solutions
in which a maximal absorbance was observed at ~220 nm for both compounds, which was
consistent with the closed-ring lactone but not with the open-chain keto acid /keto ester [20].
Similar data for dihydropenicillic acid (1b), a derivative formed via hydrogenation of the
natural product, were also obtained suggesting that penicillic acid exists purely as the
lactone and that the keto acid tautomer is not required to explain the chemical properties
observed by Birkinshaw et al. [18,20]. A study by Shaw also presented UV absorbance
data for penicillic acid (1) in both acid and alkaline solutions [21]. Results comparable to
Raphael’s were observed for the acid solution, but a shift in the absorption maxima to
~295 nm was observed in 0.1N NaOH solution, consistent with a change to the keto acid
structure [20,21].

To investigate the existence of the open chain y-keto acid tautomer, in the present study,
we proceeded to prepare dihydropenicillic acid (1b) (Figure 4) via catalytic hydrogenation
of penicillic acid (1) in methanol, using palladium on carbon under a hydrogen atmosphere.
The crude product was characterized via mass spectrometry and NMR. The sodiated
adduct observed at m/z 195.0622 for [M + Na]* in the (+)-HRESI mass spectrum of the
crude product 1a confirmed the addition of one mole of Hj to penicillic acid (1), giving
a molecular formula of CgH130;. The 'H NMR spectrum (Figure S4) of 1a exhibited one
sharp olefinic singlet (6y 5.19), one methoxy singlet (6y 3.72), and one dimethyl singlet (oy
1.07) (Table 1). The absence of the two olefinic signals of the terminal alkene in penicillic acid
(1) and the presence of a dimethyl signal in the 'H NMR spectrum, suggested successful
hydrogenation of the alkene at C-5/C-6. Of particular note was the absence of the expected
septet signal of the H-5 proton and the expected splitting of the dimethyl signal into a
doublet was also not observed. The HMBC NMR data of the crude product identified a
correlation between the dimethyl singlet and a carbon signal at dc 39.3, consistent with
an alkyl carbon at the C-5 position. Also present in the HMBC data was a correlation
to a carbon signal at dc 217.1, consistent with the presence of a ketone, suggesting that
1a was the ring opened keto acid structure as shown. This explained the absence of the
'H NMR signal for H-5 (a-keto proton) and the lack of splitting of the dimethyl signal,
as it was speculated that the acidic a-keto proton had exchanged with deuterium from
the CD30D NMR solvent. This was confirmed by the 'H NMR spectrum recorded in
non-exchangeable solvent CDClz, which showed all expected signals: one sharp olefinic
singlet (o 5.12), one methoxy singlet (5yy 3.82), one septet (8y 2.39, ] = 7.0 Hz), and one
dimethyl doublet (5y 1.01, ] = 7.0 Hz) (Figure S6). Purification of 1a was achieved using
silica-gel-column chromatography. Changes were observed in the 'H NMR spectrum of
the purified product (Figure S7) when compared to the crude product, necessitating further
NMR characterization of the purified product 1b.
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Figure 4. Structures of penicillic acid (1) and its derivatives (1a-1c).

Table 1. 'H and 3C NMR (CD;0D) signals observed for crude (1a) and purified (1b) products.

Position la 1b

ou 5c ou ¢
1 174.6 173.5
2 5.19 97.2 5.20 89.2
3 171.2 182.1
4 217.1 107.2
5 Not observed 39.3 212 34.6
6 1.07 17.5 1.04 16.1
6 1.07 17.5 0.88 16.4
7 3.72 57.8 3.93 59.9

The 'H NMR spectrum of the purified hydrogenation product 1b showed one sharp
olefinic singlet (0y 5.20), one methoxy singlet (dy5 3.93), one septet (6y 2.12, | = 6.9 Hz),
and two broad methyl doublets (g5 1.04, | = 6.8 Hz and 6y 0.88, | = 6.8 Hz). The presence
of the septet and the splitting of the methyl signals into doublets indicated that H-5 (6y
2.12, ] = 6.9 Hz) of the purified product 1b was not exchangeable with the NMR solvent,
suggesting a change to the ring-closed lactone structure. The presence of two nonequivalent
methyl signals was also consistent with the ring-closed form, with the chiral center at C-4
(8¢ 107.2) inducing non-equivalence in the pendant gem dimethyl groups. A change to
the ring-closed structure was confirmed by HMBC data of the purified material, which
exhibited a correlation between the two methyl proton signals and a carbon signal at éc
107.2 as well a correlation between the H-5 (6y 2.12, ] = 6.9 Hz) proton signal and the
same carbon signal at 6c 107.2. The shift in this carbon signal was consistent with the
shift observed for the hemiacetal carbon of penicillic acid (1) (5c 106.8). The HMBC data
of the purified product also identified a second weaker set of correlations from a proton
signal partially obscured by the broad methyl signal at 517 1.04, to carbons at 5c 17.5, 39.3,
and 217.1 (data not shown). This set of correlations suggested that some of the keto acid
tautomer was present as the correlations were consistent with those observed in HMBC
of the crude product. However, the expected second methoxy signal at 8y 3.72 in the 'H
NMR spectrum was absent. The NMR data for the crude and purified products (1a and 1b)
clearly show the existence of the two forms.

Acetylated penicillic acid (1c) was prepared via acetylation with acetic anhydride
in pyridine over 18 h, under a nitrogen atmosphere. The crude material was purified
by diol-bonded silica-gel-column chromatography. The sodiated adduct observed at m/z
235.0578 [M + Na]* in the (+)-HRESI mass spectrum was consistent with the loss of a proton
and the addition of an acetyl group, giving a molecular formula of C1gH;,0s. The 'H NMR
spectrum (Figure S9) identified the introduction of new methyl protons (8¢y 2.12, s), which
in turn exhibited a correlation in the HMBC spectrum to a carbon at éc 167.7, which is
consistent with the introduction of an acetyl group. The mass spectrometric values and 'H
NMR data obtained were in agreement with the literature [22].

2.3. 13C NMR Study of Penicillic Acid (1) Biosynthesis

A sodium [1-13C] acetate labelling study was conducted to confirm the biosynthetic
origin of penicillic acid (1). Cultures of P. bissettii ICMP 21333 were grown on PDA agar
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supplemented with 1g/L 1-13C sodium acetate. Extraction and fractionation as conducted
previously afforded penicillic acid (1) (132 mg). The 13C NMR spectrum (Figure S3) of the
13C-labelled penicillic acid (1) was acquired and compared to the spectrum observed for
non-labelled compound. The signals observed for C-1, C-3, and C-5 showed increased
intensity, consistent with 13C enrichment. An indication of the extent of '3C enrichment
was given by the relative peak integrals when compared to the spectrum of unlabeled
penicillic acid (1). The relative peak integrals for labelled penicillic acid (1) clearly show
enhancement for peaks at 6c 181.2 (C-1, 12.3x), 173.2 (C-3, 10.1 x), and 141.7 (C-5, 8.5%)
(Table 2). The observed labelling pattern (Figure 5) was consistent with previous studies
utilizing 14C Jabelled acetate [23,24].

Table 2. Relative Integral Values for 3C NMR Peaks Observed for '3C-labelled Penicillic Acid (1).

Position Ac Relative Integral (Labelled/Unlabelled)
C-1 181.2 12.3
C-2 90.1 1.0
C3 173.2 10.1
C-4 Not observed
C-5 141.7 8.5
C-6 116.7 1.1
C-7 17.5 1.0
C-8 60.4 0.9

o. OH

OW
2 3

0 7
/

Figure 5. Labelling pattern observed in '*C NMR spectrum of penicillic acid (1) produced by cultures
supplemented with 1-13C sodium acetate.

2.4. Bioactivity

Penicillic acid (1) and its derivatives 1b and 1c, as well as citromycetin (2) and pe-
nialdin A (3) and F (4), were screened for antimicrobial activity. Compounds 1-4 were
tested in growth-inhibition assays against Methicillin-resistant S. aureus (MRSA), E. coli, K.
pneumoniae (multi-drug resistant strain), Acinetobacter baumannii, Pseudomonas aeruginosa,
Candida albicans, and Cryptococcus neoformans by the Community for Open Antimicrobial
Drug Discovery (COADD) at The University of Queensland. The COADD test compound
activity as an inhibition of microbial growth at a single concentration of 32 pg/mL is
presented in Table 3.

At the concentration tested, penicillic acid (1) showed some inhibition of the growth of
MRSA (53%) and E. coli (26%), as expected based on previous literature [25,26]. However,
neither of the penicillic acid derivatives (1b and 1c) showed any activity. Loss of activity
on hydrogenation or acetylation of 1 suggests that the unsaturation at C-5 to C-6 is of
importance as is the ability to convert to the open-chain form. Penialdin F (4) exhibited the
strongest antimicrobial activity, inhibiting the growth of MRSA by over 71% (Table 3) at the
concentration tested. This was surprising as 4 has been previously reported to be not active
against wild-type and multidrug-resistant strains of E. faecalis, E. faecium, and S. aureus [13].
However, the inhibition was not complete, suggesting an MIC >32 pg/mL, which is
considerably higher than antibiotics used for clinical treatment of antibiotic-sensitive S.
aureus infections, which range from <0.001-~4 pg/mL [27] depending on the antibiotic.
None of the other natural products showed strong enough inhibitory activity against
any of the organisms, as expected. Citromycetin (2) has been previously investigated for
antimicrobial activity (E. coli, Bacillus subtilis, and Septoria nodurum) and antiparasitic activity
(Haemonchus contortus) and was found not active while also being non-cytotoxic against
NS-1 cells [12]. Penialdin A (3) has also been reported as not active at a concentration of
10 pg/mL against S. aureus, E. coli, B. subtilis, and Acinetobacter sp. [10].
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Table 3. Antimicrobial and antifungal activities of natural products 1-4 and derivatives 1b and 1c.

