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Abstract: Today global health problems such as increased risks of oxidative stress-related diseases and
antibiotic resistance are issues of serious concern. Oxidative stress is considered to be the underlying
cause of many contemporary pathological conditions such as neurological disorders, ischemia, cancer,
etc. Antibiotic-resistant bacteria are a concerning issue in clinical practice, causing an increase in
deadly infections. Bryophytes synthesize an outstanding number of secondary metabolites that have
shown several potential therapeutic and nutraceutical applications. Research in the field has led to the
isolation and characterization of several compounds (flavonoids, terpenoids, and bibenzyls). Some of
these compounds have shown promising in vitro antibacterial activities and antioxidant potential
comparable to known natural antioxidants such as ascorbic acid and «-tocopherol. However, the
process of developing new drugs from naturally occurring molecules is often an impervious path.
In this paper, the current state of research of bryophytic antioxidant and antibacterial applications
is discussed.

Keywords: bryophytes; antimicrobial; antibacterial; antioxidant; bioactive compounds

1. Introduction

Bryophytes lack anatomical features in order to avoid both abiotic and biotic stresses.
As a consequence, they have to adapt to counteract environmental stresses with a high
degree of chemical diversity [1]. A large number of chemical entities (ca. 3000) have been
isolated from bryophytes: aromatic compounds such as phenolic compounds, polyphenols,
bibenzyls, (bis)bibenzyls, and terpenoids [2]. Extensive research has been carried out to
screen the biological activity of bryophytic molecules. Several molecules and extracts from
bryophytes have shown a wide range of biological activities (among them, antimicrobic
and antioxidant activities) [3]. In contemporary days, two issues of global concern arise,
namely the increased risk of oxidative stress-related diseases and antibiotic resistance [4,5].

Aerobic organisms physiologically produce reactive oxygen species (ROS). ROS are
produced in low to moderate concentrations during cellular metabolism and serve a wide
number of significant cellular functions such as gene activation, cell growth, signalling
molecules, and physiological processes such as inflammation [5]. To balance ROS produc-
tion, aerobic organisms have developed both enzymatic and non-enzymatic antioxidant
systems capable of maintaining adequate balance of oxidants/antioxidants [6]. However,
exposure to oxidative stress-inducing agents (e.g., ionizing radiations, heavy metals, etc.),
may lead to the disturbance of such homeostasis. Oxidative stress arises when antioxidant
systems cannot cope with ROS production and therefore the balance shifts in favour of
oxidants [6]. Increased ROS concentrations cause damage to nuclear DNA, mitochon-
drial DNA, membranes, and proteins. The disturbances in the cellular redox homeostasis
participate in the onset of several increasing pathological conditions such as ischemia,
neurological disorders, cancer, diabetes, atherosclerosis, etc. [7-9]. For example, ROS are
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implied in several processes related to tumorigeneses such as cell motility, tumour prolifer-
ation, and metastasis [10]. Furthermore, oxidative damage to mitochondrial DNA might
cause dysfunctions in the mitochondrial respiratory chain causing further ROS generation
and, ultimately, oncogenicity [11]. As a consequence of the increased risks of diseases
related to oxidative stress, extensive research has been conducted on non-toxic natural
antioxidants that can help to cope with oxidative stress [12].

Antioxidant compounds can act directly and indirectly on the redox balance of cells
(Figures 1 and 2) [13]. Some compounds are capable of directly antagonizing and reduc-
ing ROS. For example, compounds having phenolic groups in their structures” phenolic
groups (e.g., flavonoids, phenols) act as hydrogen donors to free radicals, stabilizing the
excess electron on the aromatic ring by resonance. Other compounds such as flavonols
act indirectly by chelating metal ions that can alter the redox balance in cells (e.g., zinc,
copper) [14]. Furthermore, it is known that the Keap1/Nrf2/ARE system is involved in
the activation of antioxidant responses in cells [15]. Compounds such as polyphenols,
bibenzyls and terpenoids are inducers of Nrf2-ARE system, enhancing the expression of
the antioxidants cytoprotective proteins (e.g., gluthatione-S-transferse; glutathione reduc-
tase; gamma-glutamylcisteine; NAD(P)H:quinone oxidoreductase; superoxide dismutase;
catalase), granting long-term protection from oxidative stress [16]. Due to its central role
in redox homeostasis, dysregulations of the Keap/Nrf2/ARE system have been linked to
oxidative stress-related diseases [17].

