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Abstract: Bryophytes are small, thalloid, non-vascular plants that pioneered terrestrial habitation. Except ocean, they can be
found in all types of habitats. They comprise about 28,000 species worldwide and are the second largest plant group after the
ﬂowering plants. They are grouped into three divisions, Marchantiophyta, Anthocerotophyta and Bryophyta. Bryophytes
serve as a phytochemical treasure chest owing to its stunning Variety of bioactive compounds comprising of more than 3000
different metabolites. Terpenoids, with 2200 different molecules, constitute the largest fraction, followed by hundreds of
phenolics and other molecules such as saccharides, lipids, acetogenins, proteins, and compounds that contain nitrogen and
sulphur. This assortment of compounds suggests their potential to be used as remedies to many diseases. Approximately, 1000
species of bryophytes have been analysed for their potential medicinal properties. The review explores the potential of
bryophytes in treating various diseases, such as, microbial, cancerous, diabetic, osteoarthritic, cardiovascular, insect bites, as
well as their role in immunomodulation and antioxidant activities. It also discusses the bioactive compounds isolated from
bryophytes and their mechanism of action in treating these diseases. The article throws light on the feasibility of mass
production of bioactive compounds and vaccines via in vitro culture of bryophytes. However, there are gaps in the knowledge
in the understanding of the mechanism of action of these compounds and their side effects on humans as well. The article also
suggests perspectives on which future research should be directed for complete understanding of the topic and to facilitate the
use of bryophytes for safe drug.
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Introduction

Bryophytes are small, thalloid, non-vascular land plants
showing a distinct haplo—diplontic life cycle in which the
gametophytic phase is the dominant generation. They are
considered to be the oldest terrestrial plants. With 28,000
species worldwide, they are second to angiosperms in terms
of species diversity. These species are grouped into three phyla,
namely Marchantiophyta (the liverworts) which comprises
8,500 species, Anthocerotophyta (the hornworts) comprising
300 species and Bryophyta (the mosses) with approximately

11,500 species worldwide (Shaw et al, 2011; Patino and
Vanderpoorten, 2018). They are found in all types of habitats,
except oceans (Stark and Whittemore, 2000; Dey and
Mukherjee, 2015, Commisso et al, 2021). They are called
‘Amphibians of Plant Kingdom’, owing to their requirement
of water for sexual reproduction (Dey and Mukherjee, 2015).

Bryophytes have been used as medicines for
treatment of various kinds of diseases in China, India and

some parts of native America (Chandra et al, 2017; Glime,
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2017). Worldwide, approximately 1000 bryophyte species are
used for treatment of various diseases (Asakawa 2004). They
are bestowed with a great range of compounds such as
carbohydrates, proteins, lipids, terpenes, polyphenols, steroids,
organic acids, fatty acids, sugar alcohols, aromatic and aliphatic
compounds, phenylquinones, acetogenins and phenolic
substances which show significant bioactivities (Halder and
Mitra, 2020). These plant products have the potential to function
as antibacterial, antifungai, anticancer, insecticidal and
antioxidant sources (Figure 1) (Sabovljevic et al, 2001; Asakawa
2007; Pejin er al, 2012). In addition, a bryophyte genus,
Sphagnum, has been used as surgical dressing due to its better
and faster absorbent qualities than cotton. The antibiotic
qualities of the plant are an added feature (Ayres, 2015).

Plants based medicines offer a safe and alternative
medicine over synthetic drugs. Hence, in recent years,
researches on medicinal uses of bryophytes have drawn major
attention of scientists. Many studies have identified several
new bioactive compounds and reported their effects on
different disease models and conditions. Most recently,
bioactive compounds from 14 species of bryophytes were
screened and found to have antimicrobial properties as well
as impart antiproiiferative effects on cancer cells (Vollar ef
al, 2018). Though limited, these studies are opening a treasure
of bioactive compounds in bryophytes that can be used in
treating many diseases. The bioactive potential of bryophytes
as antimicrobial, anticancerous, insecticidal and antioxidants
have been extensively reviewed (Sabovljevic et al, 2016;
Chandra et al, 2017; Ludwiczuk and Asakawa, 2019;
Commisso ef al,, 2021). However, there is limited information
regarding the mechanism of action of many compounds
isolated from the bryophytes. In this regard, this article
attempts to discuss the role and mechanism of bryophytes as
antibacterial, antifungal, anticancerous, insecticidal and
antioxidative plants. In addition, it explores the potentiai of
bryophytes in treating diabetes, osteoarthritis and
cardiovascular diseases. The article can serve as a reference
for future research based on medicinal properties of
bryophytes.
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Medicinal properties of bryophytes

Antimicrobial activities

Bryophytes are traditionaiiy used in different cultures among
the people of Asia and native Americans for treating burns,
wounds, cuts and skin diseases, suggesting that they protect
the skin and open wounds from pathogenic microbes (Alam
et al, 2015; Chandra et a/, 2017; Ludwiczuk and Asakawa,
2019). It is interesting to note that bryophytes are not infected
by bacteria and fungi, suggesting that they are equipped with
defences against such infections (Ludwiczuk and Asakawa,
2019). This antibiotic property of bryophytes may also be
attributed, in part to the bacterial and fungai biomass
associated with phyliosphere of bryophytes (Davey etal, 2009)
as moss-associated bacteria have shown two-folds higher
production of active substances than in piant—associated bacteria
(Opelt and Berg, 2004). Many studies have demonstrated
antimicrobial activities of different species of bryophytes against
gram positive and gram negative bacteria, and fungi. Studies

invoiving bacteria and fungi are discussed hereunder:

Antibacterial activities

Bacterial diseases are the most common type of diseases that
humans, piants and animals suffer from in everyday life. This
is mainiy because bacteria are ubiquitous organisms inhabiting
the air, water, soil and other organisms and can easily come
in contact or enter into one’s system (Barbaren et. al, 2014).
While many of them are non-pathogenic (harmless or even
beneficial), some can cause serious infections and diseases by
secreting toxic substances (Ryan et al, 2014). Common
bacterial diseases include typhoid, tuberculosis, gastroenteritis,
pneumonia, urinary tract infections (UTTs) and skin infections
(eczema, rashes and dermatitis) which are caused by
Salmonella species, Mycobacten'um tuberculosis, Bacillus
species, Klebsiella pneumoniae, Enterobacter aerogenes and
Pseudomonas aeruginosa, respectively (Santosham et al,
2013). If these bacterial actions are not controlled at the early
stage, they can lead to serious conditions which can even
damage body organs like lungs, kidneys and bladder. More
importantiy, most of these infectious diseases are

communicable and often become epidemic or pandemic.



P]zer](op Mossang et al,, 2021

Bryophytes in Medicines

The antibacterial properties of bryophytes were discovered as
early as 1979 (Banerjee and Sen, 1979). Recently, crude drug
extracts of bryophytes viz. Marchantia species, Calymperes
motleyi Mitt., Fissidens species, Hypnum cupressiforme Hedw.,
Plagiochila species and Sematophyllum demissum (Wilson) Mitt.
have shown potent antibacterial activity against disease-causing
Bacillus subtilis, Pseudomonas aeruginosa and Staphylococcus
aureus (Kirisanth et al, 2020). Previously, Ruiz-Molina et al.
(2019) also demonstrated antibacterial activity of protonema
suspension and naturally growing Polytrichum juniperinum
Hedw. against Bacillus cereus, Escherichia coli, Salmonella
typhimurium and Staphylococcus aureus. The protonemal
suspension extract inhibited the growth of all test bacteria,
however, the extract of field collected species was more effective
in inhibiting the growth of gram positive bacteria (5. cereus and
S. aureus) as against gram-negative bacteria (Escherichia coli
and S t)fp]iimurium) (Ruiz-Molina et al, 2019). Likewise,
Archidium ohioense Schimp. ex Miill. Hal., Hyophila involuta
(Hook.) A. Jaeger and Pelekium gratum (P. Beauv.) Touw
extracts showed significant inhibitory activity against Bacillus
subtilis, S. aureus, E. coli and Pseudomonas aeruginosa (Olasoji
et al, 2019).

The efficacy of bryophytes to exhibit antibacterial
activity depends on many factors, especially the extraction
medium and the bacterial species. For example, Kumar and
Chaudhary (2010) reported that methanolic extract of Entodon
myurus (Hook.) Hampe showed maximum inhibition of
growth of Enterobacter aerogenes while acetone extract
showed maximum activity against Klebsiella pneumoniae
amongst all tested solvents (petroleum ether, benzene, acetone,
and methanol). Similarly, Vats and Alam (2013) also reported
that ethanolic extracts of Atrichum undulatum (Hedw.) P.
Beauv. were more efficient in inhibiting the growth of bacterial
strains (B. subtilis, E. coli and S. typhimurium) than their
methanolic extracts. The study also revealed that E. cof is
more sensitive to the test followed by S. typhimurium and B.
subtilis. Ilhan et al. (2006) reported that extracts of a moss,
Palustriella commutata(Hedw.) Ochyra can potentially inhibit

the growth of gram-negative bacteria viz. K. pneumoniae,

Yersinia enterocolitica, P. aeruginosa, E. coli and E. aerogenes.
This is interesting, since conventional antibiotics are generally
more active against gram-positive than gram-negative bacteria.
Thus, this study can serve as an alternative path that can be
employed to inhibit the growth of gram negative bacteria.
Antibacterial activity of bryophytes can be credited
to the presence of a variety of compounds, such as marchantin
and neomarchantin (phenylpropanoids), lunularin (stilbenes),
riccardiphenol (sesquiterpene derivatives), monoterpenoids,
tetraterpenoids caratenoids, trachylobane diterpenoids (Table
1) (Asakawa and Ludwiczuk, 2018). However, the type of
compounds in bryophytes may vary from species to species.
These compounds can (i) disrupt mitochondrial integrity; (ii)
prevent biomolecules production (like DNA, RNA etc.); (iii)
depolarise bacterial cell walls leading to abnormal metabolic
activity;(iv) disrupt cell wall integrity leading to leakage of
protein and nucleic acids and; (v) prevent the formation of
biofilms (Greeshma and Murugan 2018, Onbasli and Yuvali
2020). Despite these information, much remains to be
deciphered to assign specific functions to the bryophyte specific
bioactive compounds. Thus, directing future research to
characterize these compounds can increase the understanding

of the bioactivities of these compounds.

Antifungal activities
Fungi are ubiquitous organisms with their abundance next to
bacteria. More than hundreds of fungi are known to be
pathogenic to humans, causing various kinds of infections and
diseases (Kohler er al, 2015). Over a billion people suffer
from fungal diseases every year (Bongomin et al, 2017). While
some fungi cause superficial fungal infections (skin, hair and
nails infection), a few of them can invade host cells and develop
a chronic disease condition called invasive fungal disease (IFD).
The IFDs rarely develop in those with strong innate immunity,
while an individual suffering from immunocompromised
conditions such as asthma, cancer; AIDS etc. are more
susceptible to IFDs (Chang et. al.,, 2017).

One of the earliest studies associated with antifungal

properties of bryophytes was reported in 1982 by Asakawa.
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Since then, many studies have reported antifungal activities
of bryophytes (Table 1). Recently, Negi er a/ (2020) reported
that the acetone extract of the liverwort Conocephalum
conicum (L.) Dumort. showed potent antifungal activity against
Aspergillus flavus, an opportunist pathogenic fungal species
that causes a wide range of diseases in plants and humans.
Similarly, methanolic extract of liverwort, Porella p]at)/p/r)/[/a
(L.) Pfeiff. and two mosses, Cinclidotus fontinaloides (Hedw.)
P. Beauv. and Anomodon viticulosus (Hedw.) Hook. & Tayl.
showed growth inhibition of fungal species Botrytis cinerea
Pers., which causes grey mould disease of dicotyledonous plants
(Latinovize et al, 2019).