Percentage Inhibition at 32 ug/mL

Compound S.a? E.cb Kpc© P.ad A.b¢ C.af C.n8
1 53.07 ek 26.11 *** 18.06 * —-1.15 6.12 6.50 2.15
1b —1.05 0.34 4.32 2.75 —26.55 2.49 18.33 **
1c 17.41 * 5.15 9.34 —10.06 —11.88 2.56 —7.04
2 14.22 11.16 13.49 4.70 —4.31 —1.86 1.11
3 —7.23 13.60 —7.65 —4.08 —24.24 —-2.20 20.72 **
4 71.52 **** 9.29 15.62 * 0.52 12.55 8.84 6.73

All values are presented as the mean (1 = 2). Negative values represent increases in growth compared to the
no-compound controls. Data were analysed using a two-way ANOVA with Dunn’s multiple comparison test.
The adjusted p values of those compounds that were significantly different to the relevant no inhibition control
are given by * (* p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001). * Staphylococcus aureus ATCC 43300 (MRSA)
with vancomycin (MIC 1 ug/mL) used as a positive control; b Escherichia coli ATCC 25922 with colistin (MIC
0.125 pg/mL) used as a positive control; © Klebsiella pneumoniae ATCC 700603 with colistin (MIC 0.25 ug/mL) as a
positive control; ¢ Pseudomonas aeruginosa ATCC 27853 with colistin (MIC 0.25 pg/mL); ¢ Acinetobacter baumanii
ATCC 19606 with colistin (MIC 0.25 g /mL) as a positive control; f Candida albicans ATCC 90028 with fluconazole
(MIC 0.125 pg/mL) as a positive control; & Cryptococcus neoformans ATCC 208821 with fluconazole (MIC 8 pg/mL)
as a positive control.

In addition to the assays performed by COADD, the compounds citromycetin (2)
and penialdin F (4) were evaluated for their bioactivity against luminescent derivatives of
Moycobacterium abscessus and M. marinum at a maximum concentration of 64 pug/mL using
inhouse assays. Luminescence is frequently used as rapid readout of potential antimy-
cobacterial activity [28-30]. Citromycetin and another compound of the penialdin family,
penialdin C, have previously been shown to have activity against the Mycobacterial species
M. smegmatis, with minimum inhibitory concentrations (MIC) of 31.2 and 15.6 ug/mL,
respectively [31]. We found that citromycetin (2) and penialdin F (4) both displayed some
activity against M. abscessus BSG301 and M. marinum BSG101, decreasing bacterial light
output compared to the no-compound control (Figure 6). However, at the concentration
tested, neither compound caused a reduction in light production of at least 1 log, which is
how we define the MIC indicating their MIC against M. abscessus and M. marinum is greater
than 64 pg/mL.

M. abscessus M. marinum

200000 """ T T TTTTT T T T T T T T T T T
[
g 100,000 —_— E
O 80,000
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e N
2 40,000
w ———
o
L4

20,0007 —
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Citromycetin Penialdin F Citromycetin Penialdin F
Compound

Figure 6. Effect of citromycetin (2) and penialdin F (4) on the luminescence of Mycobacterium abscessus
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BSG301 and M. marinum BSG101. The antibacterial activity of citromycetin (2) and penialdin
F (4) were measured by changes in bacterial luminescence. Data are presented as box and whisker
plots of the area under the curve values calculated from luminescence readings taken over 72 h. Boxes
are upper and lower quartiles with median shown. The whiskers extend up to 1.5 x the inter-quartile
range. The dotted line represents the no-compound control.

3. Materials and Methods
3.1. General Experimental Procedures

Infrared spectra were recorded on a Perkin-Elmer spectrometer 100 Fourier Trans-
form infrared spectrometer equipped with a universal ATR accessory. Mass spectra were
acquired on a Bruker micrOTOF Q II spectrometer (Bruker Daltonics, Bremen, Germany).
Melting points were recorded on an electrothermal melting point apparatus and were
uncorrected. 'H and 3C NMR spectra were recorded at 298K on a Bruker AVANCE
400 spectrometer (Bruker, Karlsruhe, Germany) at 400 and 100 MHz, respectively, using
standard pulse sequences. Proto-deutero solvent signals were used as internal references
(CD30D: 6y 3.31, 8¢ 49.0; CDCl3: 6 0.00 (TMS), 6¢ 77.16; DMSO-dg: 6y 2.50, 6c 39.52).
For 'H NMR, the data are quoted as position (5), relative integral, multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, p = pentet, m = multiplet, dd = doublet of doublets,
ddd = doublet of doublets of doublets, td = triplet of doublets, and br = broad), coupling
constant (J, Hz), and assignment to the atom. The 13C NMR data are quoted as position
(8) and assignment to the atom. Flash column chromatography was carried out using
Kieselgel 60 (40-63 pm) (Merck, Munich, Germany) silica gel or Merck Diol bonded silica
(40-63 um), with Merck Cg reversed—phase (40-63 um) solid support. Gel filtration was car-
ried out on Sephadex LH-20 (Pharmacia, Uppsala, Sweden). Thin-layer chromatography
was conducted on Merck DC—plastikfolien Kieselgel 60 F254 plates. All solvents used were
of analytical grade or better and/or purified according to standard procedures. Chemical
reagents used were purchased from standard chemical suppliers and used as purchased.

3.2. Fungal Material

P. bissettii was described in 2016 from Canada [6] and later found to be present in South
Korea [32] and New Zealand. The ecology of P. bissettii is unknown; however, it appears to
be associated with tree soils or roots; the Canadian isolates were from Spruce forest soil and
the Korean isolates from pine forest soil. Culture ICMP 21333 was isolated as an endophyte
from the living roots of a kauri (Agathis australis) tree in Auckland, New Zealand in 2016.
The identification of this isolate is supported by DNA sequences of the ITS (GENBANK#
MW862794), BTUB (GENBANK# MZ393465), and CAL (GENBANK# MZ393460) genes.
P. glabrum is a common cosmopolitan (GBIF 2021) filamentous ascomycete fungus. It has
long been recognised as a cause of post-harvest fruit and vegetable rots since it was first
described as Citromyces glaber in 1893. Culture ICMP 5686 was isolated from sheep dung in
Palmerston North, New Zealand in July 1976. The identification of this isolate is supported
by DNA sequences of the ITS (GENBANK# MW862782), BTUB (GENBANK# MZ393464),
and CAL (GENBANK# MZ393462) genes. Cultures of P. bissettii and P. glabrum were grown
at room temperature on Potato Dextrose Agar (PDA) (Fort Richard, New Zealand) plates.
For extraction, the cultures were grown on 40 PDA plates until the fungus covered an area
of 75% and were freeze dried for 5 days.

3.3. Antimicrobial Testing of Fungal Cultures

The ICMP fungal cultures were screened for antimicrobial activity after growth on
PDA. Briefly, cultures of E. coli ATCC 25922, K. pneumoniae ATCC 700603, and S. aureus
ATCC 29213 (antibiotic-sensitive (oxacillin)) and ATCC 33593 (antibiotic-resistant (gentam-
icin and methicillin)) were grown overnight in Tryptic Soy Broth (TSB) (Fort Richard, New
Zealand) at 37 °C with shaking at 200 rpm. Cultures were diluted in TSB to an optical den-
sity at 600 nm of 0.1 and spread onto PDA plates for E. coli and K. pneumoniae and Mueller
Hinton Agar (MHA) (Fort Richard, New Zealand) for S. aureus to produce a confluent
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bacterial lawn. Plugs were removed from fungal cultures using a 6 mm Paramount biopsy
punch (Capes Medical, New Zealand) when the fungal cultures had grown to cover 75% of
the plates. These were placed onto the inoculated PDA and MHA plates and incubated
overnight at 37 °C. Any zones of inhibition were measured the next day using a ruler, and
the diameter was recorded. Experiments were performed three times with three technical
replicates per experiment.

3.4. Extraction and Isolation

Freeze-dried cultures of P. bissettii (17.49 g) were extracted with MeOH (1 L) for 4 h
followed by CH,Cl, (1 L) overnight. Concentration of the combined organic extracts
afforded 2.46 g of crude extract. The crude extract was subjected to Cg flash column
chromatography (H,O/MeOH), which afforded 5 fractions (A-E). Penicillic acid (1) was
isolated from fraction C (1:1, HoO/MeOH) and further purified by Sephadex LH20 (MeOH)
to give white crystals (25 mg).