Furthermore, for decades antibiotics have been employed both therapeutically and
prophylactically against human diseases as well as in agriculture and for animals [18,19].
As a consequence, several antibiotic-resistant strains have begun to spread, and bacterial
infections have again become a threat [20]. Bryophytes, being rich in secondary metabo-
lites that show several biological activities [3], might be a valuable source to discover
novel drugs that aid coping with both prevention of oxidative stress-related diseases and
antibiotic resistance issues. The present review is intended to revise the research state-of-
the-art of antioxidant and antibacterial compounds found in bryophytes and to outline
future investigation needed in the field of applications of bryophytes in nutraceuticals
and pharmaceutics.
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Figure 1. Schematization of direct antioxidant activity through ROS scavenging and metal chelation.
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Figure 2. Schematization of indirect induction of cytoprotective proteins through Keapl/Nrf2/ARE
system by antioxidant compounds.

2. Methodology

The relevant literature was searched through Scopus and Web of Science using “ar-
ticle, abstract, and keywords” as the search field. Literature concerning the antibacterial
activity was searched with both “antibacterial” and “antimicrobial” keywords since the
two terms are used interchangeably. To investigate in greater detail the literature relating
to compounds with known antibacterial activity, words such as “bibenzyls”, “flavonoids”,

“terpenes”, and “terpenoids” (from now on specific compound classes) were inserted. The
literature on antibiotic-resistant bacteria research was searched typing “bacteria species”
AND “bryophytes”, “extracts” OR “specific compound class”. The bacterial strains consid-
ered for this review were those listed as “serious concern” and gathered from [10]. The same
search was carried out to find literature on antioxidant activity by searching terms related to
antioxidant compounds: “antioxidant activity” AND “bryophytes” OR “specific compound
class”. For literature concerning the current state of in vivo research “bryophytes” AND
“extracts” AND “animal models” OR “mice” OR “rats” OR “in vivo” were inserted. Regard-
ing toxicological screening, ”bryophytes” AND “extracts” OR “toxicity”, “genotoxicity”
OR “toxicological screening” were inserted.

3. Antioxidant Activity

Secondary metabolites compounds function as a nonenzymatic defence that protects
bryophytes against various environmental stresses [1,21]. In general, plants are known
to produce several secondary metabolites that can act as antioxidant scavengers (e.g.,
phenolic compound; flavonoids; terpenes). Bryophytes have evolved the capacity to
synthesize antioxidative molecules as a mechanism to deal with the formation of free
radicals (e.g., reactive oxygen species, hydrogen peroxide) derived from abiotic stresses
(i.e., light, desiccation, pollution). Several studies indicated that secondary metabolites in
bryophytes are synthesized in response to oxidative stress-inducing agents such as UV
radiations [22-24] and cadmium [24]. This feature has prompted researchers to deepen
knowledge about the antioxidant potential of bryophytes for therapeutic purposes.

The vast majority of the research has focused on the in vitro antioxidant activity of
bryophytes extracts and pure isolated compounds through multiple chemical methods such
as 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, 2,2-azinobis-(3-ethylbenzothiazoline-6-
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sulfonate) (ABST) assay, lipid peroxidation test (LPT), 3-carotene assay (Tables 1 and 2) (for
in-depth methodological review read [25]) [26-33]. The extraction methods mostly rely on
solvents such as ethanol, methanol, water, and acetone which are the most common solvents
used for in vitro antioxidant testing [25]. Extracts, depending on the solvent used and the
selected species contain variable concentrations of phenolics, polyphenols, bibenzyls and
terpenoids which are responsible for the antioxidant activity (Tables 1 and 2). A study of [31]
that focused on the chemical composition of pure ethanol extracts, revealed the presence of
several glycosidic flavonoids (e.g., apigenin hexoside, kaempferol 3-galactoside). Another
study obtained similar results from water:ethanol extracts of several moss species [34].
Among the 3000 compounds isolated and characterized in bryophytes [35], only a few
molecules have been tested for their antioxidant activity (Table 2) [30,34,36—42]. The major-
ity of the pure tested compounds were isolated from liverworts, while only two compounds,
Ohiesin G and D, were from the moss Polytrichastrum alpinum. Interestingly, some of these
studies found that terpenoids, (bis)bibenzyls isolated from liverworts had higher or similar
antioxidant activity with respect to natural reference antioxidant compounds (ascorbic
acid, a-tocopherol) (Table 2). Specifically, [36] isolated two sesquiterpenoids identified
as (-)-herbertenediol and (-)-mastigophorene C and D that were found to have a DPPH
activity comparable to that of quercetin and higher than ascorbic acid (DPPH ICsy from
1.9 £ 0.6 t0 2.7 £ 0.8 pg/mL). In a study by [37], researchers isolated a caffeate ester, named
subulatin, from the liverworts Jungermannia subulata; Lophocolea heterophylla and Scapania
parvitexta. The compound inhibited lipid peroxidation at percentages comparable to those
of a-tocopherol in an erytrocite membrane ghost system. [40] carried out wide testing on
several pure compounds: the macrocyclic (bis)bibenzyls marchantins A, B, D, E, riccardin
C, isoricciardin C; the bisbibenzyl paleatin B; the prenylated bibenzyls radunalinnin H. The
result evidenced an antioxidant activity ranging from 0.4 to 15.7 umol/L on the arachidonic
acid peroxidation test, with marchantin A and perrotettin D showing the highest activity
(IC50 0.4 and 0.72 umol/L). In a study from [41], researchers tested the antioxidant activity
of marchantin H. They found a DPPH IC 3 0.51 £ 0.03 uM respect to 3.80 &= 0.33 pM
measured in a-tocopherol (Table 2).