Various compounds which exhibit antifungal activity
have been isolated from bryophytes (Table 1). Compounds
such as marchantin A, bis-bibenzyls neomarchantin A,
riccardin D, isopropylidene riccardin D, prenyl phenyl ethers,
glaucescenolide, tetracyclic diterpene, have been classified as
antifungal. Bryophytes exhibit antifungal activities by: (i)
inhibiting spore germination and hyphal growth (Deora and
Suhalka, 2017), (ii) inducing reactive oxygen species (ROS)
generation and subsequent apoptosis through activating
metacaspase (Wu ef al, 2010), (iii) preventing biofilm
formation (Cheng et al, 2009) and (iv) inhibiting cell wall
chitin synthesis (Wu et al,, 2008).

Anticancer activities

Cancer is one of the deadliest diseases and remains the second
most leading cause of death worldwide. It causes over 9.6
million deaths annually (Henamayee et al, 2020). It develops
because of uncontrollable division of cells due to dysfunction
or mutation in their DNA. The mutations may be caused by
exposure to radiation, chemicals, hormones and other factors
in the surrounding environment (Jain et al, 2016). The
common methods for treatment of cancer include
chemotherapy, immunotherapy and radiotherapy. However,
these techniques massively affect the healthy cells leading to
various types of infections. Therefore, it is essential to develop
a new, safe and an efficient treatment method which will

have less toxicity or minimal side effects (Roy et al, 2018).
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Herbal medicines for treatment of cancer have gained much
attention in recent years because the use of natural products
derived from medicinal plants and herbs halt the chance of
possible adverse side effects while yielding promising outcomes/
results (Tripathy and Singh, 2017). Bryophytes, among other
plant groups, have the potential to treat a wide range of diseases
including cancer. In fact, the effects of extracts and metabolites
of bryophytes on various types of cancer lines were reported
as early as 1986 (Spjut et al,, 1986). Moreover, their abundance
in all habitats is another reason for the number of therapeutic
studies being made on them in the last decade (Yayintas et
al, 2019). Most recently, Naidu et al (2020) reported that
daucosterol (glucoside of a-sterol) and friedelin (triterpenoid),
isolated from the moss Octoblepharum albidum Hedw.
inhibited the growth of three types of cancer cells viz. ovary
(PA1), Cervical (C-33A) and Lung (NCI-H358).

Anticancer properties of bryophytes are attributed
to the presence of various phytochemical compounds in them,
such as sesquiterpenoids, monoterpenoids, diterpenoids,
triterpenoids, flavonoids, bibenzyls and bisbibenzyls etc. (Dey
and Mukherjee, 2015). For example, marchantin C (a
macrocyclic bisbibenzyl) can induce apoptosis of human glioma
tumor cells (A172) by up-regulation of proapoptotic Bax gene
and down-regulation of anti-apoptotic Bc/-2 gene expression
(Shi et al, 2009). It can also depolymerise microtubules and
arrest cell cycles at G /M phase and cause apoptosis of A172
and HeLa cells in concentration and time-dependent manners,
respectively (Shi er a/, 2009). Similar activity was reported for
marchantin A, which showed antiproliferative activity against
human MCF-7 breast cancer cells (ICSO of 4.0 Ig/mL) (Huang
et al., 2010). Cleavage of apoptotic proteins caspase 3, caspase
8, caspase 9 and poly (ADP ribose) polymerase (PARP) were
increased on treatment with marchantin A to breast cancer
cells inducing cell-death (Huang et al, 2010). Another report
on breast cancer cell lines, MCF7, A256 and T47D, showed
that marchantin A, in synergism with kinase inhibitor, decrease
tubulin polymerization in microtubules and inhibit growth
and proliferation of the cells (Jensen er a/, 2012). Marchantin

A was also reported to have significant cytotoxic effects on
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Table 1. Some studies in which antimicrobial activities of bryophytes were elucidated.
Bryophyte species Phylum Chemical(s) reported Against microbes References
Anthoceros erectus Steph. Anthocerotophyfa Alkaloids, Coumarins, Bacillus subtilis, StaP]zylocaccus Sangeetha (2019)
Flavonoids, Phenols, Steroids, aureus Escherichia coli,Klebsiella
Sugars pneumoniae, Vibriocholera,
Pseudomonas aeruginosa and
Shigella flexneri
Anthoceros longii Steph. Anthocerotophyta NR Agrobacterium tumefaciens Deora and Bhati (2007)
Asterella angusta (Steph.) Marchantiophyta Ten bis (bibenzyls), riccardin D, Candida albicans Qu et al (2007)
Pand¢, K.P. Srivast. & riccardin B, perrottetin E,
Sultan Khan asterellin A, asterellin B, 11-
demethylmarchantin I,
dihydroptychantol, marchantin
H, marchantin M and
marchantin P
Atrichum undulatum Bryopsida NR Bacillus subtilis, Escherichia coli McCleary andWalkington
(Hedw.) P. Beauv. and Salmonella typhimurium (1966); Vats and Alam (2013)
Bazzania sp. Marchantiophyta Cydomyltaylyl»’j»caffeate, M. graminica/a, Botrytis cinerea, Scher et al (2004); Asakawa
viridiflorol, gymnomitrol, 5- C]adosporium cucumerinum, and Ludwiczuk (2018);
hydroxycalamenene, 7- @ricu]an'a oryzae, P/zytop/zt]mra Ludwiczuk and Asakawa
hydroxycalamenene, drimenol, infestans and Septoria tritici (2019)
drimenal, naviculylcaffeate,
Iipophilic, sesquiterpenoids viz.
gymnomitrol, 5-
hydoxycalamenene, 7-
hydroxycalamenene, drimenol,
and drimenal
Barbula convoluta Hedw.  Bryophyta NR Pseudomonas aeruginosa Abdel-Shafi et al (2017)
Bryum capﬂ]are Hedw. Bryophyta Triterpenoids, saponins Bacillus subtilis, Salmonella sp., Sturtevant (1954); Elibol et al
Staphylococcus aureus, (2011)
Pseudomonas aeruginosa and
Saccharom 1yces cerevisiae.
Bryum cellulare Hook. Bryophyta NR Curvularia lunata Deora and Guhil (2016)
Cinclidotus fontinaloides ~ Bryophyta Flavonoids Bacillus subtilis, Staphylococcus Yayintas et al. (2017)
(Hedw.) P.Beauv. aureus, Pseudomonas aeruginosa
and Candida albicans
Canocep/za]um conicum Marchantiophyta Eudesmanolides, germacranolides, Staplzylococcus aureus Singh et al. (2011);Ding
(L.) Dumort. bicyclogermacrenal, 2a, 5b- (1982); Ando(1983); Alam
dihydroxybornane-2-cinnamate, (2012); Toyota (2000);
lipophilic Asakawa (1984); Asakawa
and Ludwiczuk (2018)
Entodon myurus (Hook.) ~ Bryophyta NR Bacillus subtilis, Escherichia coli Kumar and Chaudhary
Hampe Staphylococcus aureus, (2010); Singh e al (2011)
Enterobacter aerogenes and
Klebsiella pneumonia
Frullania dilatata (L.) Marchantiophyta NR Staphylococcus aureus Nikolajeva et al (2012)
Dum
Fissidens bryoides Hedw. Bryophyta NR Agrobacterium tumefaciens Deora and Bhati (2007)
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Herbertus aduncus (Dicks.)
Gray
Hypnum cupressiforme

Hedw.

Imbribryum sp.

Isothecium a]opecuroides

(Lam. ex Dubois) Isov.

Isotheceum myurum Brid.
Jungermannia exsertifolia
ssp. cordifolia (Dumort.)
Viaoa

Lophocoleoa heterophylla
(Schrad.) Dum.
Marchantia palmata
Reinw., Nees & Blume
Marchantia papillata Raddi
subsp. grossibarba (Steph.)
Bischl.

Marchantia polymorpha L.

Marchesinia mackaii

(Hook.) S.F. Gray

Mnium stellar Hedw.

Orthostichella rigida (Mill.
Hal.) B.H. Allen & Magill

Palustriella commutata

(Hedw.) Ochyra

Marchantiophyta

Bryophyta

Bryophyta

Bryophyta

Bryophyta
Marchantiophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

Bryophyta

Bryophyta

Bryophyta

NR

Phenols

NR

NR
14 trachylobane diterpenoids (ent-
trachylobane»17»a1)

NR

NR

Sesquiterpenes or diterpenes,
steroids, fatty acids and alcohol
derivatives.

Marchantin, bis»bibenzyls
neomarchantin A, riccardin D
and 13,130»O»isopropylidene

riccardin D

Essential oils

NR

NR

Flavonoid compounds (Gallic

acid), Phenols.

Botzytis cinerea, Rhizoctonia solani
and Pythium debaryanum

Bacillus subtilis, Escherichisa coli,
Stap/g/]acoccus aureus, Micrococcus
flavus and Salmonella enteritidis

Pseudamonas ZEI'HgI'I]DSH

Bacillus subtilis, Candida albicans,
Escherichia Listeria

Salmonella
5]71'ge]]a flexneri,

coli,
mon oc/Vtogeues,
enteritidis,
Staphylococcus aureus and Yersinia
enterocolitica

Bacillus subtilis

Mycobacterium tuberculosis

Bacillus cereus

SfaP]Z}/]OCDCClIS aureus

SfaP]Z}/]OCDCClIS aureus

Acinetobacter calcoaceticus,
Alcaligenes faecalis, Bacillus cereus,
B. megaterium, B. subtilis,
Cryptococcus neoformans,
Enterobacter cloacae, E. coli, Proteus
mirabilis, Pseudomonas aeruginosa,
Salmonella typ/}im urium,
Staphylococcus aureus and Candida
albicans

Bacillus subtilis, Escherichia colli,
Salmonella Pu]]orum,
Staphylococcus aureus and Yersinia
enterocolitica

Bacillus subtilis, Sta P]z )/]ococcus
aureus, S. carnosus, S. t)/p/zimirium
and S. epidermidis.

Sl'ap]y//ocaccus aureus, Escherichia
coli, Salmonellaenteritidis, Candida
albicans, Listeria monocytogenes
and Cryptococcus neoformans
Bacillus subtilis, Sta P]z )/]ococcus
aureus, Escherichia coli,

PSEU({OIUDIZZS aeruginasa and

Candida albicans

Matsuo et al (1982a, 1982b)

Veljic et al. (2009)

Lashin et al (2015); Abdel-

Shafi et al (2017)
Altuner and Cetin (2018)

Yayintas et al (2019)
Scher et al (2010)

Nikolajeva et al (2012)

Pant and Tiwari (1989)

Negi et al. (2018)

Niu et al (2006); Guo et al.
(2008)

Figueiredo et al (2002).

Singh et al (2011); Canli et
al (2015)

Rodrigues et al (2020)

Yayintas et al (2017)
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Paraschistochila
pinnatifolia (Hook.) R.M.
Schust.

Pellia endiviifolia (Dicks.)
Dumort.

Plagiochasma
appendiculatum Lehm. &
Lindenb

Plagiochila beddomei
Steph.

P]agioc/zi/a fasciculata
Lindenb.

Plagiomnium sp.

Pogonatum
microstomum(R. Br. ex

Schwigr.) Brid.

Polytrichum commune

Hedw.

Porella sp.

Riccardia crassa
(Schwigr.) C. Massal.
Schistochila g]aucescens

(Hook.) A. Evans

Marchantiophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

Bryophyta

Bryophyta

Bryophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

Ent-1b-Hydroxykauran-12-one

Succulatal, Phenols and
flavanoids.

Phenols

Phenolic acids like coumaric,
ferulic, gallic, caffeic,
protocatechol, cinnamic, sinapate,
chlorogenate and hydroxyl
benzoate.

2-hydroxy-3,4,6-
trimethoxyacetopnenone and 2-
hydroxy»4,6»
dimethoxyacetophenone

NR

flavonoids, glycosides,

triterpenoids, Phenols and sterols.

Acids and amino acids, sterols

and terpenoids, polyphenols,

Sesquiterpene hydrocarbons and

Monoterpene hydrocarbons.

Riccardiphenol C

Marchantin C, neomarchantins A

and B, Glaucescenolide

Candida albicans

Streptococcus mutans

Alternaria alternata, AsPergi/]us

favus and Aspergi]]us niger
Salmonella species, Escherichia coli,

Stapb)/]ococcus aureus, Candida

albicans etc.