The dry cultures of P. glabrum (20.86 g) were extracted with MeOH (1 L) for 4 h followed
by CH,Cl, (1 L) overnight. Concentration of the combined organic extracts afforded 2.03 g
of crude extract. The crude extract was subjected to Cg flash column chromatography
(H,O/MeOH), which afforded 5 fractions (A-E). Subsequent purification of fraction B
(4:1, HyO/MeOH) by Sephadex LH20 (MeOH) afforded 5 fractions (B1-B5). Citromycetin
(2) was isolated from fraction B4 after further purification by Diol-bonded silica column
chromatography (n-Hexane/EtOAc, gradient) to give a yellow oil (2.9 mg). Purification
of fraction C (1:1, HoO/MeOH) by Sephadex LH20 (MeOH) afforded 4 fractions (C1-
C4). Penialdin A (3) (3.5 mg), penialdin F (4) (4.6 mg), and myxotrichin B (5) (0.75 mg)
were isolated from fraction C2 after further purification by Diol-bonded silica column
chromatography (n-Hexane/EtOAc, gradient).

3.4.1. Penicillic acid (1)

'H NMR (CD;0D, 400 MHz) 6§ 5.41 (1H, br s, H-6), 5.27 (1H, s, H-2), 5.17 (1H, br s,
H-6), 3.92 (3H, s, OMe), 1.75 (3H, dd, ] = 1.0, 1.0 Hz, H3-7); 13C NMR (CD;0D, 100 MHz)
181.2 (C-1), 173.0 (C-3), 141.5 (C-5), 116.6 (C-6), 106.8 (C-4), 90.0 (C-2), 60.5 (C-8), 17.5 (C-7);
I'H NMR (DMSO-d,, 400 MHz) § 7.87 (1H, br s, OH), 5.41 (1H, s, H-2), 5.30 (1H, br s, H-6),
5.11 (1H, br s, H-6), 3.85 (3H, s, OMe), 1.65 (3H, s, H3-7); 13C NMR (DMSO-d,, 100 MHz) 5
179.4 (C-1), 170.0 (C-3), 140.2 (C-5), 115.3 (C-6), 102.4 (C-4), 89.4 (C-2), 59.8 (C-8), 17.1 (C-7);
(+)-HRESIMS m/z 193.0474 [M + Na]* (caled for CgH1gNaOy, 193.0470).

3.4.2. Citromycetin (2)

1H NMR (CD50D, 400 MHz) 6 6.53 (1H, s, H-7), 6.22 (1H, s, H-3), 5.03 (2H, s, H,-5),
2.35 (3H, s, Me); 13C NMR (CD;0D, 100 MHz) § 177.2 (C-4), 167.0 (COOH), 166.1 (C-2),
158.1 (C-6a), 153.3 (C-8), 152.5 (C-10b), 141.9 (C-9), 120.0 (C-10), 113.3 (C-3), 111.1 (C-4a),
104.7 (C-10a), 104.5 (C-6a), 62.7 (C-5), 19.1 (Me); (+)-HRESIMS m/z 313.0328 [M + Na]*
(caled for C14H19NaOy, 313.0319).

3.4.3. Penialdin A (3)

'H NMR (CD;0D, 400 MHz) § 7.09 (1H, s, H-9), 4.65 (2H, s, H,-1), 2.99 (1H, d,
J =17.8 Hz, Hy-4,),2.77 (1H, d, | = 17.8 Hz, Hy-43), 1.57 (3H, s, Me); 13C NMR (CD;0D,
100 MHz) & 175.2 (C-10), 168.0 (COOH), 160.8 (C-4a), 154.8 (C-8), 152.6 (C-5a), 144.1 (C-7),
119.1 (C-6), 114.6 (C-10a), 111.8 (C-9a), 105.6 (C-9), 94.3 (C-3), 56.1 (C-1), 37.2 (C-5), 27.2
(Me); (+)-HRESIMS m/z 287.0529 [M + Nal]* (calcd for C13H12NaQOg, 287.0526).

3.4.4. Penialdin F (4)

'H NMR (CD3OD, 400 MHz) § 7.36 (1H, s, H-9), 6.86 (1H, s, H-6), 4.62 (2H, s, H,-1),
291 (1H, d, ] = 17.0 Hz, Hy-4,), 2.68 (1H, d, | = 17.0 Hz, H,-4g), 1.55 (3H, s, Me); 13C
NMR (CD;0D, 100 MHz) § 174.9 (C-10), 160.8 (C-4a), 151.9 (C-5a, C-8), 144.3 (C-7), 115.7
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(C-9a), 114.6 (C-10a), 106.7 (C-9), 101.9 (C-6), 94.3 (C-3), 46.1 (C-1), 37.1 (C-5), 27.2 (Me);
(+)-HRESIMS m/z 331.0428 [M + Na]* (caled for C14H1,NaOg, 331.0424).

3.4.5. Myxotrichin B (5)

1H NMR (CD;0D, 400 MHz) § 7.09 (1H, s, H-6), 4.68 (1H, d, ] = 15.0 Hz, Hy-14), 4.40
(1H, d, ] = 15.0 Hz, Hy-1p), 3.33 (3H, s, OMe), 3.02 (1H, d, ] = 17.9 Hz, Hy-4,), 2.81 (1H, d,
J = 17.9 Hz, Hy-4g), 1.54 (3H, s, Me); 13C NMR (CD;0D, 100 MHz) 5 175.5 (C-10), 167.8
(COOH), 160.4 (C-4a), 154.1 (C-7), 151.5 (C-5a), 144.4 (C-7), 118.4 (C-9), 113.8 (C-10a), 111.8
(C-9a), 105.1 (C-6), 98.2 (C-3), 57.0 (C-1), 48.3 (OMe), 37.2 (C-5), 21.3 (Me); (+)-HRESIMS m/z
345.0588 [M + Na]* (caled for C;5H;4NaOg, 345.0581).

3.4.6. (E)-3-Methoxy-5-methyl-4-oxohex-2-enoic acid (1a)

To a solution of penicillic acid (1) (5 mg, 0.03 mmol) in anhydrous MeOH (1 mL) was
added Pd/C (1 mg, 0.003 mmol), and the reaction was stirred under an Hy atmosphere for
18 h. The reaction mixture was filtered through celite and washed with MeOH (50 mL). The
solvent was removed under reduced pressure to give the crude product as a pale-yellow
oil (3.43 mg, 66%).

'H NMR (CD3;0D, 400 MHz) § 5.19 (1H, s, H-2), 3.72 (3H, s, OMe), 3.31 (1H, obs by
solvent, H-5), 1.07 (6H, s, H3-6, H3-7); 13C NMR (CD30D, 100 MHz) § 217.2 (C-4), 174.6 (C-
1),171.2 (C-3), 97.2 (C-2), 57.8 (OMe), 39.2 (C-5), 17.7 (C-6, C-7); 'H NMR (CDCl3, 400 MHz)
55.12 (1H, s, H-2), 3.82 (3H, s, OMe), 2.39 (1H, septet, ] = 7.0 Hz, H-5) 1.01 (6H, d, ] = 7.0 Hz,
H;z-6, H3-7); (+)-HRESIMS m/z 195.0622 [M + Na]* (calcd for CgH1,NaQOy, 195.0630).

3.4.7. 5-Hydroxy-5-isopropyl-4-methoxyfuran-2(5H)-one (1b)

The product was purified by silica-gel column chromatography (10% MeOH:CH,Cl,)
to give the product as white crystals (1.72 mg, 33%).

'H NMR (CD30D, 400 MHz) § 5.20 (1H, s, H-2), 3.93 (3H, s, OMe), 2.12 (1H, septet,
] = 6.8 Hz, H-5), 1.04 (3H, d, | = 6.4 Hz H3-6), 0.88 (3H, d, | = 6.4 Hz, H3-7); 13C NMR
(CD3;0D, 100 MHz) 6 182.1 (C-3), 173.5 (C-1), 107.2 (C-4), 89.2 (C-2), 59.9 (OMe), 34.6 (C-5),
16.4 (C-7), 16.1 (C-6); 'H NMR (CDCl3, 400 MHz) & 5.06 (1H, s, H-2), 3.91 (3H, s, OMe), 2.21
(1H, p, ] = 6.8 Hz, H-5), 1.12-1.02 (3H, m, H3-6), 0.96-0.88 (3H, m, H3-7).

3.4.8. 3-Methoxy-5-ox0-2-(prop-1-en-2-yl)-2,5-dihydrofuran-2-yl acetate (1c)

To a solution of penicillic acid (1) (5 mg, 0.03 mmol) in pyridine (1 mL) was added
acetic anhydride (0.05 mL, 0.52 mmol) dropwise, and the reaction was stirred for 18 hr
under a nitrogen atmosphere. The reaction mixture was quenched with 10% HCI and
extracted with CH,Cl, (3 x 10 mL) and ethyl acetate (1 x 10 mL). The combined organic
layers were dried with MgSO, and the solvent removed under reduced pressure. The
product was purified by diol-bonded silica-gel column chromatography, eluting with
CH,Cly, to give the product as a brown oil (1.96 mg, 30%).