Cell models are a valuable tool in the selection of compound bioactivities prior to
clinical trials in animals and humans [43]. Furthermore, in vivo testing of pure isolated
compounds is a mandatory step in the drug discovery process, supporting in vitro and cell
studies [44]. Currently, no research has focused on in vivo experimentations of bryophytic
antioxidant compounds. At the present stage, only a few studies have investigated the
antioxidant activity of bryophytes extracts and pure compounds in cell models (phagocytes;
murine fibroblasts) [45-50]. Ielpo et al. [45] studied the antioxidant activity of acetonic
extracts of Lunularia cruciata on phagocytes through the chemiluminescence inhibition
test. In another study, Leptodictyum riparium acetonic extracts were used to treat whole
blood phagocytes gathered from three healthy donors. Blood samples were treated with
the ROS inducing agents opsonized zymosan (OZ) and phorbol myristate acetate (PMA).
The authors found that the acetonic extracts of L. riparium inhibited luminol-dependent
chemiluminescence in samples treated with OZ and PMA in a dose-dependent manner [46].
In a study by [47], the authors treated murine fibroblast NIH-3T3 cells with water extract
from the moss Cryphaea heteromalla. NIH-3T3 cells exposed to 500 uM tert-butyl hydroper-
oxide (TBH) oxidative stress-inducing agent and treated with the water extract (0.5 ng/mL)
showed a 50% inhibition of ROS generation for those treated only with TBH (500 uM) for
1h.

Other researchers have found dose-dependent Nrf2-ARE system induction by diter-
penoids isolated from liverworts (Table 2) [48-50]. Nrf2 (nuclear factor erythroid 2- re-
lated factor) is a transcription factor responsive to cell redox status via Keap (Kelch-like
ECH-associated protein 1), that bound the enhancer sequence ARE (antioxidant response
elements). The ARE sequence is associated with several antioxidant cytoprotective pro-
teins such as the NAD(P)H: quinone oxidoreductase 1 (NQO1) [13]. An investigation
by [48] demonstrated that the diterpenoid frullanian D isolated from the liverwort Frullania
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hamatiloba stimulated the nuclear translocation of Nrf2, inducing Nrf2-related enzymes
(NAD(P)H:quinone oxidoreductase 1, y-glutamyl cysteine synthetase) in MOVAS cells.
Furthermore, 18 h pretreatment with frullanian D ameliorated the H,O, oxidative damage
in the model cells. Another study found a NAD(P)H:quinone oxidoreductase 1 (NQO1)
inducing activity in Diplophyllum taxifolium ethanolic extract. Researchers also isolated and
characterized sixteen terpenoids and found that three of them, diplotaxifol A, diplotax-
ifol B, and atractynelonide III, induced NQO1 in a dose-dependent manner [49]. Simi-
lar results were obtained by [50] with the sacculatane diterpenoids epyphyllin A-D and
pellianolactone B.