Tricbop]zyton mentagrop]])/tes and

Cla dosporium resinae

SfaPlZ}/]OCDCCUS aureus

Agrobacterium tumefasciens,
Streptom)/ces pneum onia,
Escherichia coli, Klebsiella

pneumonia eand Pseudomonas
aeruginosa and fungi Candia
albicans and Tric]wp/z 1yton rubrum.
Pseudomonas a eruginosa an d
Staphylococcus aureus.Bacillus
cereus and Escherichia coll.
cerevisiae,
bailii,
Aerobasidium Pu//u/ans, Pichia
Pichia

Saccharomyces

Zygosaccbaram}/ces

membranaetasciens,
anomala, Yarrowia ]IPO])/fiCH,
Salmonella enteritidis, Escherichia
coli and Listeria monocytogenes

Bacillus subtilis

Bacillus subtilis and Trichophyton

men tagrop]z 1ytes

Lorimer et al (1997)

Asakawa (2008); Waterman et
al. (2017)
Sharma et al (2015)

Manoj and Murugan (2012);
Alam(2012)

Lorimer and Perry (1994)

Chandra et al (2017); Vollar
et al (2018)
Aruna and Krishnappa (2018)

Klavina et al (2015); Beike et
al. (2010); Hu(1987); Belkin et
al. (1952)

Bukvicki ef al (2012); Dey and
Mukherjee (2015)

Perry and Foster (1995)

Scher et al (2002)

*NR= Not reported

Table 2. Some studies in which anticancerous activities of bryophytes were elucidated.

Bryophyte species

Phylum

Chemical reported

Against cell line

References

Bryum capillare Hedw.

Bryophyta

Conocephalum conicum (L.) Marchantiophyta

Dumort.

NR

MCF-12A (human breast epithelial
cells), SKBR 3 (human breast cancer
cells) and HeLa (human cervix

cancer CGHS),

Eudesmanolides, germacranolides, HepG2 cells

bicyclogermacrenal, 2a,

dihydroxybornane»Z»cinnamate

5b-

Onbasli and Yuvali (2020)

Singh et al (2011);Ding
(1982); Ando(1983); Alam
(2012)
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Diplophyllum sp. Marchantiophyta Diplophyllin, eudesmanolides HeLa cells Hong (1980)
Marchantia convoluta C. Marchantiophyta 3»(4,S»dimethylthiazoI»Z»yI)»Z,5» HePGZ and H1299 cell lines Chen and Xiao (2006)

Gao & K.C. Chang
Marchantia polymorpha L.

Octoblepharum albidum
Hedw.

Plagiochila sp.

Polytrichum
Hedw.

commune

Pa])/tricﬁasl’rum ohioense
Renauld & Cardot
Po])/tn'cﬁastrum pa]]idisetum
(Funck) G.L. Sm.

Ptilidium pulcherrimum
(Weber) Vain.
Porella sp.

Riccardia multifida (L.)
Gray

Wiesnerella denudate (Mitt.)
Steph.

Marchantiophyta

Bryophyta

Marchantiophyta

Bryophyta

Bryophyta

Bryophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

Marchantiophyta

diphenyltetrazolium bromide.
Marchantin A, marchantin B,

marchantin C, marchantin E

Daucosterol and Friedelin

Plagiochiline A, Plagiochiline C, 13-
octa-noate, 12»hydroxy13»2E, 4E-
dodecadienoate, sacculatal,
Polygodial,2,3>secoaromadendranes,
plagiochilide, pIagiochilalB,
Plagiochin A, Isoplagiochilide

Ohioensin-A

Ohioensin-A

1- O»methylohioensin B, 1-O-
methyldihydroohioensin Band1,14-
di- O-methyldihydroohioensin B

Ursane triterpenoids
Norpinguisone, Perrottetianal
A,Porelladiolide,ll,IS»
dehydroporella»diolide

Riccardin

Guaianolides

Leukemic KB cells; human

carcinoma

Ovary (PA1), Cervical (C-33A), and
Lung (NCI-H358) cancer cell lines.

P-388 murine leukemia tumor cells

L1210 cells

PS and MCF-7

Human colon adenocarcinoma (HT-
29), human melanoma (RPMI-
7951), and human glioblastoma
multiforme (U-251 MG) cells.
Against PC3, MDA-MB-231 and
Hela cells

Human promyelocytic leukemia (HL-
60) and human pharyngeal
squamous carcinoma (KB) cells.

KB cells

P-388 1ymph0cytic leukemia

Asakawa (1982); Miller and
Miller (1979); Hu (1987); Bland
(1971); Pant and Tewari (1989)
Naidu et al (2020)

Ramirez et al (2010); Dey and
Mukherjee (2015)

Harris (2008); Sabovljevic et al
(2001); Hart (1981); Beike et al.
(2010); Hu (1987); Cheng et al.
(2013)

Zheng et al (1989)

Hart (1981); Belkin et 2£(1952);
Zheng et al. (1994); Asakawa et
al (2013)

Guo et al. (2009)

Dey and Mukherjee (2015)

Asakawa (1982)

Asakawa (1982)

“NR= Not reported

Table 3. Some studies in which antioxidant activities of bryophytes were elucidated.

Bryophyte species Phylum Chemical(s) reported References

Atrichum undulatum (Hedw.) Pal. de B. Bryophyta Phenols Chobot et al. (2008)

Brachythecium rutabulum (Hedw.) Bryophyta Phenols Pejin and Bogdanovic-Pristov (2012c)
Schimp.

Calliergonella cuspidata (Hedw.) Loeske Bryophyta Phenols Pejin and Bogdanovic-Pristov (2012c)
Ceratodon purpureus (Hedw.) Brid. Bryophyta Biflavonoids and phenols Waterman et al. (2017)

Cinclidotus fontinaloides (Hedw.) Bryophyta Flavonoid compounds such as gallic acid ~ Yayintas et al (2017)

P.Beauv.

Ctenidium molluscum (Hedw.) Mitt. Bryophyta Polyphenols and flavonoids Erturk et al (2015)

Eurhynchium striatulum (Spruce) Bryophyta Polyphenols and flavonoids Erturk et al (2015)

Schimp.

Hypnum plumiforme Wilson Bryophyta NR Sun et al (2009)

Hypnum cupressiforme Hedw. Bryophyta NR Yayintas et al (2019)

Jungermannia sp. Marchantiophyta  Subulatin Tazaki et al. (2002)

8
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Marchantia polymorpha L.

Mastigophora diclados (Brid.) Nees

Marchantiophyta

Marchantiophyta

Peroxidase Phenols, flavonoids, saponins,
tannins, and giycosides

(-)-diplophyllolide, (-)-a-herbertenol (100),
(101a), (-)-
mastigophorene C (102), (-)-mastigophorene
D (103), (-)-diplophyllin (104) and

(-)-herbertene-1,2-diol

mastigophorene A (207).

Neckera complanata (Hedw.) Huebener ~ Bryophyta NR

Plagiochasma appendiculatum Lehm. et Marchantiophyta NR

Lindenb.

Plagiochila beddomei Steph. Marchantiophyta  Flavonoids and phenols

Palustriella commutata (Hedw.) Ochyra Bryophyta Flavonoid compounds as gallic acid.

Polytrichastrum alpinum (Hedw.) G.L. Bryophyta NR

Sm.

SPAagnum mage/]anicum Brid. Bryophyta Phenolic compounds such as caffeic, gaﬂic,
vanillic, chlorogenic, p-coumaric, 3-4
hydrozybenzoic, and salicyiic acid.

Sanionia uncinata (Hedw.) Loeske Bryophyta NR

Hirata et al (2002); Krishan and Murugan
(2013)
Komala et al (2010)

Yanyintas et al (2019)
Singh et al (2006)

Manoj and Murugan (2012)
Yayintas et al (2017)

Bhattarai et al (2009)

Montenegro (2009)

Bhattarai et al (2008)

“NR= Not reported

Table 4. Some studies in which insecticidal activities of bryophytes were elucidated.

Bryophyte species Phylum Chemical(s) reported Effective against Insect(s) References

Aneura pinguis (L.) Dum  Marchantiophyta Pinguison Spotoptera littoralis Wada and Munakata (1971);
Benesova et al (1969)

Conocephalum conicum Marchantiophyta Myristic acid, Palmitic and lauric ~ Sitophilus granaries Abay et al. (2013)

(L.) Dumort. acids

Dicranum scoparium Hedw.  Bryophyta Myristic acid, Palmitic and lauric ~ Sitophilus granaries Abay et al. (2013)

Lepidolaena hodgsoniae
Grolle

Marchantiophyta

Lepidolaena  clavigera Marchantiophyta
Dumort.
Plagiochila bursata Marchantiophyta
Lindenb.

acids

Hodgosonox

Clavigerins B and C

b-barbatene , ergosterol, globulol,
phytol, sitosterol, squalene,
spathulenol and stigmasterol.2,3-
secoaromadendrane 1 and

plagiochilines A and M.

Polytrichastrum formosum Bryophyta Myristic acid, palmitic acid and
(Hedw.) G.L. Sm. lauric acids
Riccardia polyclada (Mitt.) Marchantiophyta Two chlorinated bibenzyls, 2,6,30-

Hassel

trichloro-3- hydroxy-40-
methoxybibenzyl and 2,4,6,30-
tetrachloro-3,40-

dihydroxybibenzyl.

larvae of the blowfly Zucilia
cuprina

Anthrenocerus australis and
Tineola bisselliella

Spodoptera frugiperda

Sitophilus granaries

Spodoptera littoralis

Ainge et al. (2001)

Perry et al (2003)

Sporle (1990); Ramirez et al.
(2010)

Abay et al. (2013)

Labbé et al (2007)

*NR= Not reported

human malignant melanoma cells A375 with lower toxicity
towards normal skin cells 7e., immortalized human

keratinocytes HaCa T-cells with IC values ranging from 7.45
50

to 11.97ig/mL (Gawe3-Bében et al, 2019). The study suggested
marchantin A as a chemotherapeutic agent against the human

skin cancer melanomas without adverse effects on skin

9
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pigmentation (Gawe3-Bében et al, 2019). The other cyclic
bisbibenzyis compounds of bryophytes, viz., marchantin M,
plagiochin E, pakyonol and riccardin C have been shown to
inhibit cell proliferation and induce apoptosis in prostate
cancer cells (PC3)with IC50 values 5.45 imol/L, 5.99 imol/L,
7.98 imol/L and 3.22 imol/L respectively (Xu et al, 2010).
The cytotoxic effects of these compounds on the PC3 cells
were associated with induction of apoptosis with activation of
caspase 3 and cleavage of poly(ADP-ribose) polymerase
(PARP) proteins leading to increase in pro-apoptotic BAX
protein expression and inhibition of anti-apoptotic BCL2
protein (Xu et al, 2010). Another type of marchantin M was
shown to induce apoptosis in prostate cancer cells PC3 and
DU145 by increasing the levels of CHOP and GRP78 (HSPA5)
suggesting its role in inducing unfolded proteins endoplasmic
reticulum stress response pathway (Zhang er al, 2015). In
addition, the administration of riccardin D (a macrocyclic
bisbibenzyl) inhibited the topoisomerase II activity in leukemia
cell lines like K562 and K562/A02 cells, leaving the DNA in
supercoiled state and thus inhibiting their proliferation (Xue
et al,, 2012). The Chinese liverwort Heteroscyphus tener
Schitin have been known to contain different bioactive
compounds, and newiy identified ent-labdane diterpenoids
commonly called as heteroscyphins have been reported to
have antiproiiferative effects on cancer cells (Lin ef al,, 2014).
These heteroscyphins inhibit cell proliferations in prostate
cancer cells PC3 and DU145 and arrest the cell cycie at the
GO0/G1 phase, inducing apoptosis of the cancer cells which
were associated with increase in the levels of cleaved apoptotic
proteins caspase-3 and PARP (Lin et al, 2014).

Although numerous studies have successfuliy isolated
various active chemical constituents from these plants, the
mechanisms of anticancer activity of all these compounds are
yet to be revealed. All possibly known phytomolecules
responsible for anticancerous properties of bryophytes are

listed in Table 2.