'H NMR (CDCl3, 400 MHz) § 5.38 (1H, br s, H-6), 5.17 (2H, br s, H-2, H-6), 3.91
(3H, s, OMe), 2.12 (3H, s, OAc), 1.83 (3H, d, ] = 1.0 Hz, H3-7); 1*C NMR (CDCl3, 100
MHz) 5 178.1 (C-1), 168.9 (C-3), 167.7 (OAc), 138.4 (C-5), 116.1 (C-6), 101.6 (C-4), 89.8
(C-2), 59.8 (OMe), 21.3 (OAc), 17.3 (C-7); (+)-HRESIMS m/z 235.0578 [M + Na]* (calcd for
C10H12N&O5, 235.0580).

3.5. Sodium [1-13C] Acetate Incorporated Acetate Fermentation of P. bissettii
Extraction and Isolation

Cultures of Penicillium bissettii were grown on 17 PDA plates supplemented with
1g/L 1-13C sodium acetate until the fungus covered 75% of the plate. The cultured plates
were freeze dried (11.00 g) and extracted with methanol and dichloromethane to give
2.28 g of crude extract. The crude extract was purified via Cg reverse-phased column
chromatography (HO/MeOH), and penicillic acid (1) (132 mg) was isolated from fraction
C (1:1, H,O/MeOH).
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3.6. Antimicrobial Assays of Pure Compounds

Antimicrobial evaluation of the pure compounds against S. aureus ATCC 43300
(MRSA), E. coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae
ATCC 700603, Acinetobacter baumannii ATCC 19606, Candida albicans ATCC 90028, and
Cryptococcus neoformans ATCC 208821 was undertaken at the Community for Open Antimi-
crobial Drug Discovery at The University of Queensland (Queensland, Australia) according
to their standard protocols [33]. For antimicrobial assays, the tested strains were cultured in
either Luria broth (LB) (In Vitro Technologies, USB75852, Victoria, Australia), nutrient broth
(NB) (Becton Dickson 234000, New South Wales, Australia), or MHB at 37 °C overnight.
A sample of culture was then diluted 40-fold in fresh MHB and incubated at 37 °C for
1.5—2h. The compounds were serially diluted 2-fold across the wells of 96-well plates
(Corning 3641, nonbinding surface), with compound concentrations ranging from 0.015 to
64 png/mlL, plated in duplicate. The resultant mid-log-phase cultures were diluted to the
final concentration of 1 x 10° CFU/mL; then, 50 uL were added to each well of the com-
pound containing plates giving a final compound concentration range of 0.008-32 pug/mL
and a cell density of 5 x 10> CFU/mL. All plates were then covered and incubated at
37 °C for 18 h. Inhibition of bacterial growth was determined measuring absorbance at
600 nm (OD600), using a Tecan M1000 Pro monochromator plate reader. The percentage of
growth inhibition was calculated for each well, using the negative control (media only) and
positive control (bacteria without inhibitors) on the same plate as references.

For the antifungal assay, fungi strains were cultured for 3 days on Yeast Extract Peptone
Dextrose (YPD) agar at 30 °C. A yeast suspension of 1 x 10° to 5 x 10° CFU/mL was
prepared from five colonies. These stock suspensions were diluted with yeast nitrogen base
(YNB) (Becton Dickinson, 233520, New South Wales, Australia) broth to a final concentration
of 2.5 x 103 CFU/mL. The compounds were serially diluted 2-fold across the wells of 96-
well plates (Corning 3641, nonbinding surface), with compound concentrations ranging
from 0.015 to 64 ug/mL and final volumes of 50 pL, plated in duplicate. Then, 50 uL of the
fungi suspension that was previously prepared in YNB broth to the final concentration of
2.5 x 103 CFU/mL were added to each well of the compound-containing plates, giving a
final compound concentration range of 0.008-32 ug/mL. Plates were covered and incubated
at 35 °C for 36 h without shaking. C. albicans MICs were determined by measuring
the optical density at 530 nm. For C. neoformans, resazurin was added at 0.006% final
concentration to each well and incubated for a further 3 h before MICs were determined by
measuring the optical density at 570-600 nm.

Colistin and vancomycin were used as positive bacterial inhibitor standards for Gram-
negative and Gram-positive bacteria, respectively. Fluconazole was used as a positive
fungal inhibitor standard for C. albicans and C. neoformans. The antibiotics were provided
in 4 concentrations, with 2 above and 2 below its MIC value, and they were plated into
the first 8 wells of column 23 of the 384-well NBS plates. The quality control (QC) of the
assays was determined by the antimicrobial controls and the Z’-factor (using positive and
negative controls). Each plate was deemed to fulfil the quality criteria (pass QC) if the
Z’-factor was above 0.4, and the antimicrobial standards showed a full range of activity,
with full growth inhibition at their highest concentration and no growth inhibition at their
lowest concentration.

Antimicrobial evaluation against M. abscessus and M. marinum was undertaken using
inhouse assays. M. abscessus BSG301 and M. marinum BSG101 [28] are stable bioluminescent
derivatives transformed with the integrating plasmid pMV306G13ABCDE [34]. This allows
light production to be used as a surrogate for bacterial viability [28-30]. Mycobacterial
cultures were grown shaking at 200 rpm in Middlebrook 7H9 broth (Fort Richard, Auck-
land, New Zealand) supplemented with 10% Middlebrook ADC enrichment media (Fort
Richard, Auckland, New Zealand), 0.4% glycerol (Sigma-Aldrich, St. Louis, MO, USA),
and 0.05% tyloxapol (Sigma-Aldrich, St. Louis, MO, USA). M. abscessus was grown at 37 °C
and M. marinum at 28 °C. Cultures were grown until they reached the stationary phase
(approximately 3-5 days for M. abscessus BSG301 and 7-10 days for M. marinum BSG101)
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and then diluted in Mueller Hinton broth II (MHB) (Fort Richard, Auckland, NewZealand)
supplemented with 10% Middlebrook ADC enrichment media and 0.05% tyloxapol to give
an optical density at 600 nm (OD600) of 0.001, which is the equivalent of ~10° bacteria per
mL. Pure compounds were dissolved in DMSO and added in duplicate to the wells of a
black 96-well plate (Nunc, Thermo Scientific, Waltham, MA, USA) at doubling dilutions
with a maximum concentration of 128 pug/mL. Then, 50 uL of diluted bacterial culture was
added to each well of the compound containing plates giving final compound concentra-
tions of 0-64 ug/mL and a cell density of ~5 x 10° CFU/mL. Rifampicin (Sigma-Aldrich,
St. Louis, MO, USA) was used as positive control at 1000 pg/mL for M. abscessus and
10 pg/mL for M. marinum. Between measurements, plates were covered, placed in a plastic
box lined with damp paper towels, and incubated with shaking at 100 rpm at 37 °C for
M. abscessus and 28 °C for M. marinum. Bacterial luminescence was measured at regular
intervals over 72 h using a Victor X-3 luminescence plate reader (PerkinElmer, Boston, MA,
USA) with an integration time of 1 s. We defined the MIC as causing a 1-log reduction
in light production, as previously described [29]. More detailed protocols are available at
protocols.io (accessed on 19 November 2021) [35,36].

3.7. Statistical Analysis

Statistical analysis was performed as described using GraphPad Prism version 8.4.3.

4. Conclusions

Investigation of the secondary metabolites of two strains of Penicillium led to the
isolation of five known natural products. Antimicrobial screening of selected natural
products identified penicillic acid (1) and penialdin F (4), which exhibited good activity
against MRSA with the latter also exhibiting weak antimycobacterial activity against M.
abscessus and M. marinum along with citromyecetin (2). To the best of our knowledge, this
is the first instance where these compounds have been evaluated for antimycobacterial
activity. Derivatisation of 1 through hydrogenation led to the synthesis of a novel dihydro
(1a) derivative, which provided evidence to the existence of an open-chained y-keto acid
tautomer, with purification attempts leading to ring closure of 1a, forming the lactone 1b.
Although none of the natural products or their derivatives exhibited significant antimi-
crobial activity to be of interest as lead compounds for antibiotic development, the ICMP
collection remains a vast untapped resource for novel bioactive natural products worthy of
further exploration.

Supplementary Materials: The following are available online, Figures S1-510: 'H and 3C NMR
spectra of 1, 1a, and 1c and the 'H NMR spectrum of 1b as well as the '3C NMR spectrum of 1-13C
labelled 1.
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Abstract: The Streptomyces genus has been a rich source of bioactive natural products, medicinal
chemicals, and novel drug leads for three-quarters of a century. Yet studies suggest that the genus is
capable of making some 150,000 more bioactive compounds than all Streptomyces secondary metabo-
lites reported to date. Researchers around the world continue to explore this enormous potential
using a range of strategies including modification of culture conditions, bioinformatics and genome
mining, heterologous expression, and other approaches to cryptic biosynthetic gene cluster activation.
Our survey of the recent literature, with a particular focus on the year 2020, brings together more
than 70 novel secondary metabolites from Streptomyces species, which are discussed in this review.
This diverse array includes cyclic and linear peptides, peptide derivatives, polyketides, terpenoids,
polyaromatics, macrocycles, and furans, the isolation, chemical structures, and bioactivity of which
are appraised. The discovery of these many different compounds demonstrates the continued po-
tential of Streptomyces as a source of new and interesting natural products and contributes further
important pieces to the mostly unfinished puzzle of Earth’s myriad microbes and their multifaceted
chemical output.