Therapeutic applications are also hampered by the need to collect large amounts of nat-
ural plant material, obtain pure material for high-value secondary metabolites, genetically
stable populations and controlled growth conditions. As a result, in vitro cultures are the
best way to develop large-scale production of bryophyte nutraceuticals [51]. At the current
state of the research, methods to in vitro grow several bryophytes species have been well
established [35]. Other studies have focused on the difference in antioxidant metabolites
between in vitro grown and naturally grown bryophytes [30,33,37,52,53]. Interestingly,
these studies have found no significant differences in antioxidant activity and metabolite
composition in in vitro grown bryophytes.

Table 1. List of extracts tested for in vitro antioxidant activity.

Extract Species Method Activity References
Marchantia . . TFC:4.62 mg/g
Ethanol Collected polymorpha DPPH; ABTS; O2- DPPH [28]

Hypnum plumaeforme;

Thuidium
TPC:47.20 +11.20 t
Water:ethanol (3:7) Collected kanadae; DPPH; ABTS; FRAP 119.87Ci 11_5? mg/G A]S mg [29]
Leucobryum
juniperoideum
Methanol Collected Marchantia pelacea DPPH DPPH: IC5) 20 pg/mL [32]
Brum TPC: 356.44 + 9.56 pug/mg
Water Collected mom%}icum ABTS ABTS: 84.56.i 7.93 ng ascorbic [26]
acid eq/mg

Scavenged DPPH: 48%
(650 pig/mL)
Lunularia X 35% (350 pg/mL)
Methanol Cultured cruciata DPPH; ABTS 22% (250 pig/mL) [30]
Scavenged ABST: 98% (2 mg/mL)

Collected Lunularia Phagocytes

Acetone cruciata chemiluminescence See the reference [45]
Leptodictyum Whole blood )
Acetone Collected viparitim chemiluminescence See the reference [46]
Water; methanol:water Cryphaea NIH-3T3 murine
(8:2); ethanol:water Collected yp fibroblast See the reference [47]
heteromalla
(8:2) ROS production
Total terpenoids: 25.95 mg/g
L. DPPH: IC5p 16 ng/mL
Thuidium DPPH; H,O, assay . =
Ethanol Collected tamariscellum ABTS; FRAP Hy0,: IC50 34.5 pg/mL [54]

ABTS: ICs5 18.5 ug/mL
FRAP: IC5) 40 pg/mL
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Table 2. List of pure isolated compounds tested for in vitro antioxidant activity.

Compounds Chemical Class Species Methods Activity References
(-)-herbertenediol Sesquiterpenoid Collected Mastigophora diclados DPPH IC50 1.9 + 0.6 ng/mL [36]
(-)-mastigophorene C (Bis)bibenzyl Collected Mastigophora diclados DPPH ICs50 2.7 + 0.8 ug/mL [36]
(-)-mastigophorene D (Bis)bibenzyl Collected Mastigophora diclados DPPH IC50 2.0 £ 0.1 pg/mL [36]
Jungermannia
subulata;
Subulatin Caffeate ester Cultured hLe?g Z);C}fylf;za, Lipid peroxidation See reference [37]
Scapania
parvitexta
DPPH: ICs 10 + 0.16 L
Ohioesins F BenzonaphthoxanthenonesCultured Polytrichastrum Dpﬁg;s?a]?;?\; 11:rl—1{‘6‘ & ABTS: ICSZOMS +12 ﬁg;ﬂL [38]
zonap Y alpinum activityg & NO assay: 63 & 5.1 ug/mL -
FRAP: 9.8 + 0.07 pg/mL
DPPH: ICs 10.1 + 1.5 ug/mL
. DPPH; ABTS; FRAP;
- Polytrichastrum ’ ) 4 ABTS: ICs0 14.8 £ 1.5 pg/mL
Ohioesin G BenzonaphthoxanthenonesCultured alpinum NO sgg\‘/,?tr;gmg NO assay: 62.1 + 5.0 pug/mL [38]
FRAP: 9.6 + 1.2 ug/mL
Marchantin A (Bis)bibenzyl Collected Marchantia ssp DPPH 1Cs0: 20 ug/mL [39]
Marchantin A (Bis)bibenzyl Aragl)l(li?igg:)cnaad 1Cs0: 0.4 umol/L [40]
Marchantin B (Bis)bibenzyl Marchantia ssp Arag})gcdiggiocnacid ICs0: 0.4 pmol/L [40]
Marchantin D (Bis)bibenzyl Marchantia ssp Aragl;\égggi)cnaad ICs0: 5.6 pmol/L [40]
Marchantin E (Bis)bibenzyl Marchantia ssp Arag}:ég(a)gt)cnaad ICs0: 2.7 pmol/L [40]
Marchantin H (Bis)bibenzyl Collected Marchantia diptera Lipid peroxidation;  pppH: 1) 102 %02 uM [41]
. . g . Arachidonic aci
Isoriccardin C (Bis)bibenzyl Marchantia ssp ragxﬁgglocnaad 1Cs0: 5.3 umol/L [40]
. . o Arachidonic acid . /
Riccardin C (Bis)bibenzyl oxidation 1Cs0: 12.7 pumol/L [40]
Perrotettin D (Bis)bibenzyl Marchantia ssp Aragl;ﬁggg:naad 1Cs0: 0.72 pmol/L [40]
Peleatin B (Bis)bibenzy! Marchantia ssp Arachidonic acid ICs: 11.7 mol/L [40]
Radulanin H Bibenzyl Arachidonic acid ICso: 15.7 pmol/L [40]
Plagiochin D (Bis)bibenzyl Collected P;ggl’;%’}l’;“ DPPH Unavailable [42]
Frullania Dose dependent NQO1 and
Frullanian D Terpenoid hamatiloba MOVAS cells v-GCS induction; inhibition [48]
of HyO,-induced cytotoxicity
. . . Diplophyllum Dose-dependent NQO1
Diplotaxifol A-B Terpenoid tgx z}l‘]olzju o Hepa 1clc7 cells i rﬁiuction Q [49]
: . Diplophyllum Dose-dependent NQO1 )
Atractylenolide IIT Terpenoid fax geolium Hepa 1clc7 cells induction [49]
Epiphyllin A-D Terpenoid Epll?;}f;”ba PC12 cells NQOI induction 1501
Dose-dependent NQO1,
. . Pellia v-GCS induction, and 5
Pellianolactone B Terpenoid epiphylia PC12 cells inhibition of H,Op-induced [50]