Antioxidant activities

Antioxidants are compounds that inhibit or retard the
oxidation of chemicals caused by free radicals (Gulcin, 2020).
10

Free radicals are unstable molecules produced by an organism
as a result of environmental and other pressures (Gahtori
and Chaturvedi, 2019). These free radicals are also called
reactive oxygen species (ROS) which induces oxidative stress.
ROS-generated oxidative stress deregulates a series of cellular
functions leading to serious diseases like asthma, arthritis,
AIDS, autoimmune diseases, Alzheimer’s, cardiovascular
dysfunction, cancer, diabetes, neurodegenerative diseases etc.
(Uttara et al, 2009; Liu et al, 2018). Thus, a balance between
ROS and antioxidants is essential to neutralize these harmful
free radicals (Gahtori and Chaturvedi, 2019).

The antioxidants are broadly classified into three
following groups:

1. Antioxidant enzymes such as, catalase, glutathione reductase,
peroxidase and superoxide dismutase (Sindhi et al, 2013).
2. Antioxidant molecules such as glutathione, vitamin C, vitamin
E (tocopherols), albumin, lipoic acid, carotenoids (vitamin A),
flavonoids and phenolics (Sindhi et al, 2013).

3. Complex group of enzymes like lipases, transferases,
methionine sulfoxide reductase, proteases and DNA repair
enzymes etc., which are used for repair of damaged proteins
and DNA, oxidized peroxides and iipids (Irshad and Chaudhuri,
2002; Sindhi et al, 2013; Gahtori and Chaturvedi, 2019).

Since bryophytes are reservoirs of many compounds
including phenolics, flavonoids, alkaloids and terpenoids which
can scavenge ROS, they serve as a source of antioxidant
molecules (Mohandas and Kumaraswamy, 2018). Antioxidant
activities have been reported in many bryophyte species, such
as Hypnum cupressiforme Hedw., Homalothecium sericeum
(Hedw.) Schimp., Thuidium delicatulum (Hedw.) Schimp.,
Homalothecium lutescens (Hedw.) H. Rob., Leucodon
sciuroides (Hedw.) Schwagr., Ctenidium molluscum (Hedw.)
Mitt., Eurhynchium striatulum (Spruce) Schimp. and
Ceratodon purpureus (Hedw.) Brid. (Table 3) (Erturk ez al,
2015; Waterman et al, 2017). However, the efficacy of
scavenging ROS is dependent on bryophyte species as well as
the extraction medium. For example, the ethyl acetate fraction
of Marchantia po]ymorp]za L. showed higher antioxidant
activity than n-hexane and chloroform in DPPH (1,1—dipheny1—
2—picryihydrazyl) free radical scavenging with lowest Icsovalue
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of 439.31 ig ml" (Tran et al, 2020). Some recent reports on
antioxidant activity were also reported for species like
Leucobryum aduncum Dozy & Molk. and Campylopus
schmidii (Miill. Hal.) A. Jarger (Makajanma et al, 2020).
Bryophytes act as antioxidants by slowing down the
degenerative process mainly by (a) inhibiting lipid peroxidation
(b) increasing superoxide anion scavenging activity (Sokurenko
et al., 2018), (c) detoxification of oxygen generated by photo-
oxidation (Tazaki et al,, 2002) and (d) converting DPPH into
DPPH-H by losing a H-atom which inhibited chromogen cation
production of 2,2’-azino-bis—3-ethylbenzothiazoline—6-sulfonic

acid (ABTS) (Chandra et al, 2019).

Insecticidal activities

Insects are known as carriers and transmitters of a number
of bacterial and viral diseases (Sarwar, 2015). The disease
symptoms like fever, headache, skin rashes, stomach pain,
chills, nausea, swelling of body parts, dizziness, vomiting etc.
can be developed upon an insect’s bite (Morsy, 2012; Mansour
and Abu-Naser, 2019). Some of the insect-borne diseases
include malaria, Lyme disease, yellow fever, West Nile and
encephalitis (Gao et al, 2020). Apart from having pathological
effects on human health, insects are also known to cause
serious destruction to numerous plants and animals. Insects
adversely affect plants by boring and parasitizing (eating) them
and thus, causing severe damage and loss to vegetable and
crop plants (Nicoletti, 2020). To control this problem, various
insecticides or pesticides are used, which in turn, exerts harmful
effects on other organisms and the environment. Hence,
insects and pest management require an alternative and safe
approach.

Plant-derived curatives are efficient when employed
as insecticides with less or no harmful effects to humans and
the environment (Isman, 2020). One such activity of bryophytes
involves showing toxicity towards insects (Atwood and Buck,
2020). Table 4 lists the compounds derived from plants that
have insecticidal activity. In fact, one of the earliest reports on
insecticidal properties of bryophytes was reported by Benesova
and his team in 1969. Thenceforth, the use of bryophytes as

natural remedies to insects has gained much importance over
the years. Ande ef al. (2010) reported that application of four
mosses, namely Calymperes atzelii Sw., Thuidium gratum (P.
Beauv.) Jaeg., Bryum coronatum Schwaegr., and Barbula
lambarenensis (Hook) Spreng., increased the mortality rate
of maize stem borer (an insect that damages young maize by
lodging, tunnelling and girdling inside the stem internodes,
thereby resulting in stem breakage). Also, the use of chemical
constituents ((13S) 13 hydroxylabda 8, 14 diene,
fusicogigantone B, 3 «, 14-diacetoxy-2-hydroxybicycl-
ogermacrene) isolated from Plagiochila diversifolia Lindenb.
reduced larval growth of Spodoptera frugiperda, thereby
increasing its mortality rate. The study also revealed that the
incorporation of these compounds resulted in abdomen and
wing malfunction which eventually led to mating impossibilities
in adults of Spodoptera frugiperda (Ramirez et al, 2017).
However, there is no concrete report on insecticidal activity
of bryophytes against insects that act as vectors and transmit
various diseases to humans, thereby calling for the attention

of the researchers in this topic.

Treatment of Cardiovascular diseases

Cardiovascular diseases are one of the most life threatening
diseases (Curry et al, 2018). Bryophyte species such as
Rhodobryum giganteum (Schwigr.) Paris, Rhodobryum
roseum (Hedw.) Limpr., Rhodobryum ontariense (Kindb.)
Paris, Marchantia polymorpha L. and Cratoneuron filicinum
(Hedw.) Spruce have shown potential in treating
cardiovascular diseases (Harris and Yang, 2009; Pejin et al,
2012; Chandra et al, 2017; Ozturk et al, 2018). Rhodobryum
species are the most commonly reported bryophytes for
cardiovascular treatment and have been used in treating
cardiovascular diseases as early as 1977 (Wu, 1977). In fact,
ether extract of Rhodobryum giganteum has been reported
to increase the rate of oxygen flow in the aorta of white mice
by more than 30% (Wu in 1982). This can be attributed to
the presence of amino acids, lactones and volatile oils. In fact,
in Rhodobryum ontariense, linolenic acid has been found to

increase oxygen flow in the blood (Pejin et a/, 2012a). Linolenic
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acid is an essential fatty acid belonging to the omega-fatty
acid group, which has been shown to decrease the risk of
cardiovascular disease (Pejin et al, 2012a). Pejin et al. (2012b)
recommended Rhodobryum ontariense tea for persons
suffering from cardiovascular diseases as it reduces
hypertension by maintaining membrane ﬂuidity of
erythrocytes and nitric oxide (NO) balance. Decreasing
erythrocyte membrane ﬂuidity and impairment of NO are
triggers for hypertension. However, there is no concrete report
on its mechanisms of action yet. Therefore, further studies

will be required for the better understanding of the subject.

Antidiabetic activities
Diabetes mellitus is one of the biggest health problems of the
21st century (Fan, 2017). It is caused due to the increased
activity of alpha-amylase and alpha-glucosidase enzymes
(Mukhia et al, 2015). These enzymes hydrolyse starch to
produce simple sugars (glucose and maltose), which in turn,
increase the blood glucose level. Therefore, the inhibition of
these enzyme activities can reduce glucose absorption and
post-prandial (excessive sugar production by liver after meal)
sugar levels in the blood, thus, controlling diabetes.
Bryophytes, among other plants, have been known
to have anti-diabetic activities (Mukhia ef al, 2015, 2019).
Mukhia et al. (2015) reported that the liverworts viz.
Prychanthus striatus (Lehm. & Lindenb.) Nees (Lejeuneaceae),
Pellia epiphylla(L.) Corda (Pelliaceae) and Bazzania oshimensis
(Steph.) Horik. (Lepidoziaceae) showed anti-diabetic
properties by inhibiting the action of carbohydrate hydrolyzing
enzymes, alpha-amylase and alpha-glucosidase (in goat liver).
Amongst these, B. oshimensis showed the highest anti-diabetic
activity due to the presence of high levels of flavonoids.
Flavonoid compounds can increase phosphorylation of IRS
(Insulin Receptor Substrate) and decrease autoxidation of
glucose and gluconeogenesis which improve glucose
homeostasis and lower insulin resistance, thus, controlling
diabetes (Vinayagam and Xu, 2015). Other species that have
shown anti-diabetic activity include Plagiochasma cordatum

Lehm. & Lindenb., Marchantia subintegra Mitt. and M.
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emarginata Reinw., Blume & Nees (Mukhia er a/, 2017). In
addition to flavonoids, bryophyte extracts contain alkaloids
and terpenes (Mukhia et al, 2019). It is speculated that these
compounds inhibit the activity of alpha-amylase and alpha-
glucosidase enzymes, thereby, reducing post-prandial
hyperglycemia and subsequently treating diabetes (Kirisanth
et al., 2020). Since bryophytes are rich in flavonoids, terpenes
and alkaloids, which have anti-diabetic properties, it is necessary
that future research be directed towards identification of more
of such compounds as well as exploration of the anti-diabetic

potential in many more species, including hornworts.

Immunomodulatory activities

Immunomodulation is modulation or regulation of the
immune system to gain desirable impacts on disease prevention
(Martinez et al, 2014). It can be either natural (homeostasis)
or in human-induced defence mechanism form
(immunotherapy).

In recent times, plant-derived immunomodulators
(substances that affect functioning of the immune system)
have been employed to improve the body’s immune system
to fight against various infections and diseases. Bryophytes
have shown potential to act as immunomodulators. Bryophytes
like Fissidens, Barbula, Mnium, Thuiduim, Marchantia,
Plagiochasma, Asterella, Pellia, and Dumortiera species have
been reported as major constituents of shilajit, which is a
blackish brown exudate, found in mountain ranges and is
popularly used for treating various ailments including
immunodeficiency (Agarwal et al, 2007). Crude extracts of
the liverwort Porella cordaeana (Hub.) Moore (Porellaceae)
and moss Hypnum cupressiforme Hedw. showed
immunomodulation responses such as antioxidants, anti-
diabetic, anti-neuroinﬂammatory and antitumor activities
(Radulovic ef al, 2016 and Lunic ef al, 2020). The extracts of
H. cupressiforme were found to be rich in phenolic, flavonoid
and terpenoid compounds. These compounds showed
antineurodegenerative properties by inhibiting the activity of
enzymes acetylcholinesterase and tyrosinase. They also showed

radical scavenging activity (antioxidative properties). In
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Antibacterial

*Inhibits the activity of enzyues acetocholinesterase and tyrosinase.
® Increase radical scavenging activity.

*Blocks catalytic sites of l-amylase and - glucosidase

*Depolyruerisation of cell wall.

*Disruption of cell wall integrity

*Inhibiting spore germination and hyphal growth of fungus.
*Inducing ROS generation.

*Biofilm formation.

*Inhibiting cell wall chitin synthesis.

Antididetic acivities:
*Increased activity of alpha-amylase and alpha-

glucosidase.

®Decreases autoxidation of ghicose and gluc

Bryophytes

Antiancer

*Microtubule depolywmerisation and cell cycle arrestat G2/M phase.
*Up-regulation of Saxgenes and Down regulation of Sc/2 gene
expression.

*Inhibition oftopoisomerase-Il activity during DNA replication.