Keywords: biosynthesis; macrolides; natural products; peptides; polyketides; secondary metabolites;
Streptomyces; structure elucidation; terpenoids

1. Introduction

Analysis of Streptomyces derived natural product discoveries from 1947 to 1997 indi-
cates that, in terms of the number of publications, the discipline peaked in the late 1960s
before tapering off through the 1970s and 1980s and significantly decreasing in the 1990s [1].
Factors contributing to this decline include the development of combinatorial chemistry
and associated high-throughput screening (HTS) techniques, a reduction in funding for
traditional drug discovery pipelines, and the greater profitability of quality-of-life drugs.
Had new bioinformatics technologies and methods such as genome mining not emerged
to reinvigorate the field, the declining trend could have seen a cessation of work to ex-
ploit Streptomyces as a source of new bioactives by 2020 [1]. This is in spite of studies that
conservatively estimate that the genus can synthesise some 150,000 more antimicrobial com-
pounds than those currently known, suggesting that Streptomyces is far from an exhausted
resource [1,2].

A Clarivate Web of Science search was undertaken to gauge the recent level of doc-
umented drug discovery research activity in the genus [3], using the terms Streptomyces,
isolation, new compound and novel compound in the All Fields parameter of the Web of Sci-
ence search engine. A review of the number of publications dedicated to novel natural
product discovery from the Streptomyces genus over the last five years reveals a reasonably
consistent level of publication on the subject (Figure 1). Comparing the raw numbers of
this survey with the Watve study (2001) shows that the current levels of research output (in
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terms of publication numbers) are comparable to those at the start and end of the Golden
Age of natural products [1]. This suggests that Streptomyces natural products research
publications did not dissipate by 2020 as earlier trajectories may have indicated, nor has
there been a major upswing in publications per year in the last five years [1,3]. A proportion
of the publications returned in the Web of Science search (on average 7% per year) were
excluded from this count because the research they describe did not yield verified novel
compounds as isolated secondary metabolites of a Streptomyces species. Similarly, reports
of partial characterisation were also excluded as the natural products described therein
could not be verified as novel. This indicates that a literature count with strict eligibility
criteria likely underestimates the true interest in Streptomyces drug discovery by focusing
on verified novel compound elucidation, rather than simply research activity.
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Figure 1. Drug discovery publications 20162020 focused on the isolation of Streptomyces natural
products [3].

An insight analysis was conducted on scientific reports pertaining to the discov-
ery of new Streptomyces secondary metabolites published in 2020. The search returned
43 references relevant to the search terms. Filtering resulted in 32 research papers that met
the requirements of the review.

Each of these reports described a unique Streptomyces species or strain, and a total of
74 novel compounds were reported across the 32 papers surveyed. Further analysis re-
vealed that marine and soil environments were the equal most common isolation locations,
with 56% of these publications citing a Streptomyces strain isolated from either a marine
environment or terrestrial soil (Figure 2). Notably, a significant proportion (19%, n = 6) of
publications did not specify the environmental source of the Streptomyces strain; where
this occurred, the publication often focused on high performance liquid chromatography-
UV-diode array detection (HPLC-DAD) [4], LC-MS [5], or genome mining [6,7] as a drug
discovery guidance strategy.

The preliminary analysis of novel secondary metabolites produced by these Streptomyces
strains also revealed that the largest proportion (39%) of compounds was isolated from
marine-derived Streptomyces, followed by terrestrial soil (27%) (Figure 3). A further eleven
secondary metabolites were isolated from unspecific environments. The compounds
reported possess a wide range of chemical scaffold variability and include cyclic and
linear peptides, terpenoids, macrolactams, macrolides, glycosides, polyaromatics, and
linear polyketides.
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Figure 2. Number of publications for each of the isolation environments of secondary-metabolite-
producing Streptomyces strains reported in 2020. A further 6 publications did not specify the environ-
mental source of the strain under study.
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Figure 3. The environmental distribution of Streptomyces secondary metabolites isolated in 2020. A
further 11 compounds originated from organisms of unspecified origin.

Though Streptomyces species no longer generate the same level of research output
as at their peak in the 1960s, the genus has continued to be the subject of interest and
research activity. New genome mining strategies in addition to classic bioprospecting and
bioassay-guided isolation have contributed to the plethora of unique chemical scaffolds that
continue to characterise both the Streptomyces genus and natural products more generally,
as an important source of drug leads.

2. Cyclic Peptides

In 2020, ten novel cyclic peptides were reported across seven publications [4,6,8-12].
The size of the peptide core ranged from two to seven amino acids, though three of these
compounds, ulleungamide C (1) [11] and viennamycins A and B (2 and 3) (Figure 4) [8], are
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depsipeptides, and two more, NOS-V1 (4) and NOS-V2 (5) (Figure 5), possess the typical
di-macrocycle composition of a thiopeptide nosiheptide [6].

9y L, 0 7T, 0 | HN
N N ‘. _N N
HN AN \)J\N N/\n/ \:)J\N o
0 I Hol H : n ]

3 o)
) NH O »’O >%
o) N o
H,N HO
0
HO 2R = SOH

1 3R =COOH

Figure 4. The molecular structures for ulleungamide C (1) and viennamycins A and B (2 and 3) [8,11].

Figure 5. Cyclic peptides NOS-V1 (4), NOS-V2 (5), cyclo-L-leucyl-L-proline (6), and pentaminomycins
C-E (7-9) [6,9,10].

These compounds originate from both non-ribosomal peptide synthetases (NRPSs)
and ribosomal synthesis with post-translational modification. The most common bioactivity
observed for this group of compounds was antibacterial activity, followed by cytotoxicity
and antifungal proliferation. Pentaminomycin C (7) showed activity against Gram-positive
bacteria down to 16 pg mL~! [4], but no activity against Gram-negative bacteria. In
comparison, NOS-V1 (4) and NOS-V2 (5) showed activity against Gram-positive and Gram-
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negative cultures with a more potent effect against Gram-positive than Gram-negative
bacteria [6].

The cyclic dipeptide L-leucyl-L-proline (6) showed activity against a range of bacterial
and fungal targets in inhibition zone studies [10]. The antibacterial activity of the vien-
namycins 2 and 3 was identified in tests against S. aureus 209P and B. cereus IP5812, in which
these compounds were found to have comparable activity to daptomycin and vancomycin,
though no activity was identified against Gram-negative bacteria [8]. Ulleungamide C 1 dis-
played cytotoxic activity in vitro. In contrast, in vitro studies observed the protective effects
of pentaminomycins C (7) and D (8) (Figure 5) against menadione-induced cytotoxicity [9].

3. Peptide Derivatives and Linear Peptides

Three linear peptidic compounds were reported in three publications during 2020.
Spongiicolazolicins A (10) and B (11) (Figure 6) are ribosomally synthesised and post-
translationally modified azole-containing peptides isolated from the marine Streptomyces sp.
CWHO03 (NBRC 114659) [13]. Comprising twenty-nine (spongiicolazolicin A) and twenty-
eight (spongiicolazolicin B) amino acids, the structures were deduced from 2D NMR,
MS/MS experiments, and the sequence of the biosynthetic gene cluster (BGC). Despite
studies of similar compounds, such as microcin B17 [14], finding them to have antibacterial
bioactivity, biological assay data did not indicate similar activity for the spongiicolazolicins
against Gram-positive or Gram-negative species.
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Figure 6. The structures of spongiicolazolicins A (10) and B (11), ribosomally synthesised and
post-translationally modified azole-containing peptides [13].

Legonimide (12, Figure 7) is an indole alkaloid composed of modified phenylala-
nine and tryptophan amino acids, and was isolated from soil-derived Streptomyces sp.
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CT37 [15]. The authors proposed that this compound is biosynthesised via a condensation
reaction between phenyl-acetyl-CoA and indole-3-acetamide. The structure of legonimide
was determined from a combination of 1D and 2D NMR data, and biological profiling
showed that the compound has moderate antifungal activity against Candida albicans (MIC
21.5 ug mL~!). The final peptide derivative reported in the review period, 2,3-dihydroxy-
1-(indolin-3-yl)butan-1-one (13, Figure 7), was isolated from S. triticiradicis sp. strain
NEAU-H2T [16], collected from the rhizosphere of wheat (Triticum aestivum L.). This strain
displayed antifungal effects against the mycelial growth of phytopathogenic fungi, though
this activity could not be linked to the novel compound in subsequent tests [16].
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Figure 7. The structures of legonimide (12) and 2,3-dihydroxy-1-(indolin-3-yl)butan-1-one (13) [15,16].

4. Linear Polyketides

An HTS experiment looking for inhibitors of coenzyme A biosynthesis led to the
isolation and spectroscopic characterisation of six new phenolic lipids, adipostatins E-J
(14-19), from the marine-derived S. blancoensis (Figure 8) [17]. These novel compounds
showed activity against both Gram-positive and Gram-negative bacteria: Enterococcus coli,
E. faecalis, Bacillus subtilis, B. anthracis, Listeria monocytogenes, and Streptococcus pneumoniae.
In contrast, the compounds had low to no effect on Staphylococcus aureus, Salmonella enterica,
Shigella flexneri, or Klebsiella pneumoniae. The differential in vitro activity of adipostatins E-J
suggests that the biological activity is mediated by the chain length and terminal branching.
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Figure 8. Molecular structures of adipostatins E-J (14-19) [17].