cytotoxicity

4. Antibacterial Activity

Bryophytes, like other organisms, have to deal with pathogens. As a consequence,
these plants have adapted their biochemistry to synthesize several compounds to contrast
the presence of pathogenic bacteria and fungi [1,21]. Ref. [2] reported several studies that
have led to the identification and isolation of a large number of antibacterial compounds
from bryophytes. Since then, the antibacterial activity of bryophytic extracts has been
extensively researched.

The main techniques used to test antimicrobial chemicals from bryophytes are the disk
diffusion test and the broth dilution test. Disk diffusion is a simple and reliable test in which
a bacterial inoculum is applied to a culture agar plate [55]. Before the incubation (16-24 h
at 35 °C), disks imbued with fixed concentrations of tested compounds are applied on the
inoculated agar. After the incubation, the zone of inhibition (i.e., millimetres around disks
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with no bacteria growth) is measured. Broth dilution consists of two-fold serial dilution
of the tested compound in a liquid culture medium (e.g., 4, 8, 16 pg/mL). Standardized
bacterial suspensions (1-5 x 10° CFU/mL) are inoculated in antimicrobial containing tubes.
After the incubation (16-24 h at 35 °C), tubes are examined to spot evidence of bacterial
growth (i.e., medium turbidity). The lowest concentration at which bacterial growth is not
evidenced represents the minimal inhibitory concentration (MIC) [55].

A wide number of studies have explored the in vitro antibacterial activity of var-
ious solvent extracts such as water, ethanol, methanol, chloroform, butanol [31,56-64].
Differences in the activity depend on the type of extract used, the tested species, the ex-
traction procedure, and the bacteria strain. Other researchers, who have examined the
chemical composition of the extracts and have found that, depending on the solvent used,
bryophytic extracts are rich in flavonoids; terpenes; terpenoids; phenols; bibenzyls; and
sterols [33,34,65-67]. These compounds are known to exert an antibacterial activity [68,69].

Some researchers achieved the isolation of compounds responsible for antibacterial
activity in bryophytes: (a) the macrocyclic (bis)bibenzyls marchantin A [70] and perrottetin
A, B, C, D, F[71,72]; (b) the bibenzyl lunularin [73]; (c) the glycosilate flavonoids luteolin-
7-O-neohesperoside, apigenin-7-O-triglycoside, saponarin, (d) the flavonoids apigenin,
lucenin-2, bartramiaflavone [74], (e) the sesquiterpenoids o-herbertenol; 3-herbertenol;
herbertene-1,2-diol; mastigophorene C, a-formyl herbertenol, and lepidozenolide [75,76].
These compounds have shown a weak to strong activity against several human pathogenic
bacteria [70,71,73-78].