Cardiovascualar treatment:

®Increases rate of oxygen flow in the aortaby wore
than 30% (Wuin 1982)

*Reduces hypertension by maintaining mewmbrane
Suidity of exythrocytes and Niwic oxide (NO)
balance.

Ostecarthritis treatment:
*Stigmasterol and isocoumarins of
liverworts origin can treat arthritis,

cartlage.

*Shilajit decreases degenerative process of

Antiaxidant
Insecticidal activities: *Increasing superoxide anion scavenging
*Abdomen and wing activity,
walfunction. L hibie oflipid peroxidat
*linhibits larval growth of insects *Converts DPPH to DPPH-H which
inhibits ABTS formate

Fig. 1. Proposed mechanism of action of various bioactive compounds present in bryophytes against bacteria, fungi, cancer, insects, oxidative stress, diabetes,

cardiovascular diseases, osteoarthritis and immunomodulatory activity.

addition, these compounds also showed an inhibitory effect on
the activity of enzymes, a—amylase and é—giucosidase, thus showing
antidiabetic properties (Lunic et al, 2020). The monomeric
polyphenois have been reported to block the cata.lytic sites of
these enzymes, while polymeric polyphenols form a non-
digestibie complex with the enzymes (Kan et al, 2020). Since
phenols and flavonoids can successfully induce
immunomodulation, the immunomoduiatory response of
bryophytes may be attributed to the presence of such bioactive
compounds. However, only a few bryophytes have been studied
for immunomodulatory response. Therefore, the compounds

responsibie and the mechanism of action must be unravelled to

understand the role of bryophytes as immunomodulators.

Osteoarthritis treatment

Osteoarthritis is a form of arthritis in which the cartiiaginous
tissues protecting the ends of two bones (joint) wear off over
the time causing pain, irritation and stiffness (Giyn—]ones et
al, 2015). Osteoarthritis mainly affects hips, spine, hands and
knee joints (Kioppenburg and Berenbaum, 2020). About more

than 303 million people suffer from this condition all around
the world (Kioppenburg and Berenbaum, 2020).
Osteoarthritis is a chronic joint probiem which
requires conventional treatments that have potentiai side
effects. In this regard, bryophytes can be an alternative
(Maksimovic and Samardzic, 2018). They possess anti-
osteoarthritis compounds, such as stigmasteroi and
isocoumarins (Gabay et al. 2010). Among three phyia of
bryophytes, liverworts specificaiiy possess isocoumarins,
compounds which have been used for treating arthritis
(Hussain and Green, 2017). Bryophytes also form a major
component of shiiajit, which is known to decrease the
degenerative process of cartiiage, resulting in prevention of
knee osteoarthritis (Azizi et al, 2018). Marchantia, Barbula,
Fissidens, Asterella, Pellia, Mnium and P/agioc]iasma are major
genera that constitute shiiajit (Agarwai et al,, 2007). However,
the study on efficacy of bryophytes for osteoarthritis treatment
is still meagre. Therefore, the future study is necessary for
discovery of new compounds which can be used for

osteoarthritis treatment.
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Future perspectives

Bryophytes contain a vast array of secondary metabolites
responsibie for a wide range of bioiogicai activities and are
regarded as a significant group of medicinal plants. However,
there are gaps in knowledge in this field, such as

(i) Bryophytes as antimicrobial piants are well studied by
numerous researchers. A number of phytomolecules have
been isolated which are responsible for imparting antimicrobial
activity. However, there are a very few studies that have
adequately explained the significant mode of actions of these
compounds. Thus, studies should be directed towards
unravelling of the mechanism of actions of these compounds.
(ii) Approximately 28,000 species of bryophytes have been
reported. However, only about 1000 species are reported for
their medicinal properties, of which majority are liverworts
and mosses, only a few hornwort species have been reported
for the same. Therefore, more hornwort species should be
included and considered for the therapeutic studies in future.
(iii) The insecticidal activities of bryophytes have been focused
mainly on those insects which parasitize plants. Therefore,
future studies must include those insects/pests that act as
vectors, which cause serious bacterial and viral diseases to
human.

(iv) Only a few bryophyte species are being studied for
cardiovascular, immunomodulatory, anti-diabetic and
osteoarthritic activities. As these are some of the serious health
issues that result in loss of so many lives, it is very important
that in-depth studies and clinical trials need to be conducted
to determine mechanism of action, dosage, mode of delivery
as well as side effects on humans so as to exploit the bryophytes
to their full potential. In addition, including more species for
such analysis can immensely contribute to this treasure house.
(v) Chemicaliy synthesized 14—hydroxy1unularin is reported
to show antiprotozoal activity against Leishmania species
(Roldos et al, 2008). This suggests that 14-hydroxylunularin
can be chosen for leishmanicidal therapy. Liverworts are a
rich source of 14-hydroxylunularin and lunularin. Thus,

research may be directed to optimise mass propagation
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techniques of liverworts for optimum extraction of these
compounds.

(vi) Moss offers a great potential in molecular farming for
production of vaccines. Equipped with a high rate of
homologous recombination in mitotic cells, the gametophytes
are suited for custom-designed and targeted modifications.
In addition, they can be grown under full containment and
moss biomass has no toxic effects. For example, Physcomitrella
patens was successfully used to produce a multi-epitope HIV
chimeric protein. Thus, future research should incorporate
genetic engineering approaches to optimize molecular farming

using mosses for a safe drug.

Conclusion
Bryophytes are known to possess an assortment of bioactive
compounds which aid in curing numerous diseases. They have
many therapeutical activities starting from as basic as
antimicrobial to as advanced as anti-cancerous activity. Owing
to these medicinal properties, bryophytes have extensively
been used as medicinal plants in India, China and some parts
Northern America for many decades. In recent times,
pharmaceutical knowledge of bryophytes is being explored
for a large spectrum of treatments such as burn treatment,
wound healing, common cold, anti-inflammatory, nervous
prostration, cardiovascular diseases, anti-leukemia, anti-
insectifeedant and for treatment of various cancer cell lines.
They are also known to have antioxidant activities against the
degenerative process of the human body caused by free radicals.
In this review, we have discussed the role of bryophytes
as antimicrobial (antibacterial and antifungal activities), anti-
cancerous, antioxidants, insecticidal, cardiovascular, antidiabetic,
immunomodulatory and osteoarthritic activities of many species
of bryophytes. Despite having a great therapeutic potential, the
clinical research on bryophytes is comparatively meagre as
compared to that of other plant groups. Therefore, it is very
important that more pharmacological studies be conducted on
this subject in the future, to determine new bio-molecules and
elucidate their chemical nature, which will help in developing

potential drugs against various diseases.



P]zer]{ap Mossang et al,, 2021

Bzyop/i ytes in Medicines

Acknowledgements

PM and NC are thankful to Rajiv Gandhi University and
Ministry of Tribal Affairs, Government of India respectively,
for providing fellowship.

References

Abay G, Altun M, Karakog OC, Gul F and Demirtas
I. 2013. Insecticidal activity of fatty acid rich Turkish bryophyte
extracts against Sitophilus granarius (Coleoptera:
Curculionidae). Combinatorial Chemistry & High Throughput
Screening. 16(10): 806-816.

Abdel-Shafi S, Hussein Y, Lashin G and Abdel-
Monaem A-S. 2017. An evaluation of the antibacterial and
antiviral activities of some bryophytes. Egyption Journal of
Microbiology. 52(1): 63-86.

Agrawal SP, Khanna R, Karmarkar R, Anwer MK
and Khar RK. 2007. Shilajit: a review. Phytotherapy
Research: An International Journal Devoted to
Pharmacological and Toxicological Evaluation of Natural
Product Derivatives. 21(5): 401-5.

Ainge GD, Gerard PJ, Hinkley SFR, Lorimer SD
and Weavers RT. 2001. Hodgsonox, a new class of
sesquiterpene from the liverwort Lepidolaecna hodgsoniae.
Isolation directed by insecticidal activity. The Journal of Organic
Chemistry. 66(8): 2818-2821.

Alam A. 2012. Some Indian bryophytes known for their
biologically active compounds. International Journal of Applied
Biology and Pharmaceutical Technology. 3: 239-246.

Alam A, Shrama V, Rawat KK and Verma PK. 2015.
Bryophytes-the ignored medicinal plants. SMU Medical
Journal. 2(1): 299-316.

Altuner EM and Cetin B. 2018. Antimicrobial activity of
Isothecium a]opecuroides and potential effect of some climate
elements on the activity of this bryophyte sample. Kastamonu
University Journal of Forestry Faculty. 18(2): 126-137.

Ande AT, Wahedi JA and Fatoba PO. 2010. Biocidal
activities of some tropical moss extracts against maize stem
borers. Ethnobotanical Leaflets. 2010(4). Article 11.

Ando H. 1983. Use of bryophytes in China 2. Mosses
indispensable to the production of Chinese gallnuts.

Proceedings of the Bryoiogicai Society of Japan. 3: 124-125.

Aruna KB and Krishnappa M. 2018. Phytochemistry
and antimicrobial activities of Pogonatum microstomum (R.
Br. ex Schwigr.) Brid. (Bryophyta; Musci: Polytrichaceae).
International Journal of Botany Studies. 3(1): 120-125.
Asakawa Y. 1982. Chemical constituents of bryophytes. In:
Herz W, Grisebach H and Kirby GW (eds) Progress in the
Chemistry of Organic Natural Products 42. Vienna: Springer.
Pp: 1-285.

Asakawa Y. 1984. Some biologically active substances isolated
from Hepaticae-terpenoids and lipophilic aromatic compounds.
Journal of the Hattori Botanical Laboratory. 56: 215-219.
Asakawa Y. 2004. Chemosystematics of the Hepaticae.
Phytochemistry. 65(6): 623-669.

Asakawa Y. 2007. Biologically active compounds from
bryophytes. Pure and Appiied Chemistry. 79(4): 557-580.
Asakawa Y. 2008. Liverworts-Potential source of medicinal
compounds. Current Pharmaceutical Design. 14(29): 3067-3088.
Asakawa Y, Ludwiczuk A and Nagashima F. 2013.
Chemical constituents of bryophytes: Bio and chemical diversity,
biological activity, and chemosystematics. Progress in the
Chemistry of Organic Natural Products. 95: 1-796.

Asakawa Y and Ludwiczuk A. 2017. Chemical
constituents of bryophytes: Structures and biological activity.
Chemical Constituents of Bryophytes: Structures and Biological
Activity. 81(3): 641-660.

Atwood JJ and Buck WR. 2020. Recent literature on
bryophytes-123 (1). The Bryologist. 123(1): 98-111.

Ayres PG. 2015. Isaac bayiey balfour, Sp]zagnum moss,
and the Great War (1914-1918). Archives of natural history.
42(1): 1-9.

Azizi S, Kheirandiah R, Azari O and Torabi N. 2018.
Potential pharmaceutic effect of Shilajit (mumie) on
experimental osteoarthritis in rat. Comparative Clinical
Pathology. 27:755-764.

Banerjee RD and Sen SP. 1979. Antibiotic activity of
bryophytes. The Bryologist. 82(2): 141-153.

Barberdn A,Ramirez KS, Leff JW, Bradford MA,
Wall DH and Fierer N. 2014. Why are some microbes
more ubiquitous than others? Predicting the habitat breadth

of soil bacteria. Ecology letters.

15



P]zer]{ap Mossang et al, 2021

Bglop]z ytes in Me edicines

Beike AK, Decker E, Wolfgang F, Lang D, Verulit-
Scheebaum M, Zimmer A and Reski R. 2010. Applied
bryologybryotechnology. Tropical Bryology. 31: 22-32.
Belkin M, Fitzgerald DB and Felix MD. 1952. Tumor-
damaging capacity of plant materials. II. Plants used as diuretics.
Journal of the National Cancer Institute. 13: 741-744.
Benesova V, Samek Z, Herout V and Sorm F. 1969.
On terpenes. Isolation and structure of pinguisone from
Aneura pinguis (L.) Dum. Collection of Czechoslovak and
Chemical Communations. 34: 582-592.