Similarly, bioactivity screening for tyrosinase inhibitors led to the serendipitous iden-
tification of trichostatic acid B (20) from Streptomyces sp. CA-129531 as a co-metabolite
of the target molecules (Figure 9) [18]. Notably, trichostatic acid B did not display any
cytotoxic activity up to 50 mg mL~!. Nor was any antityrosinase activity detected for
trichostatic acid B in a mushroom tyrosinase bioassay, despite trichostatin A (21) showing
strong inhibitory activity [18], suggesting that the hydroxylamine and/or tertiary methyl
group is important to its biological activity. Two additional bioassay-driven natural product
discoveries were chresdihydrochalcone (22) and chresphenylacetone (23, Figure 9), isolated
from S. chrestomyceticus BCC 24770 [19]. Their molecular structures were spectroscopi-
cally characterised, and chresdihydrochalcone was assessed for haemolytic, cytotoxic, and
antibacterial activity. Notably, the compound showed moderate activity against methicillin-
resistant S. aureus (MRSA, MIC 25 nug mL~!) and a mutant E. coli strain, and stronger
activity against S. aureus (MIC 18 pg mL~') and B. subtilis (MIC 10 pg mL~1).

227



Molecules 2022, 27, 887

Figure 9. The molecular structures of trichostatic acid B (20), trichostatin A (21), chresdihydrochalcone (22),
chresphenylacetone (23), (3E,8E)-1-hydroxydeca-3,8-dien-5-one (24), (S,E)-3-hydroxy-5-oxodec-8-en-
1-yl acetate (25), 3-(5,7-dimethyl-4-oxo0-6E,8-nonadienyl)-glutarimide (26), and 3-(5,7-dimethyl-4-oxo
2E,6E,8-nonatrienyl)-glutarimide (27) [5,18-20].

From a group of six compounds isolated from Streptomyces sp. MJM3055 and spectro-
scopically characterised, two compounds, (3E,8E)-1-hydroxydeca-3,8-dien-5-one (24) and
(S,E)-3-hydroxy-5-oxodec-8-en-1-yl acetate (25), were identified as novel natural prod-
ucts via a Jurkat cell antiproliferation screening study (Figure 9) [20]. Using LCMS-
guided screening of Streptomyces sp. W3002, Lee et al. purified and characterised the
new deoxy-streptimidone compounds 26 and 27 (Figure 9) along with two glutarim-
ide ring-opened derivatives of 27 [5]. The new compounds, 3-(5,7-dimethyl-4-oxo-6E,8-
nonadienyl)-glutarimide (26) and 3-(5,7-dimethyl-4-oxo 2E,6E,8-nonatrienyl)-glutarimide
(27), possess the characteristic glutarimide ring and alkyl chain and showed no cytotoxic
activities against human cervical carcinoma, human hepatoma, or myeloid leukemia up to
100 pg mL~! [21]. Analysis of the putative BGC of both glutarimide derivatives revealed
that apart from module five, which contains the C-terminal thioesterase domain, the other
four of the first five modules showed a strong similarity to those of the BGC that encodes
9-methylstreptimidone in S. himastatinicus [22]. It was proposed that the instability of the
dehydratase accessory reactions catalysed by module three was responsible for the absence
of the hydroxyl group from the alkyl chain (when these new structures are compared to
9-methylstreptimidone), while an oxidoreductase transforms 26 to 27 [5].

5. Terpenoids

Ten novel terpenoid natural products were isolated from four Streptomyces species in
2020. Notably, half of these compounds are napyradiomycin derivatives. Napyradiomycins
are a large group of meroterpenoids that incorporate a halogenated semi-naphthoquinone
moiety. This group of over fifty compounds is divided into three sub-groups based on side-
chain characteristics: type A napyradiomycins possess a linear terpenoid chain, type B have
a cyclohexane ring, and type C possess a 14-membered ring [23]. In the course of reassessing
secondary metabolite biosynthesis by marine-derived Streptomyces, Carretero-Molina et al.
identified four compounds from Streptomyces sp. CA-271078: one each of types A (28)
and C (31), and two of which were type B napyradiomycins (29 and 30) (Figure 10) [23].
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These compounds were spectroscopically characterised and their stereochemistry was
inferred from biosynthetic relationships with previously reported napyradiomycins. These
compounds all displayed weak antibacterial activity against MRSA and cytotoxicity to
human liver carcinoma cell lines.
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Figure 10. The molecular structures of four unnamed napyradiomycins (28-31) and 16Z-19-
hydroxynapyradiomycin Al (32) first reported in 2020 [23,24].

The fifth compound was also a type A napyradiomycin, and one of ten isolated from
marine Streptomyces sp. YP127: 16Z-19-hydroxynapyradiomycin Al (32) [24]. This structure
was flagged as a potential drug lead through an Nrf-2-activating efficacy bioassay, which
indicated that this compound would modulate the activity of Nrf-2, an essential component
in the expression of antioxidant defence genes.

Three structurally related naphthoquinones were isolated from the marine-derived
Streptomyces sp. B9173: flaviogeranins B1 (33), B (34), and D (35), the latter two of which
are meroterpenoids (Figure 11). These compounds differ in their prenylation pattern and
presence of amino and methyl groups on the hydroxynaphthoquinone core. Flaviogeranins
B1 and B showed weak to moderate activity against S. aureus and M. smegmatis as well
as human alveolar basal epithelial adenocarcinoma and human cervical cancer cells. In
contrast, flaviogeranin D displayed stronger activity against S. aureus (MIC 9.2 pg mL~1)
and M. smegmatis (MIC 5.2 pg mL~1), the alveolar basal epithelial adenocarcinoma (ICs
0.6 ug mL™1) and human cervical cancer cell lines in vitro (ICsy 0.4 ug mL™).
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Figure 11. The molecular structures of flaviogeranins B1 (33), B (34), and D (35) [25].

The final terpenoids isolated from the Strepfomyces genera are two cardinane sesquiter-
penes (36 and 37) isolated from marine Streptomyces sp. ST027706 (Figure 12), a plant
endophyte taken from the mangrove Bruguiera gymnorrihiza [26]. Cardinanes have primar-
ily been isolated from plant and fungal sources, with only two previous examples of the
class being isolated from Streptomyces [27,28]. Thus, this finding raises the possibility that
bacterial fermentation could be used to obtain cardinane-derived pharmaceuticals.
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37

Figure 12. Molecular structures of two cardinanes (36 and 37) isolated from an endophytic
Streptomyces sp. [26].

6. Polyaromatics

In total, eleven polyaromatic compounds were isolated from six Streptomyces species
in 2020. Through herbicidal bioassay screenings, Kim et al. identified strong activity
associated with Streptomyces strain KRA17-580 against the weed Digitaria ciliaris [29]. Two
compounds were spectroscopically characterised, a cinnoline-4-carboxamide, 580-H1 (38),
and a cinnoline-4-carboxylic acid, 580-H2 (39, Figure 13). In further phytotoxicity bioassays,
the carboxamide proved to be less potent than the carboxylic acid, and electrolyte leakage
assays were used to verify that the observed herbicidal activity was caused by destruction
of the cell membrane [29].
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Figure 13. The structure of 580-H1 (38), 580-H2 (39), (2S,2”S)-6-lavandulyl-7 4'-dimethoxy-5,2'-
dihydroxylflavanone (40), (25,2"S)-6-lavandulyl-5,7,2’ 4'-tetrahydroxylflavanone (41), and (2”5)-5'-
lavandulyl-2’-methoxy-2,4 4’ ,6'-tetrahydroxylchalcone (42) [29,30].

Flavonoids possess a generic structure in which two aromatic rings (A and B) are
connected by a heterocyclic pyran. Investigations into bacterial endophytes of the sea
sponge Halichondria panicea led to the discovery of Streptomyces sp. G248 and three la-
vandulylated flavonoid secondary metabolites: (25,2”S)-6-lavandulyl-7,4’-dimethoxy-5,2'-
dihydroxylflavanone (40), (25,2”S)-6-lavandulyl-5,7,2' 4’-tetrahydroxylflavanone (41), and
(2"8)-5'-lavandulyl-2’-methoxy-2,4 4’ 6'-tetrahydroxylchalcone (42, Figure 13) [30]. No-
tably, (25,2"S)-6-lavandulyl-5,7,2,4’-tetrahydroxylflavanone showed strong antibacterial
activity (ICgg 1 pg mL’l) against E. faecalis, S. aureus, B. cereus, P. aeruginosa, and C. albicans,
suggesting that the diol on ring B and the presence of an intact pyran are essential to
antibacterial activity [30].