Gram-negative bacteria are particularly worrisome since they are becoming resis-
tant to nearly all the antibiotic drug options available [79]. Among pathogenic bacte-
ria, resistant strains of Staphylococcus aureus, Streptococcus pneumoniae, Enterococcus ssp,
Pseudomonas aeruginosa, Escherichia coli, Klebesiella pneumoniae are of serious concern [18,79].
Methicillin-resistant Staphylococcus aureus (MRSA) is a major threat in health care struc-
tures, being the most resistant S.aureus strain [18,80]. Several researches have focused on the
efficacy of bryophyte extracts against S. aureus (Table 3). The vast majority of these studies
have evidenced the antibacterial activity of several pure compounds against normal strains
of S. aureus: bibenzyls [71,72,81,82]; sesquiterpenoids [75]; extracts [56,58,61,83,84]. Agar
disk diffusion against S. aureus of several sesquiterpenoids isolated from Mastigophora diclados
methanolic extracts results in a zone of inhibition ranging from 13 to 17 mm. The sesquiter-
penoid mastigophorene C showed the highest activity (17 mm) yet lower to reference
antibiotics chloramphenicol (22 mm) and kanamycin (23 mm). Marchantin A purified from
methanolic extracts was found to be effective against S. aureus (MIC 3.13 ug/mL) [81].
Another study found a slightly lower MIC (0.062 mg/mL) and a disk diffusion inhibition
zone of 11 mm [82]. Interestingly, in some studies, bryophyte extracts and pure compounds
have shown anti-MRSA activity [76,83]. Ref. [85] have attempted to synthetize three geo-
metrical isomers of the bis(bibenzyl) isoplagiochin D and tested the derivatives molecules
on MRSA. They found that two out of three derivatives had a potent anti-MSRA activity
(MIC 0.5 pg/mL and 2 pg/mL). MDR (Multi-Drug Resistant) Pseudomonas aeruginosa cause
6000 of 51,000 infections and about 400 deaths every year in the U.S. [79]. Interestingly, the
inhibitory activities against Pseudomonas aeruginosa have been proved also by other studies
both in organic solvent extracts [84,86-88] and bibenzyls and flavonoids [73,74]. Depend-
ing on the solvent and the selected species, MIC ranged from 3.91 ng/mL to 110 pg/mL.
A study from [74] evaluated the antibacterial activity of seven flavonoids purified from
methanol:acetone (8:2) extracts of five mosses species: apigenin, apigenin-7-O-triglycoside,
vitexin, saponarine, lucenin-2, bartramiaflavone, luteolin-7-O-neohesperoside. bartrami-
aflavone; lucenin-2; saponarin; apigenin; and apigenin-7-O-triglycoside were found to be
effective against normal strains Pseudomonas aeruginosa (MIC 8 pug/mL to 256 ug/mL), with
saponarin, apigenin, and lucenin showing the highest activity. However, no data on the
effectiveness on MDR P.aeruginosa strains have been yet produced.

Resistant strains of Escherichia coli and Klebsiella pneumoniae (i.e., Carbapenem-resistant
Enterobacteriaceae) have become worrisome in clinical practice, due to the presence
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of NDM-1 (New Delhi metallo-beta-lactamase), which make them resistant to all beta-
lactam antibiotics [89]. Each year, CRE E. coli and K. pneumoniae caused approximately
600 deaths [18]. Several studies have demonstrated the efficacy of bryophytes extracts
against non-resistant Klebsiella pneumoniae [62,87,90], and extracts [61,91,92] and flavonoids
against non-resistant E. coli [74]. Water, pure ethanol and water:ethanol extract were
found to be effective against E. coli (MIC from 1.57 pug/mL to 3.91 pg/mL) [61,91]. On
the other hand, flavonoids isolated by [74] showed weaker activity (64 pg/mL to 128
ug/mL) (Table 2). Other studies have demonstrated a strong antibacterial activity of the
flavonoids bartramiaflavone, lucenin-2, saponarin, and apigenin (4 ug/mL to 8 ug/mL)
and marchantin A against Enterococcus ssp [70,74].

Table 3. List of the selected bacterial species and related antibacterial extracts and compounds.