Bhattarai HD, Paudel B, Lee HK, Oh H and Yim
JH. 2009. In vitro antioxidant capacities of two benzo
naphtoxanthenones: Ohiensis F and G, isolated from the
Antarctic moss Po])/tricliastrum a]piuum. Zeitschrift fur
Naturforschung C. 64(3-4): 197-200.

Bhattarai HD, Paudel B, Lee HS, Lee YK and Yim
Y. 2008. Antioxidant activity of Sanionia uncinata, a polar
moss species from King George Island, Antarctica.
Phytotherapy Research: An International Journal Devoted to
Pharmacological and Toxicological Evaluation of Natural
Product Derivatives. 22(12): 1635-1639.

Bland J. 1971. Forests of Lilliput. Englewood Cliffs: Prentice-
Hall, Inc. Pp: 1-210.

Bongomin F, Gago S, Oladele RO and Denning DW.
2017. Global and multi-national prevalence of fungal diseases-
estimate precision. Journal of Fungi (Basel). 3(4): 57.
Bukvicki D, Gottardi D, Veljic M, Marin PD, Vannini
L and Guerzoni ME. 2012. Identification of volatile
components of liverwort (Pore]/a cora’aeana) extracts using
GC/MS-SPME and their antimicrobial activity. Molecules.
17: 6982-6995

Canli K, Altuner EM and Akata I. 2015. Antimicrobial
screening of Mnium stellare. Bangladesh Journal of
Pharmacology. 10(2): 321-325.

Chandra S, Chandra D, Barh A, Pandey RK and
Sharma IP. 2017. Bryophytes: Hoard of remedies, an ethno-
medicinal review. Journal of Traditional and Complementary

Medicine. 7(1): 94-98.

16

Chandra S, Chandra D and Khajuria AK. 2019.
Ohioensins: A potential therapeutic drug for curing diseases.
Chang YL, Yu SJ, Heitman J, Wellington M and
Chen YL. 2017. New facets of antifungal therapy. Virulence.
8(2): 22236.

Chen X and Xiao J. 2006. In vitro cytotoxic activity of
extracts of Marchantia convoluta on human liver and lung
cancer cell lines. African Journal of Traditional, Complementary
and Alternative Medicines. 3(3): 32-36.

Cheng A, Sun L, Wu X and Lou H. 2009. The inhibitory
effect of a macrocyclic bisbibenzyl riccardin D on the biofilms
of Candida albicans. Biol. Pharm. Bull. 32: 1417-1421.
Cheng X, Xiao Y, Wang P, Wang X, Zhou Y, Yan
Han and Liu Q. 2013. The ethyl acetate fraction
of Polytrichum commune L.ex Hedw induced cell apoptosis
via reactive oxygen species in L1210 cells. Journal of
Ethnopharmacology. 148(3): 926-933.

Chobot V, Kubicova L, Nabbout S, Jahodar L and
Hadacek F. 2008. Evaluation of antioxidant activity of some
common moss species. Zeitschrift fur Naturforschung C.
63: 476-482.

Commisso M, Guarino F, Marchi L, Muto A, Piro A
and Degola F. 2021. Bryo-Activities: A review on how
bryophytes are contributing to the arsenal of natural bioactive
compounds against fungi. Plants. 10(2): 203.

Curry SJ, Krist AH, Owens DK, Barry MJ, Caughey
AB, Davidson KW, Doubeni CA, Epling JW ]Jr,
Kemper AR, Kubik M, Landefeld CS, Mangione CM,
Silverstein M, Simon MA, Tseng CW and Wong JB.
2018. Risk Assessment for cardiovascular disease with
nontraditional risk factors: US preventive services task force
recommendation statement. JAMA. 320(3): 272-280.

Davey ML, Nybakken L, Kauserud H and Ohlson
M. 2009. Fungal biomass associated with the phyllosphere
of bryophytes and vascular plants. Mycological research.
113(11): 1254-1260.

Deora GS and Bhati D. 2007. Antibiotic effects of certain
bryophytes on Agrobacterium tumefacians. Pure and Applied
Microbiology. 1(2): 215-519.



P]zer]{ap Mossang et al,, 2021

Bzyop/i ytes in Medicines

Deora GS and Guhil N. 2016. Studies on antifungal
potential of Bryum cellulare against sporegermination of fungus
Curvularia lunata. International Journal of Pharmaceutical
Sciences and Research. 7(1): 353-357.

Deora GS and Suhalka D. 2017. Evaluation of bryophyte
for green fungicides as alternative treatment to control plant
pathogen. International Journal of Pharmacognosy and
Phytochemical Research. 9(10): 1373-1379.

Dey A and Mukherjee A. 2015. Therapeutic potential
of bryophytes and derived compounds against cancer. Journal
of Acute Disease. 4(3): 236-248.

Ding H. 1982. Medicinal spore-bearing plants of china. Pp:
409. Shangai.

Elibol B, Ezer T, Kara R, Yuvali GC and Colak E.
2011. Antifungal and antibacterial effects of some acrocarpic
mosses. African Journal of Biotechnology. 10(6): 986-989.
Erturk O, Sahin H, Erturk EY, Hotaman HE, Koz
B and Ozdemir O. 2015. The antimicrobial and antioxidant
activities of extracts obtained from some moss species in
Turkey. Herba Polonica. 61(4): 52-65.

Fan W. 2017. Epidemiology in diabetes mellitus and
cardiovascular disease. Cardiovascular endocrinology and
metabolism. 6(1): 8-16.

Figueiredo AC, Sim-Sim M, Barroso ]G, Pedro LG,
Santos PAG, Fontinha SS, Schripsema ], Deans SG
and Scheffer JJC. 2002. Composition of the essential oil
from the Marchesinia mackaii (Hook.) S.F. Gray grown in
Portugal. Journal of Essentential Oil Research. 14: 439-442.
Gabay O, Sanchez C, Salvat C, Chevy F, Breton M,
Nourissat G, Wolf C, Jacques C and Berenbaum F.
2010. Stigmasterol: a phytosterol with potential anti-osteoarthritic
properties.Osteoarthritis Cartilage. 18(1): 106-116.

Gahtori D and Chaturvedi P. 2019. Bryophytes : A
potential source of antioxidants. Bryophytes.

Gao H, Cui C, Wang L, Jacobs-Lorena M and Wang
S. 2020. Mosquito microbiota and implications for disease

control. Trends in Parasitology. 36(2): 98-111.

Gawe3-Bében K, Osika P, Asakawa Y, Antosiewicz
B, G3owniak K and Ludwiczuk A. 2019. Evaluation of
anti-melanoma and tyrosinase inhibitory properties of
marchantin A, a natural macrocyclic bisbibenzyl isolated from
Marc]zantiaspecies. Phytochemistry Letters. 31: 192-195.
Glime JM. 2017. Medical uses: medical conditions. Chapt.
2-1. In: Glime, J. M. Bryophyte Ecology 5. Uses. Ebook accessed
(give date) at <https://digitalcommons.mtu.edu>.
Glyn—]ones S, Palmer AJR, Agricola R, Price A]J,
Vincent TL, Weinans H and Carr AJ. 2015.
Osteoarthritis. The Lancet. 368(9991): 376-387

Greeshma GM and Murugan K. 2018. Comparison of
antimicrobial potentiality of the purified terpenoids from two
moss species Thuidium tamariscellum (C. Muell.) Bosch. &
Sande-Lac and Brac/])/t]zecium buchananii (Hook.)A. Jaeger.
Gulcin L. 2020. Antioxidants and antioxidant methods:
an updated overview. Archives of Toxicology. 94: 651-715.
Guo DX, Du Y, Wang YY, Sun LM, Qu JB, Wang
XN and Lou HX. 2009. Secondary metabolites from the
liverwort Ptilidium pu/c/rern'mum. Natural Product
Communications. 4: 1319-1322.

Guo XL, Leng P, Yeng Y, Yu LG and Lou H. 2008.
Plagiochin E, a botanic-derived phenolic compound, reverses
fungal resistance to fluconazole relating to the efflux pump.
Journal of Applied Microbiology. 104(3): 831-838.

Halder K and Mitra S. 2020. A short review of the ethno-
medicinal perspectives of bryophytes.lnternational Journal of
Ecology and Environmental Sciences: 46(1): 73-81.

Harris ES. 2008. Ethnobryology: traditional uses and folk
classification of bryophytes. Bryologist. 111: 169-217.

Harris ES and Yang B. 2009. Variation and standardization
in the use of a Chinese medicinal moss. Economic Botany.
63(2): 190-203.

Hart JA. 1981. The ethnobotany of the northern Cheyenne
Indians of Montana. Journal of Ethnopharmacology. 4: 1-55.
Henamayee S, Banik K, Sailo BL, Shabnam B, Harsha
C, Srilakshmi S, VGM N, Baek SH, Ahn KS and
Kunnumakkara AB. 2020. Therapeutic emergence of rhein
asa potential anticancer drug: A review of its molecular targets

and anticancer properties. Molecules. 25(10): 2278.

17



P]zer]{ap Mossang et al, 2021

Bglop]z ytes in Me edicines

Hirata T, Ashida Y and Mori H. 2002. A37-kDa
peroxidase secreted from liverworts in response to chemical
stress. Phytochemistry. 55: 197-202.

Hong WS. 1980. A study of the distribution of Diplophyllum
in Western North America. Bryologist. 83: 497-504.

Hu R. 1987. Bryology. Beijing, China: Higher Education
Press. Pp: 465.

Huang W], Wu CL, Lin CW, Chi LL, Chen PY, Chiu
CJ, Huang CY and Chen CN. 2010. Marchantin A, a
cyclic bis(bibenzyl ether), isolated from the liverwort Marchantia
emarginata subsp. tosana induces apoptosis in human MCF-7
breast cancer cells. Cancer Letters. 291: 108-119.

Hussain H and Green IR. 2017. A patent review of two
fruitful decades (1997-2016) of Isocoumarin research. Expert
Opinion on Therapeutic Patents. 27(11): 1267-1275.

Ilhan S, Savarodlu F, Colak F, Yscen CF and
Erdemgil FZ. 2006. Antimicrobial activity of Palustriella
commutata (Hedw.) Ochyra extracts (Bryophyta). Turkish
Journal of Biology. 30(3): 149-152.

Irshad M and Chaudhuri PS. 2002. Oxidantantioxidant
system: Role and significance in human body. Indian Journal
of Experimental Biology. 40: 1233-1239.

Isman MB. 2020. Botanical insecticides in the twenty-first
century- fulfilling their promise? Annual Review of Entomology.
65: 233-249.

Jain S, Dwivedi J, Jain PK, Satpathy S and Patra A.
2016. Medicinal plants for treatment of cancer: A brief review.
Pharmacognosy Journal. 8(2): 87-102.

Jensen J, Omarsdottir S, Thorsteinsdottir J, Ogmundsdottir
H and Olafsdottir E. 2012. Synergistic cytotoxic effect of the
microtubule inhibitor Marchantin A from Marchantia polymorpha
and the Aurora Kinase Inhibitor MLN8237 on breast cancer cells
in vitro. Planta Medica. 78(05): 448-454.

Kan L, Oliviero T, Verkerk R, Fogliano V and
Capuano E. 2020. Interaction of bread and berry
polyphenols affects starch digestibility and polyphenols bio-

accessibility. Journal of Functional Foods. 68: 103924.

18

Kirisanth A, Nafas MNM, Dissanayake RK and
Wijayabandara J. 2020. Antimicrobial and alpha-amylase
inhibitory activities of organic extracts of selected Sri Lankan
bryophytes. Evidence-Based Complementary and Alternative
Medicine. 2020(6): 1-6.

Klavina L, Springe G, Nikolajeva V, Martsinkevich
I, Nakurte I, Dzabijeva D and Steinbergal. 2015.
Chemical composition analysis, antimicrobial activity and
cytotoxicity screening of moss extracts (Moss phytochemistry).
Molecules. 20(9): 17221-17243.

Kloppenburg M and Berenbaum F. 2020. Osteoarthritis
year in review 2019: epidemiology and therapy. Osteoarthritis
and Cartilage. 28(3): 242-248.

Koéhler JR, Casadevall A and Perfect J. 2015. The
spectrum of fungi that infects humans. Cold Spring Harbor
Perspectives in Medicine. 5(1):a019273.