While investigating expression of the nybomycin BGC from S. albus subsp. chlorinus
in heterologous host S. albus Del14, Rodriquez Estevez et al. discovered the production
of a new metabolite, benzanthric acid (43, Figure 14) [31]. This new structure comprises
a benzoic acid fused to an anthranilate moiety, and a 13C feeding study indicated that
anthranilic acid is incorporated into 43, but not into the nybomycin scaffold (44). Notably,
benzanthric acid was not identified in either the origin strain (chlorinus) or the unmodified
host strain (Dell4). Given the absence of a benzoic acid supply from the nybomycin
BGC, Rodriquez Estevez et al. proposed that the benzoic acid is supplied by the host
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strain, possibly through a phenylalanine degradation pathway, and so too the enzyme
that catalyses reaction between the anthranilate moiety and benzoic acid. This report
indicated that despite the simultaneous production of nybomycin and benzanthric acid in
this strain, there are substantial differences in the biosynthetic routes to the two compounds.
The new benzanthric acid compound was tested for phytotoxic activity against Agrostis
stolonfera, though no activity was identified. This study demonstrates an unexpected
interplay between a target BGC and host strain, once integrated.

Oy _OH

43 44 45

Figure 14. Structures of benzanthric acid (43), nybomycin (44), and 4-(35,4R,55)-3,4,5-trihydroxy-6-
(hydroxymethyl) tetrahydro-2Hpyran-2-yloxy)phenazine-1-carboxylic acid (45) [31,32].

The second fused tricyclic compound isolated in 2020 was 4~((35,4R,55)-3,4,5-trihydroxy-
6-(hydroxymethyl) tetrahydro-2Hpyran-2-yloxy)phenazine-1-carboxylic acid (45), a phenazine
that features a benzoic acid moiety and glucose pendant (Figure 14) [32]. The producing strain
Streptomyces sp. strain UICC B-92 is an endophyte of the large crane fly Nephrotoma altissima.
The isolated compound was found to be active against Gram-positive bacteria S. aureus
and B. cereus in disk diffusion assays.

In a successful attempt to highlight the value of chemical exploration of less in-
vestigated ecological niches, Voitsekhovskaia et al. isolated anthraquinone derivatives
baikalomycins A-C (4648, Figure 15) from the mollusc (Benedictia baicalensis) endophyte
Streptomyces sp. strain IB201691-2A [33]. Baikalomycin A was identified as an aquayamycin
derivative modified with (3-D-amicetose and two additional hydroxyl groups on C-6a and
C-12a of the aglycone. Baikalomycin B 47 is a disaccharide derivative of the same aglycone
that incorporates epimeric x-L-amicetose as the O-linked second sugar. In baikalomycin
C, the A ring of the parent aquayamycin structure is opened to afford an anthraquinone
(from rings B, C, and D) with a 3-hydroxy-3-methyl butanoic acid side chain at C4a of the
parent aglycone, and a disaccharide comprising 3-D-amicetose and a-L-aculose at C9. The
stereochemistry within the A ring of baikalomycins A (46) and B (47) and (by extrapolation)
the sidechain of 48 was assigned by comparison with previously isolated compounds with
similar biosynthetic origin, while the stereochemistry in the B ring of 46 and 47 remains
uncertain. The putative type II polyketide synthase (PKS) BGC possesses typical genes
responsible for angucycline core assembly, genes necessary for biosynthesis of the deoxy
sugar, and three genes encoding the glycosyltransferase enzymes. Weak antibacterial and
moderate cytotoxic activity were identified for baikalomycin C, while baikalomycins A and
B only showed weak or no cytotoxic activity against various cell lines.

Two further tetracyclic metabolites were isolated from an endophytic Streptomyces
species: gardenomycins A and B (49 and 50) [34]. S. bulli GJA1 was extracted from the bark
of Gardenia jasminoides, and the molecular structures of the secondary metabolites deduced
from spectroscopic analysis. Notably, gardenomycins A and B possess an unprecedented
ether bridge between their B and C rings. Kim et al. proposed that an ether bridge was
formed from ring opening of an x-oriented epoxide on ring C by a hydroxyl group on
ring B [34]. These compounds did not display antiproliferative or antivirulence effects
in bioassays.
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Figure 15. The structures of baikalomycins A-C (46—48) and gardenomycins A and B (49 and
50) [33,34].

7. Macrocycles

Macrocycle discoveries fall into two subgroups: macrolides (macrocyclic esters) and
macrolactams (macrocyclic amides). Five macrolides (51-55, Figure 16) were identified
while reactivating the quiescent pladienolide B biosynthetic pathway in a laboratory strain
of S. platensis AS6200 [35]. Unsurprisingly, the laboratory strain showed high similarity
(>95% nucleotide similarity with the published pld BGC [36]). One notable difference
was that the PKS was encoded by five genes in AS6200, while the previously reported
PKS was encoded by four genes [35,36]. The molecular structure of these compounds
was deduced from spectroscopic data, and the compounds were tested in antibacterial,
antifungal, antiprotozoal, and antiproliferation bioassays. The results indicated that all the
congeners have less cytotoxic activity than the parent compound pladienolide B.

Six new analogues of oxazole-bearing macrodiolide conglobatin (56) were isolated
from the previously unreported Australian Streptomyces strain MST-91080 (Figure 17) [37].
Conglobatins B-E (57-62) vary in the distribution of methyl groups around the macrocyclic
core, proposed to arise via variable addition of methylmalonyl-CoA extender units during
their biosynthesis. Three of the new conglobatins (B1 56, C1 57, and C2 58) displayed
enhanced cytotoxicity against NS-1 myeloma cells, ICso = 0.084, 1.05, and 0.45 pg mL ™!
respectively, an increase in potency relative to the parent compound (ICsg = 1.39 pg mL~1).
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Figure 16. The structures of macrolide natural products 51-55 identified while reactivating the
pladienolide B biosynthetic pathway in S. platensis AS6200 [35].

57 58 59

60 61 62

Figure 17. Structures of conglobatins 56—62 isolated from Streptomyces sp. MST-91080; the parent com-
pound conglobatin (56) was previously reported as a secondary metabolite of Streptomyces conglobatus
ATCC 31005; the others, conglobatins B1 (57), C1 (58), C2 (59), D1 (60), D2 (61), and E (62), were
reported for the first time in 2020 [37,38].

Five macrolactams were described in two separate reports (Figure 18). Hashimoto
et al. identified a gene cluster containing a type-I PKS with glutamate mutase genes in
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the genome of S. rochei IFO12908 [7]. The BGC was expressed in a host strain derived
from S. avermitilis and produced a polyene macrolactam 63, which was subsequently
named JBIR-156; its stereochemistry was predicted from the biosynthetic pathway. Given
the previous reports of cytotoxicity for related macrolactam structures, the compound
was tested on a range of mammalian cells and showed strong activity against human
ovarian adenocarcinoma (ICsp 9.5 uM) and T lymphoma Jurkat (IC5y 3.5 uM) cell lines.
The final four compounds are polycyclic tetramate macrolactams and were uncovered
using a mixture of gene- and growth-condition-manipulation techniques on a cryptic
BGC in the genome of S. somaliensis SCSIO ZH66 [39]. Somamycin A (64) was identified
spectroscopically as a polycyclic tetramate macrolactam, with the remaining compounds
identified as the 10-epi-hydroxymaltophilin (B, 65), 10-epi-maltophilin (C, 66), and dihydro
10-epi-maltophilin (D, 67) analogues. These compounds were tested against two plant
fungal pathogens and mammalian cell lines, showing antifungal activity and cytotoxicity,
with somamycin displaying the strongest antifungal activity against Fusarium oxysporum
and Alternaria brassicae (1.56 and 3.12 pg mL !, respectively) and human cancer cell lines
HCT116 and K562 (ICs( 0.6 and 1.5 uM, respectively) [39].

Figure 18. The molecular structures of JBIR-156 (63) and somamycins A-D (64-67) [7,39].

8. Furans

Five Streptomyces-derived secondary metabolites containing modified benzofurans
were isolated in 2020 from S. pratensis strain KCB-132: (£)-pratenone A (68 and 69), and
furamycins I-III (70-72, Figure 19) [40]. The core of these compounds is a benzofuranone
ring system linked to naphthalene. Pratenone A is distinguished by the presence of a
3-methylnaphthalen-1,7-diol moiety, furamycins I and II possess 3,7-dihydroxy-3-methyl-
3,4-dihydronaphthalen-1(2H)-one ring systems, and furamycin III is characterised by a
methoxy group in place of the carbonyl on the benzofuran(one) portion. These compounds
were tested for antibacterial and cytotoxic activity. Furamycin III showed moderate activity
against pancreatic cancer cells (ICsy 26.0 ug mL~1) and hepatocellular carcinoma (ICsg
42.7 pg mL~1) in vitro. Only pratenone A displayed antibacterial activity against S. aureus
(MIC 8 ug mL~1) [40].
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Figure 19. The structures of (£)-pratenone A (68, 69), furamyecin I (70), furamyecin II (71), furamycin
III (72), 2-alkyl-4-hydroxymethylfuran carboxamide (AHFA, 73), and methylenomycin furan (MMF,
74) [40,41].