. . MiIC
Bacteria Species C Oﬁ;&;g;ﬁféﬁiﬂ t Compound Class Methods (uglglolh)g?rzigjtion Bryophytes Species References
Water (1) Disk diffusion; (1) 8.86 + 0.23 mm Atrichium [61]
(2) Broth dilution (2)0.78 pg/mL undulatum ?
(1) Disk diffusion; (1) 13.66 + 0.57 mm Atrichium
Ethanol (2) Broth dilution (2) 2.40 ug/mL undulatum fe1]
11 mm (50 puL) .
Ethanol Disk diffusion 14 mm (100 nL) ’;fg;gf; [59]
14 mm (150 pL)
Butanol Broth dilution 30 pug/mL m ul\r/g::z%m [84]
Staphylococcus aureus (1) o-herbertenol; (1) 15 mm
(2) B-herbertenol; (2) 16 mm h
(3) herbertene-1,2-diol; Sesquiterpenoids Disk diffusion (3) 13 mm M”;,t’ o‘;hom [75]
(4) mastigophorene C; (4) 17 mm iclados
(5) a-formyl herbertenol; (5) 16 mm
Perrotettin A-D (Bis)bibenzyl Unknown Unknown %;Z;f’;:;t];z [71]
. N S Lunularia
Perrotettin F (Bis)bibenzyl Broth dilution 100 uM cruciata [72]
Marchantin A (Bis)bibenzyl Broth dilution 3.13 ug/mL Marchantia polymorpha [81]
. PR Disk diffusion, 11 mm
Marchantin A (Bis)bibenzyl Broth dilution 0.062 mg/mL [82]
MR Staphylococcus aureus Lepidozenolide Sesquiterpenoids Broth dilution 100 pg/mL %Zf:rzz;ﬂ [76]
(1) Isop-2; (Bis)bibenzyl . (1) 0.5 pg/mL Isoplagiochin D -
(2) Isop-3 derivatives Broth dilution (2)2 pg/mL synthetic derivatives 85]
Methanol Disk diffusion See the reference See the reference [83]
Acetone Disk diffusion 9 mm lzgyl:,l;tt;ﬁltlg [87]
Marchantia
Water:Ethanol Broth dilution 3.91 ug/mL Hy’fiur{) mg:s; m [91]
gracilantum
Ethanol Disk diffusion 29 mm/mg %ifqz%glg [88]
(1) Acetone, (1) 5 mm
Pseudomonas aeruginosa (2) Ethanol, Disk diffusion (2) 3 mm Leptodictyumriparium [86]
(3) Water (3) 2 mm
(1) Acetone, (1) 3 mm
(2) Ethanol, Disk diffusion (2) 3 mm Conocephalum conicum [86]
(3) Water (3) 3 mm
- Plagiochasma
Chloroform Broth dilution 110 pg/mL app Eﬁ’; icul ”; um [84]
Chloroform Broth dilution 20 pg/mL Conocephalum conicum [84]
Marchantin A (Bis)bibenzyl Unknown Marchantia ssp [70]
Bartramia
. pomiformis;
(1) Bartramiaflavone; (1) 256 g /mL Hedwigia
(2) Lucenin-2; ciliata;
g (2) 8 ug/mL Hiata,
(3) Saponarin; . ao Plagiomnium
(4) Apigenin; Flavonoids Broth dilution (3) 8 ug/mL cuEpidatum; [74]
(5) Apigenin-7-O- (4) 8 pg/mL Plagiomnium
triglycoside (5) 256 pg/mL affine;
Dicranum
scopiarum
Lunularin Bibenzyl Broth dilution 64 pg/mL D L;:gg;trz’:m [73]
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Table 3. Cont.
Bacteria Species Antibacterial Compound Class Methods ( glle)\;[IIx1(1:1ibition Bryophytes Species References
P Compound/Extract P . Zone (mm) oPY P
Perrotettin F (Bis)bibenzyl Broth dilution 150 uM Lunularia 1721
(1) Bartramiaflavone; (1) 64 pg/mL R
g; ]S“;;ggg;;rzl’ Flavonoids Broth dilution ((23))621455// rrr?f Plagiomnium ’ [74]
N L cuspidatum;
(4) Apigenin (4) 128 pg/mL Plagiomnium affine
ebsiella pneumoniae thano! roth dilution png/ml ctoblepharum albidium 9C
Kiebsiella p i Ethanol Broth diluti 512 pg/mL Octobleph Ibidi )
Acetone Disk diffusion 11 mm chgrlp?;z[:;’tletlg [87]
Methanol Disk diffusion 7 mm Palustriella 1871
Methanol Broth dilution 0.125 mg/mL Plagiochila [62]
(1) Disk diffusion; (1) 6.83 £ 0.28 mm Atrichium
roth dilution 1. m undulatum
Water (2) Broth dil (2)157 pug/mL dul (o1l
(1) Disk diffusion; (1) 14.66 + 0.57 mm Atrichium
Ethanol (2) Broth dilution (2) 340 pg/mL undulatum fo1]
. . (1) Disk diffusion (1) see reference Hydrogonium
E. coli Water:Ethanol (2) Broth dilution (2) 3.91 ug/mL gracilantum o1
Plagiomnium
(1) Apigenin; (1) 128 pg/mL D%’Zﬁm
(3()2%;?06“):2;' Flavonoids Broth dilution g; gg tg;gk P,;coparium; [74]
. agiomnium
(4) Lucenin-2; (4) 64 pug/mL cuspidatum; Hedwigia
ciliata
Marchantin A (Bis)bibenzyl Unknown Marchantia ssp [70]
(1) Bartramiaflavone; ;
(2) Luteolin-7-O- (1) 8 pg/mL pgfrf%:ﬂf’s;
“f;hfspe“?s'ge? (2() )256 llg//mL Heduwigia ciliata;
. ucenin-2; 1 e 3) 8 ng/mL Plagiomnium -
Enterobacter ssp (4) Saponarin; Flavonoids Broth dilution @4 ug /mL cu§pi datum; [74]
(5) Apigenin-7-O- (5) 256 pg/mL Plagiomnium
triglycoside; (6) 4 ug/mL affine;