Komala I, Ito T, Nagashima F, Yagi Y and Asakawa
Y. 2010. Cytotoxic, radical scavenging and antimicrobial
activities of sesquiterpenoids from the Tahitian liverwort
Mastigophora diclados (Brid.) Nees (Mastigophoraceae).
Journal of Natural Medicines. 64: 417-442.

Krishnan R and Murugan K, 2013. Polyphenols from
Marchantia polymorpha L. A Bryophyta: A potential source
as antioxidants. World Journal of Pharmacy and
Pharmaceutical Sciences. 2: 5182-5198.

Kumar P and Chaudhary BL. 2010. Antibacterial activity
of moss Entodon myurus (Hook) Hamp. Against some
pathogenic bacteria. The Bioscan. 5(4): 605-608.

Labbe C, Faini F, Villagran C, Coll J and Rycroft
DS. 2007. Bioactive polychlorinated bibenzyls from the
liverwort Riccardia polyclada. Journal of Natural Products.
70(12): 2019-2021.

Lashin GMA, Abdel- Shafi S, Hussein Y, Osman A
and Abdel- Monaem Al. 2015. Efficient inhibition of
pathogenic bacteria and potential toxicity by secondary
metabolites of some bryophyte. Egyptian Journal of Botany
and Microbiology. 3: 475-497.



P]zer]{ap Mossang et al,, 2021

Bzyop/i ytes in Medicines

Latinovie N, Sabovljevie MS, Vuji¢iz M, Latinovie
J and Sabovljeviee A. 2019. Bryophyte extracts suppress
growth of the piant Pathogenic fungus Botrytis cinerea. Botanica
SERBICA. 43(1): 9-12.

Lin ZM, Guo YX, Wang SQ, Wang XN, Chang WQ,
Zhou JC, Yuan H and Lou H. 2014. Diterpenoids from
the Chinese liverwort Heteroscyphus tener and their
antiproliferative effects. Journal of Natural Products.
77(6): 1336-1344.

Liu Z, Ren Z, Zhang ], Chuang CC, Kandaswamy E,
Zhou T and Zou L. 2018. Role of ROS and nutritional
antioxidants in human diseases. Frontiers in Physiology.
Lorimer SD and Perry NB. 1994. Antifungai
hydroxyacetophenones from the New Zealand liverwort,
P]agiocbi]a fasciculata. Planta Medica. 60: 386-387.

Lorimer SD, Perry NB, Burgess EJ and Foster LM.
1997. 1—Hydroxyditerpenes from two New Zealand liverworts,
Paraschistochila pinnatifolia and Trichocolea mollissima. Jounal
of Natural Products. 60: 421-424.

Ludwiczuk A and Asakawa Y. 2019. Bryophytes as a
source of bioactive volatile terpenoids - A review. Food and
Chemical Toxicology.

Lunize TM, Oalde MM, Mandiz MR, Sabovljevie
AD, Sabovljevie MS, Ga¥iz UM, Duletiz-LauSevia
SN, Bozie BD and BoZiz Nedeljkovie BD. 2020.
Extracts characterization and in vitro evaluation of Potential
immunomodulatory activities of the moss Hypnum
cupressiforme Hedw. Molecules. 25(15): 3343.

Makajanma MM, Taufik I and Faizal A. 2020.
Antioxidant and antibacterial activity of extract from two species
of mosses: Leucobryum aduncum and Campylopus schmidii.
Biodiversitas. 21(6): 2751-2758.

Maksimovic Z and Samardzic SS. 2018. Herbal medicinal
products in the treatment of osteoarthritis. Medicine.
Manoj GS and Murugan K. 2012. Phenolic profiles,
antimicrobial and antioxidant potentiality of methanolic extract
of a liverwort, Plagiochila beddomei Steph. Indian Journal of
Natural Products and Resources. 3(2): 173-183.

Mansour Al and Abu-Naser SS. 2019. Knowledge based
system for the diagnosis of dengue disease. International Journal
of Academic Health and Medical Research. 3(4): 12-19.
Martinez AB, Mattila R, Gomez-Font R and Meurman
JH. 2014. Immunomodulatory drugs: Oral and systemic
adverse effects. Medicina Oral Patologia Oral y Cirugia Bucal.
19(1): e24-e31.

Matsuo A, Yuki S, Higashi R, Nakayama M and
Hayashi S. 1982a. Structure and biological activity of several
sesquiterpenoids having a novel herbertane skeleton from
the liverwort Herberta adunca. 25th symposium on Chemistry
of Natural Products, Symposium papers. Pp: 242-249.
Matsuo A, Yuki S, Nakayama M and Hayashi S.
1982b. Three new sesquiterpene phenols of the ent-herbertane
class from the liverwort Herberta adunca. Chemical letters.
11(4): 463-466.

McCleary JA and Walkington DL. 1966. Moss and
antibiosis. Revue Bryoiogique et Lichenologique. 34: 309-314.
Miller NG and Miller H. 1979. Make ye the bryophytes.
Horticulture. 57: 40-47.

Mishra R and Verma DL. 2011. Antifungal activity of
some rare Himalayan Bryophytes. Research Journal of
Pharmacy and Technology. 4(3): 474-475.

Mohandas GG and Kumaraswamy M. 2018. Antioxidant
activities of terpenoids from Thuidium tamariscellum (C.
Muell.) Bosch. and Sande-Lac. a Moss. Pharmacognosy
Journal. 10(4): 645-649.

Montenegro G, Portaluppi MC, Salas FA and Diaz
ME. 2009. Biological properties of Chilean native moss
Sp]zagnum mage]]am}:um. Biological Research. 42(2): 233-237.
Morsy TA. 2012. Insect bites and what is eating you?.
Journal of the Egyptian Society of Parasitology. 240(1410):1-8.
Mukhia S, Mandal P, Singh DK, Singh D. 2015. Evaluation of
anti-diabetic, antioxidant activity and Phytochemical constituents
of liverworts of Eastern Himalaya. Journal of Chemical and
Pharmaceutical Research. 7(10): 890-900.

Mukhia S, Mandal P, Singh DK and Singh D. 2017.
Study of bioactive phytoconstituents and in-vitro
pharmacological properties of thallose liverworts of Darjeeling
Himalaya. Journal of Pharmacy Research. 11(5): 490-501.

19



P]zer]{ap Mossang et al, 2021

Bglop]z ytes in Me edicines

Mukhia S, Mandal P, Singh DK and Singh D. 2019.
Comparison of pharmacoiogical properties and phytochemical
constituents of in vitro propagated and naturally occurring
liverwort Lunularia cruciata. BMC complementary and
alternative medicine. 19(1): 181.

Naidu KK, Satya Sowbhagya Priya A and Vinay
Bharadwaj T. 2020. In-vitro anti-inflammatory and anticancer
activities of Octoblepharum albidum Hedw. American Journal
of Medical and Natural Sciences. 1(1): 19-24.

Negi K, Asthana AK and Chaturvedi P. 2020. GC—
MS analysis and antifungal activity of acetone extract
of Conocephalum conicum (L) Underw (Liverwort) against
aflatoxins producing fungi. South African Journal of Botany.
131: 384-390.

Negi K, Tewarib SD and Chaturvedic P. 2018. Antibacterial
activity of Marchantia papillata Raddi subsp. grossibarba (Steph.)
Bischl. against Staphylococcus aureus. Indian Journal of Traditional
Knowledge. 17(4): 763-769.

Nicoletti M, 2020. Three scenarios in insect-borne diseases.
Insect borne diseases in the 21" century. 2020: 99-251.
Nikolajeva V, Liepina L, Petrina Z, Krumina G,
Grube M and Muiznieks I. 2012. Antibacterial activity
of extracts from some bryophytes. Advances in Microbiology.
2:345-353.

Niu C, Qu J-B and Lou H-X. 2006. Antifungal bis
(bibenzyls) from the Chinese liverwort Marchantia
po]ymozp]za L. Chemistry and Biodiversity. 3(1): 34-40.
Olasoji KO, Makinde AM, Akinpelu BA and
Igbeneghu OA. 2019. Antimicrobial activity of selected
mosses on Obafemi Awolowo University Campus, Ile-Ife,
Nigeria. Notulae Scientia Biologicae. 11(3): 462-466.
Onbasli D and Yuvali G. 2020. In vitro medicinal
potentials of Bryum capillare, a moss sample, from Turkey.
Saudi Journal of Biological Sciences.

Opelt K and Berg G. 2004. Diversity and antagonistic
potential of bacteria associated with bryophytes from nutrient-
poor habitats of the Baltic Sea coast. Applied and
environmental microbiology. 70(11): 6569-6579.

20

Ozturk M, Gokler I and Altay V. 2018. Medicinal
bryophytes distributed in Turkey. Plant and Human Health.
1:323-348.

Pant G and Tewari SD. 1989. Various human uses of
bryophytes in the Kumaun region of Northwest Himalaya.
Bryologist. 9: 120-122.

Patino ] and Vanderpoorten A. 2018. Bryophyte
biogeography. Critical Reviews in Plant Sciences.

Pejin B, Kien-Thai Y, Stanimirovic B, Vuckovic G,
Belic D and Sabovljevic M. 2012. Heavy metal content
of a medicinal moss tea for hypertension. Natural Product
Research. 26(23): 2239-2242.

Pejin B, Bianco A, Newmaster S, Sabovljevic M,
Vujisic L], Tesevic V, Vajs V and De Rosa S. 2012a.
Fatty acids of Rhodobryum ontariense (Bryaceae). Natural
Product Research. 26(8): 696-702.

Pejin B, Kien-Thai Y, Bogdanovic—Pristov J, Pejin 1
and Sabovljevic I. 2012b. In vitro investigation of the
antihypertensive effect of the moss Rhodobryum ontariense
(Kindb.) Kindb. Digest Journal of Nanomaterials and
Biostructures. 7(1): 353-359.

Pejin B and Bogdanovic-Pristov J. 2012c. ABTS cation
scavenging activity and total phenolic content of three moss
species. Hemijska Industrija, 10.2298/ HEMIND120131022P.

Perry NB and Foster LM. 1995. Sesquiterpene/quinol
from a New Zealand liverwort, Riccardia crassa. Journal Natural
Products. 58: 1131-1135.

Perry NP, Burges EJ, Foster LM and Gerard PJ]. 2003.

Insect atifeedant sesquiterpene acetals from the liverwort
Lepido/aena C]awgera. Tetrahedron Letters. 44: 1651-1653.

Qu ], Xie C, Guo H, Yo W and Lou H. 2007. Antifungal
dibenzofuran bis(bibenzy])s from the liverwort Asterella
angusta. Phytochemistry. 68: 1767-1774.

Radulovie NS, Filipovie SI, Zlatkovie DB, Dordevie
MR, Stojanoviz NM, Randjelovize PJ, Mitizz KV, Jevtovie-
Stoimenov TM and Randeloviz VN. 2016.
Immunomodulatory pinguisane-type sesquiterpenes from the
liverwort: Porella cordaeana (Porellaceae): The “new old”
furanopinguisanol and its oxidation product exert mutually different
effects on rat splenocytes. RSC Advances. 6: 41847-41860.



P]zer]{ap Mossang et al,, 2021

Bzyopﬁ ytes in Medicines

Ramirez M, Kamiya N, Popich S, Asakawa Y and
Bardon A. 2010. Insecticidal constituents from the Argentine
liverwort Plagiochila bursata. Chemistry and Biodiversity.
7:1855-1861.

Ramirez M, Kamiya N, Popich S, Asakawa Y and
Bardéna A. 2017. Constituents of the Argentine liverwort
Plagiochila diversifolia and their insecticidal activities. Chemistry
& Biodiversity. 14(12).

Rodrigues CK, Junior EL, Ethur EM, Scheibel T,
Buhl B, Fernandes de Moura N and Bordin J. 2020.
Evaluation of the antimicrobial activity of ethanol extracts
from Orthostichella rigida (Mull. Hal.) B.H Allen & Magill
(Bryophyta) on pathogenic microorganisms. Journal of
Medicinal Plants Research. 14(3): 98-104.