The final furanic compound reported was 2-alkyl-4-hydroxymethylfuran carboxamide
(AHFA, 73), isolated from a soil-derived Streptomyces sp. RK44 [41]. AHFA is a homolog of
methylenomycin furan (MME, 74) and is distinguished by the presence of an amide moiety
at C-3 rather than a carboxylic acid (Figure 19). MMFs share a common furan ring structure
and are autoregulators that act in the signalling pathway that stimulates production of
methylenomycin biosynthesis [42]. Weak antiproliferative activity was observed (ECsg
89.6 uM) when AHFA was tested on a melanoma cell line, though no antibacterial or
antiplasmodial activities were detected when tested.

9. Conclusions

A review of the natural products isolated from Streptomyces in 2020 reveals a diver-
sity of novel chemical structures and a thriving and multifaceted area of drug discovery
research. The level of research is on par with the end of the Golden Age of antibiotics on a
publications per year basis. During the year, over seventy novel compounds were isolated
from Streptomyces species using a combination of HPLC-DAD, genomics, and bioassays to
guide the isolation of new compounds.

The Streptomyces species investigated derive from a wide range of environments, with
marine locales being the most investigated, followed by terrestrial soil. Unsurprisingly, this
resulted in most new natural products being isolated from marine and soil environments as
well. A diverse range of compounds spanning many different chemical classes have been
identified, including cyclic and linear peptides, linear polyketides, terpenoids, polyaro-
matics, macrocycles, and furans. Interestingly, the biological activity identified for these
compounds was generally limited, and not tested across a consistent set of pathogenic
species or cell lines, leaving an incomplete activity profile for the compound set.

Overall, the discovery of these many and different compounds demonstrates the
continued potential of Streptomyces as a source of new and interesting natural products and
contributes important pieces to the largely unfinished puzzle of Earth’s myriad microbes
and their multifaceted chemical output.
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Abstract: The Celastraceae family comprises about 96 genera and more than 1.350 species, occurring
mainly in tropical and subtropical regions of the world. The species of this family stand out as
important plant sources of triterpenes, both in terms of abundance and structural diversity. Triter-
penoids found in Celastraceae species display mainly lupane, ursane, oleanane, and friedelane
skeletons, exhibiting a wide range of biological activities such as antiviral, antimicrobial, analgesic,
anti-inflammatory, and cytotoxic against various tumor cell lines. This review aimed to document
all triterpenes isolated from different botanical parts of species of the Celastraceae family covering
2001 to 2021. Furthermore, a compilation of their I3C-NMR data was carried out to help characterize
compounds in future investigations. A total of 504 pentacyclic triterpenes were compiled and distin-
guished as 29 aromatic, 50 dimers, 103 friedelanes, 89 lupanes, 102 oleananes, 22 quinonemethides,
88 ursanes and 21 classified as others.

Keywords: Celastraceae; triterpenes; quinonemethide; IBC-NMR

1. Introduction

The Celastraceae family comprises approximately 96 genera, reaching about 1350 species
distributed in the tropical and subtropical regions of the world [1,2]. Species of this fam-
ily stand out for producing compounds with several pharmacological activities, such as
antitumor [3,4], anti-inflammatory [5], antimicrobial [6-8], antioxidant [9] antiviral [10],
analgesic [5,11], antiulcerogenic [12], hepatoprotective [13], hypoglycemic [13,14], im-
munomodulatory [15], among others. Considering the chemical composition, species of
the Celastraceae family are rich in pentacyclic triterpenes (PCTTs). PCTTs show a range of
biological properties, characterizing these plants as research targets aiming to obtain new
bioactive compounds or prototypes of new drugs [16-22].

PCTTs are structurally diverse compounds and are therefore classified according
to their main skeletal structure. The main classes found in Celastraceae family possess
friedelane, oleanane, lupane, ursane and quinonemethide skeletons. Quinonemethides are
chemomarkers of this family are found exclusively in these species [13]. These PCTTs can
occur as alcohols, ketones, carboxylic acids, lactones, aldehydes, epoxides, esters, or even
glycosylated derivatives. Furthermore, these PCTTs can be sub-classified as seco, generally
due to the opening of one of their rings, the most common being the ring ‘A’ opening
between carbons 3 and 4, and sub-classified as nor when there is a lack of any of the methyl
groups that constitute the basic skeleton.
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This review aims to present the PCTTs reported for species of the Celastraceae family
in the 21st century, exhibiting from which species they were isolated and contributing to
the chemical characterization process of these compounds listing their 3C NMR data. The
information about the PCTTs was obtained from SciFinder, Scopus, and Web of Science,
using as key search terms: “Celastraceae and triterpenes”, “Celastraceae and compounds”,
“Celastraceae and phytochemistry” and “Celastraceae and metabolites”. Articles with
only ethnopharmacological information and data from in vitro and in vivo tests involving
extracts or isolated substances were excluded. The period covering from January 2001
to September 2021 was considered since the group has already developed a free online
database (in Portuguese) for the previous years [23]. This review reports a total of 504
pentacyclic triterpenoids, 29 aromatics (A), 50 dimers (D), 103 friedelanes (F), 89 lupanes
(L), 102 oleananes (O), 22 quinonemethides (Q), 88 ursanes (U) and 21 classified as others.
Table S1 (Supplementary Material) summarizes all these PCTTs, as well as the plant species
and parts from which they were isolated.

2. Pentacyclic Triterpenoids (PCTTs)

PCTTs consist of 30 carbon atoms (six isoprene units) distributed over five fused rings
(named A, B, C, D and E). This ring arrangement yields five six-membered rings or four
six-membered rings fused to a 5-membered ring, numbered as shown in Figure 1 [24].
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Figure 1. Core rings A, B, C, D, and E found in PCTTs.

As terpenes, the biosynthesis of PCTTs starts by the coupling of active isoprene units.
Initially, there is an electrophilic condensation of IPP (isopentenyl diphosphate), with
DMAPP (dimethylallyl diphosphate), yielding the precursor of monoterpenes, geranyl
diphosphate (GPP). The addition of IPP to GPP generates farnesyl diphosphate (FPP), which
is the precursor of sesquiterpenes. Then a tail-tail condensation of two FPP molecules leads
to squalene, after the release of a diphosphate unit and a 1,3-alkyl shift (Figure 2) [25].

The biosynthesis of PCTTs continues with the oxidation of squalene, catalyzed by
squalene epoxidase, forming 2,3-oxidosqualene. This intermediary assumes the “chair-
chair-chair-boat” conformation and after a sequence of cyclizations yields the dammarenyl
cation, which then undergoes a rearrangement forming the baccharenyl cation. From
the baccharenyl cation, the key step in PCTTs biosynthesis occurs, characterized by the
formation of the lupanyl cation (Figure 3) [25,26]. Through a sequence of carbocation
rearrangements (1,2-shifts), involving hydride, methyl, and ring-opening shifts, the lupanyl
cation yields the different PCTTs skeletons, which then could oxidize, reduce, and isomerize,
leading to the formation of the different currently known PCTTs [25,26].

The most powerful spectroscopic method in the structural elucidation of PCTTs is 13C
Nuclear Magnetic Resonance (NMR). Comparison of experimental 3C NMR chemical shifts
with literature data is a useful tool in identifying the basic skeleton of these compounds.
Through this data, it is possible to make predictions about the influence of a functional
group on the chemical displacement of carbons from its basic skeleton [27]. According
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to Mahato & Kundu [27], for example, the introduction of a hydroxyl group in the PCTT
structure induces a deshielding of about 34-50 ppm of the a carbon, 2-10 ppm of the
carbons and 0-9 ppm of the - carbons. The effect of the hydroxyl presence on the 13C
NMR chemical shift of the a-carbon, is related to its configuration, and with the number of
v-gauche-type, and 1,3-diaxial-type interactions with the carbon atoms of the triterpene
skeleton [27].

/L\/ /l\AO rp J\/\O pp
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)\N\\/\OPP
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x AN AN o " SESQUITERPENES
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y}* PP

2,3-0XIDOSQUALENE

Y
TRITERPENES

Figure 2. Simplified biosynthetic route of 2,3—oxidosqualene, the direct precursor of triterpenes,
from isoprene. DMAPP: dimethylallyl diphosphate; IPP: isopentenyl diphosphate; GPP: geranyl
diphosphate; FPP: farnesyl diphosphate; PP: diphosphate [26,28].
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Figure 3. Simplified terpenoid biosynthetic route for the formation of the main pentacyclic triter-

pene skeletons isolated from Celastraceae species. “a” and “b” indicate two possible biosynthetic
pathways [26,28].
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2.1. Friedelanes

Compounds presenting a friedelane skeleton, together with the oleananes, are the
most abundant PCTTs in the Celastraceae family, being found in the leaves, branches, roots
and other parts of these plants [13]. These systems are formed by five six-membered rings
fused. Rings A/B, B/C and C/D have trans configuration (H-10a« and H-8«), while ring
D/E is cis (H-18B). They have eight methyl groups; six attached to distinct carbons, at
positions 4 (Me 238), 5 (Me 24p), 9 (Me 250), 13 (Me 27x), 14 (Me 268) and 17 (Me 288), and
two geminal methyl groups at carbon 20 (Me 29« and 30p) [22,29]. In this work, 103 PCTTs
of friedelan skeleton (F) are reported, compounds F1-F103 (Figure 4).