(6) Apigenin Dicranum scopiarum

In summary, the review literature has shown that, apart from a few studies on MRSA,
no data have been produced on the drug-resistant strains of the other mentioned bacteria.
Thus, part of the research should also consider Moreover, the totality of the studies has
been addressed to test the in vitro antibacterial activity.

5. Conclusions and Future Perspective

Bryophytes synthetize unique compounds that have shown a wide range of bio-
logical activities such as antimicrobial, antiviral, antifungal, anticarcinogenic, insectici-
dal, neurotrophic, muscle relaxing, cardiotonic, and anti-obesity activities [2]. To our
knowledge, bryophytes extracts/pure compounds have only been in vivo tested for their
anti-inflammatory and antinociceptive [93], wound healing [94], anticarcinogenic [95,96],
nanoparticle pharmacokinetics [97], and antilipidemic activities [29]. Although extensive
research has been conducted on in vitro antioxidant activity, no investigations have exam-
ined the antioxidant activity of bryophytic extracts and pure compounds in in vivo models.
Antioxidant activity should not be concluded based on single or multiple in vitro tests [25].
Physiological processes such as absorption, distribution, metabolism, and excretion can
affect the effectiveness of certain compounds [98]. Bryophytes” antibacterial compounds
have shown promising activities against some human alarming pathogens. However, very
little has been attempted in testing bryophytes against the most concerning pathogenic
strains, apart from a few studies against MRSA. Furthermore, as for antioxidants, most of
the data concerning the antibacterial activity were gathered from in vitro studies. In vitro
antibacterial testing is based on two main techniques, namely the disk diffusion test and
broth dilution test [99]. Both techniques involve the direct contact of the tested molecules
with the bacterial cells, and therefore do not consider the pharmacokinetics and pharma-
codynamics of the tested molecules [55]. Moreover, at the present stage only two studies
have looked at the toxicity of pure bryophytic compounds and extracts [100,101]. Toxicity
screening is an essential step in the drug development process [102] and should be carried
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out first with respect to in vitro and in vivo experimentations. Future research should
be focused on the in vivo testing of antioxidant and antibacterial bryophytic compounds.
This would help to circumscribe the huge number of molecules that have been discovered.
Moreover, further experimentations should focus on the efficacy of bryophytic antibacterial
against antibiotic-resistant strains. In conclusion, bryophytes can be exploited as a source
of antioxidants and antibacterial compounds in perspective pharmaceutical and nutraceu-
tical applications. Bibenzyls, terpenoids, phenols, and polyphenols from bryophytes are
promising chemicals for the future development of novel antioxidant and antibiotic drugs.
However, at the current stage, knowledge sustaining concrete applications of antioxidants
and antibacterial from bryophytes is still fragmentary, and more in-depth multidisciplinary
research is needed to select the safest and most effective compounds.
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