Roldos V, Nakayama H, Rolén M, Montero-Torres
A, Trucco F, Torres S, Vega C, Marrero-Ponce Y,
Heguaburu V, Yaluff G, Gomez-Barrio A, Sanabria
L, Ferreira ME, Rojas de Arias A and Pandolfi E.
2008. Activity of a hydroxybibenzyl bryophyte constituent
against Leishmania spp. and Trypanosoma cruzi: In silico, in
vitro and in vivo activity studies. European journal of medicinal
chemistry. 43(9): 1797-1807.

Roy A, Jauhari N and Bharadvaja N. 2018. 6 Medicinal
plants as anticancer plants. Natural Products and
Biotechnological Implements. 2(2): 109.

Ruiz-Molina N, Ortega-Bedoya I and Arias-Zabala
M. 2019. Protonema suspension cultures of Po]ytric]zum
Juniperinum as a potential production platform for bioactive
compounds. Journal of Herbs, Spices and Medicinal Plants.
25(2): 114-127.

Ryan KJ, Ray CG, Ahmad N, Drew WL, Lagunoff
M, Pottinger P, Reller LB and Sterling CR. 2014,
Pathogenesis of bacterial infections. Sherris Medical
Microbiology (6th ed.). New York: McGraw Hill Education.
Ppl 391-406. ISBN 978-0-07-181826-1.

Sabovljevic, M, Bijelovic, A and Grubisic, D. 2001.
Bryophytes as a potential source of medicinal compounds.

Lekovite Sirovine. 21: 17-29.

Sabovljevici MS, Sabovljevici AD, Ikram NKK,
Peramuna A, Bae H and Simonsen HT. 2016.
Bryophytes-an emerging source for herbal remedies and
chemical production. Plant genetic resources. 14(4): 314.
Sangeetha D. 2019. Phytochemicals and antimicrobial activity
of Bryophytes. International Journal of Life Sciences.
7(1): 115-119.

Santosham M, Chan GJ, L ACC, Baqui AH, Tan ]
and Black RE. 2013. Risk of early-onset neonatal infection
with maternal infection or colonization: A global systematic
review and meta-analysis. PLos Medicine. 10(8): €1001502.
Saroya AS. 2011. Herbalism, phytochemistry and
ethnopharmacology. Punjab: Science Publishers. Pp: 286-293.
Sarwar M. 2015. Insect borne diseases transmitted by some
important vectors of class insecta hurtling public health.
International Journal of Bioinformatics and Biomedical
Engineering. 1(3): 311-317.

Scher JM, Burgess EJ, Lorimer SD and Perry NB.
2002. A cytotoxic sesquiterpene and unprecedented
sesquiterpene-bisbibenzyl compounds from the liverwort
Schistochila glaucescens. Tetrahedron. 58: 7875-7882.

Scher JM, Speakman JB, Zapp ] and Becker H. 2004.
Bioactivity guided isolation of antifungal compounds from the
liverwort Bazzania trilobata (L.) SF Gray. Phytochemistry.
65: 2583-2588.

Scher JM, Schinkovitz A, Zapp ], Wang Y, Franzblau
SG, Becker H, Lankin DC and Pauli GF. 2010.
Structure and anti-tb activity of trachylobanes from the
liverwort Jungermannia exsertifolia ssp. Cordifolia. Journal of
Natural Products. 73(4): 656-663.

Sharma A, Slathia S, Gupta D, Handa N, Choudhary
SP, Langer A and Bhardwaj R. 2015. Antifungal and
antioxidant profile of ethnomedicinally important liverworts
(Pellia endivaefolia and Plagiochasma appendiculatum) used
by indigenous tribes of district Reasi: North West Himalayas.
Proceedings of the National Academy of Sciences, India Section

B: Biological Sciences. 85: 571-579.

21



P]zer]{ap Mossang et al, 2021

Bglop]z ytes in Me edicines

Shaw AJ, Szovenyi P and Shaw B. 2011. Bryophyte
diversity and evolution: windows into the early evolution of
land plants. American Journal of Botany. 98(3): 352-3609.
Shi Y, Zhu C, Yuan H, Li B, Gao J, Qu X, Sun B,
Cheng Y, Li S, Li X and Lou HX. 2009. Marchantin C,
a novel microtubule inhibitor from liverwort with anti-tumor
activity both in vivo and in vitro. Cancer Letters. 276: 160-170.
Sindhi V, Gupta V, Sharma K, Bhatnagar S, Kumari
R, Dhaka N. 2013. Potential applications of antioxidants-A
review. Journal of Pharmacy Research. 7: 828-835.

Singh M, Govindrajan R, Nath V, Rawat AKS and
Mehrotra S. 2006. Antimicrobial, wound healing and
antioxidant activity of Plagiochasma appendiculatum Lehm.
et Lind. Journal of Ethnopharmacology. 107: 67-72.

Singh M, Singh S, Nath V, Sahu V and Rawat AKS.
2011. Antibacterial activity of some bryophytes used
traditionally for the treatment of burn infections.
Pharmaceutical Biology. 49: 526-530.

Sokurenko MS, Solovieva NL, Bessonov VV and
Mazo VK. 2018. Polyphenolic compounds of the stilbenoid
class: classification, representatives, content in plant raw
materials, structural features, use in the food industry and
pharmacy. Voprosy pitaniia. 88(1): 17-25.

Spjut RW, Suffness M, Cragg GM and Norris DH.
1986. Mosses, liverworts and hornworts screened for
antitumor agents. Economic Botany. 40(3): 310-338.

Sporle J- 1990. Ph.D. Thesis, Universit_t des Saarlandes.
Stark LR and Whittemore AT. 2000. Bryophytes from
the Northern Mojave Desert. The Southwestern Naturalist.
45(2): 226-232.

Sturtevant W. 1954. The mikasuki seminole: medical beliefs
and practices. PhD dissertation, New Haven: Yale University.
Pp: 203.

Sun SQ, He M, Cao T, Zhang YC and Han W. 2009.
Response mechanisms of antioxidants in bryophyte (Hypnum
plumiforme) under the stress of single or combined Pb and/or

Ni. Environmental Monitoring and Assessment. 149: 291-302.

22

Tazaki H, Ito M, Miyoshi M, Kawabata J, Fukushi
E, Fijita T, Motouri M, Furuki T and Nabeta K.
2002. Subulatin, an antioxidic caffeic acid derivative isolated
from the in vitro cultured liverworts, Jungermannia subulata,
Lophocolea heterophylla, and Scapania parvitexta. Bioscience,
Biotechnology and Biochemistry. 66: 255-261.

Toyota M. 2000. Phytochemical study of liverworts
Conocephalum conicum and Chiloscyphus polyanthos. Journal
of the Pharmaceutical Society of Japan. 120: 1359-1372.

Tran TQ, Phan HN, Bui AL and Quach PND. 2020.
Biological activities of in vitro liverwort Marchantia polymorpha
L. extracts. Notulae Botanicae Horti Agrobotanici Cluj-Napoca.
48(2): 826-838.

Tripathy P and Singh A. 2017. Natural resources from
plants in the treatment of cancer: An update July 2017. Asian
Journal of Pharmaceutical and Clinical Research. 10(7): 13.
Uttara B, Singh AV, Zamboni P and Mahajan RT.
2009. Oxidative stress and neurodegenerative diseases: a
review of upstream and downstream antioxidant therapeutic
options. Current Neuropharmacology. 7(1): 65-74.

Vats S and Alam A. 2013. Antibacterial activity of Atrichum
undulatum (Hedw.) P. Beauv. Against some pathogenic
bacteria. Journal of Biological Sciences. 13(5): 427-431.
Veljic M, Djuric A, Sokovic M, Ciric A, Glamoclija ]
and Marin P. 2009. Antimicrobial activity ofmethanol
extracts of Fontinalis antipyretica, Hypnum cupressiforme and
Ctenidium molluscum. Archives of Biological Sciences.
61:225-229.

Vinayagam R and Xu B. 2015. Antidiabetic properties of
dietary flavonoids: a cellular mechanism review. Nutrition &
Metabolism. 12: 60.

Vollar M, Gyovai A, Sz % ucs P, Zupko I, Marschall
M, Loffler BC, Berdi P, Vecsernyes A, Csorba A,
Liktor-Busa E, Urban E and Csupor D. 2018.
Antiproliferative and antimicrobial activities of selected
bryophytes. Molecules. 23(7): 1520.

Wada K and Munakata K. 1971. Insect feeding inhibitors
in plants. Agriculture and Biological Chemistry. 35(1): 115-118.



P]zer]{ap Mossang et al,, 2021

Bzyopﬁ ytes in Medicines

Waterman M]J, Nugraha AS, Hendra R, Ball GE,
Robinson SA, Keller PA. 2017. Antarctic moss biflavonoids
show high antioxidant and ultraviolet-screening activity. Journal
of Natural Products. 80(8): 2224-2231.

Wu PC. 1977. Rhodobryum giganteum (Schwaegr.) Par.
can be used for curing cardiovascular disease. Acta
Phytotaxonomica Sinica. 15: 93.

Wu PC. 1982. Some uses of mosses in China. Bryology
Times. 13: 5.

Wu XZ, Cheng AX, Sun LM and Lou HX. 2008.
Effect of plagiochin E, an antifungal macrocyclic bis(bibenzyl),
on cell wall chitin synthesis in Candida albicans. Acta
Pharmacologica Sinica. 29: 1478-1485.

Wu XZ, Cheng AX, Sun LM, Sun SJ and Lou HX.
2009. Plagiochin E, an antifungal bis(bibenzyl), exerts its
antifungal activity through mitochondrial dysfunction-induced
reactive oxygen species accumulation in Candida albicans.
Biochimica et Biophysica Acta. 1790: 770-777.

Wu XZ, Chang WQ, Cheng AX, Sun LM and Lou
HX. 2010. Plagiochin E, an antifungal active macrocyclic
bis(bibenzyl), induced apoptosis in Candida albicans through
a metacaspase-dependent apoptotic pathway. Biochimica et
Biophysica Acta. 1800(4): 439-447.

Xu A, Hu Z, Qu J, Liu S, Syed AKA, Yuan H and
Lou H. 2010. Cyclic bisbibenzyls induce growth arrest and
apoptosis of human prostate cancer PC3 cells. Acta Pharmacol

Sin. 31: 609-615.

Xue X, Qu X-J, Gao Z-H, Sun C-C, Liu H-P, Zhao
C-R, Cheng Y-N and Lou H-X. 2012. Riccardin D, a
novel macrocyclic bisbibenzyl, induces apoptosis of human
leukemia cells by targeting DNA topoisomerase II. Invest
New Drugs. 30: 212-222.

Yayintas OT, Alpaslan D, Yuceer YK, Yilmaz S and
Sahiner N. 2017. Chemical composition, antimicrobial,
antioxidant and anthocyanin activities of mosses ( Cinclidotus
fontinaloides (Hedw.) P.Beauv. and Palustriella commutata
(Hedw.) Ochyra) gathered from Turkey. Natural Product
Research. 31(18): 2169-2173.

Yayintas OT, Yilmaz S and Sokmen M. 2019.
Determination of antioxidant, antimicrobial and antitumor
activity of bryophytes from Mount Ida, Canakkale, Turkey.
Indian Journal of Traditional Knowledge. 18(2): 395-401.
Zhang T-W, Xing L, Tang J-L, Lu J-X and Liu C-X.
2015. Marchantin M induces apoptosis of prostate cancer
cells through endoplasmic reticulum stress. Medical science
monitor: International medical journal of experimental and
clinical research. 21: 3570-3576.

Zheng G-Q, Ho DK, Elder PJ, Stephens RE, Cottrell
CE and Cassady JM. 1994. Obhioensins and pallidisetins:
Novel cytotoxic agents from the moss Polytrichum
pallidisetum. Journal of Natural Products. 57: 32-41.

Zheng G-Q, Chang C-J, Stout T-J, Clardy J and
Cassady JM. 1989. Ohioensin-A: A

benzonaphthoxanthenone from Po/ytrjcbum ohioense.

novel

Journal of the American Chemical Society. 111(14): 5500-5501.

23



