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Abstract: Lungworts (members of genus Pulmonaria), especially Pulmonaria officinalis, have been
used as medicinal plants in folk and traditional medicine. The potential biological activities of lung-
worts, such as antioxidant, anti-inflammatory, anti-neurodegenerative, skin whitening, anticoagulant,
antibacterial, anti-anemic, anticonvulsant, and wound-healing properties, have been observed in
different studies. More than 90 phytochemicals belonging to pharmacologically active phytochemical
classes have been reported for lungworts, which can be considered as one of the important contrib-
utors to the biological properties along with micronutrients. However, safety studies and clinical
trials are missing for lungworts to establish most of their potential biological properties. Similarly,
in vivo studies are lacking for anti-inflammatory and anti-neurodegenerative disorders and more
in vivo studies are required to strengthen the knowledge of their antioxidant, anticoagulant, and
anti-convulsant properties. A comprehensive compilation of the phytochemicals and biological
properties of lungworts is also lacking in the literature, which can provide future direction for further
pharmacological research. Hence, an attempt has been made in this study to compile the phytochemi-
cals and biological properties to not only provide the resources for the design of further research to
develop the pharmacological application of lungworts, but also to highlight the gaps and provide
suggestions for future development.
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1. Introduction

The members of the genus Pulmonaria commonly known as lungwort belong to the
family Boraginaceae. It comprises around 18 species of perennial flowering plants that
are widely dispersed across Europe, Russia, and Western Asia [1]. Lungwort (especially
Pulmonaria officinalis) has been used for medicinal purposes since ancient times due to
the Doctrine of Signatures as it resembles diseased lungs [2]. Lungwort has been known
for its use for pulmonary diseases in folk medicine without the knowledge of its precise
mechanisms of action. The ethnomedicinal use of lungwort includes emollient, antitussive,
expectorant, antimicrobial, diuretic, depurative, antilithiatic, and anti-inflammatory usage,
as well as in respiratory and urinary disorders [3,4].

The leaves and flowers from Pulmonaria are known to have been used as a wild
plant food in the past [5,6]. Pulmonaria flowers can be considered as feeding stations for
insects and P. officinalis is also included in most common honey plants in Estonia [7]. The
flowers are shaped like cylindrical tubes, which have five-lobed corolla at the ends. The
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size of the flower is around 0.5-1.5 cm in diameter, and in its center is the style, which
can be short (thrum) or long (pin). Both pin and thrum flowers are present on the same
plant in the Pulmonaria species [8]. Generally, most of the Pulmonaria plants are spring-
flowering woodlanders and prefer humus-rich, moist soil to grow (they do not favor dry or
waterlogged soil).

Several commercial products from lungwort (P. officinalis) are available on the market,
such as mother tincture, leaves, dried aerial parts (commercially available as Pulmonaria
herba), ingredients of various dietary supplements, as tea, and as cosmetics [9]. Dif-
ferent forms/parts of lungworts such as the extract from the aerial parts, leaves, roots,
callus culture, isolated compounds, and nanoparticles have been used to explore/study
their biological properties in in vitro and/or in vivo experiments. Several potential bi-
ological properties such as antioxidant, anti-inflammation, antianemic, anticoagulant,
wound healing, anti-neurodegenerative, anticonvulsant and skin whitening activities
have been studied for lungwort [10-14]. These biological activities have the potential
to be developed for medicinal and/or food supplement usage in different diseases or
conditions. P. officinalis is also listed in the national health product databases of different
countries for possible pharmaceutical use, such as the National Database of Health Protec-
tion Products of Poland and the Natural Health Products Ingredients Database of Canada
(http:/ /webprod.hc-sc.gc.ca/nhpid-bdipsn/atReq.do?atid=lungwort.oral&lang=eng; ac-
cessed on 30 March 2022). The biological properties of lungworts may be attributed to
the diverse set of phytochemicals, such as anthocyanins, alkaloids, flavanone, flavonols,
flavones, hydroxycinnamic acid, lignans, polyphenols, polyphenolic acids, and other phy-
tochemicals present in different parts of the plants. In the literature, more than a hundred
phytochemicals have been reported from lungwort.

Limited studies have been carried out on lungworts for their medicinal properties to be
developed as approved therapeutic approaches or supplements for diseases or conditions.
However, a comprehensive compilation of the biological properties and phytochemicals
present in lungworts is not available, which could provide the gaps, highlight the chal-
lenges, and suggest possible solutions for the further development of lungwort as a food
supplement and/or therapeutic candidate for pharmacological applications.

2. Phytochemicals Present in Pulmonaria

The most important reason for the different biological activities reported in Pulmonaria
could be the phyto-constituents present in these plants. These phyto-constituents may
include saponins, tannins, ascorbic acid, silicic acid, rutin, carotene, vitamin C, allantonin,
alkaloids, and fatty acid. In initial studies, the presence of broad classes of phytochemicals
was studied from the extract of lungworts to decipher the pharmacological properties.

The polyphenol content of the plants used in Bulgarian phytotherapy for the treatment
of respiratory and inflammatory conditions was evaluated [15]. P. officinalis was selected
among the plants, as it was considered important for evaluation due to the presence of
both properties in the ethnopharmacology literature [15]. An aqueous extract was prepared
from P. officinalis leaves following the traditional method of making the tea. The total
phenolic compound content in the tea was determined spectrometrically according to the
Folin—Ciocalteu procedure and was calculated as quercetin equivalents (QE). The total
amount of phenols in the herbal tea was 673.39 £ 9.92 uM QE for P. officinalis [15].

Later, the researchers determined the gross content of tannins and flavonoids from
the leaves of P. mollis [16]. To determine the amount of flavonoids, the spectrophotometric
method of aluminum chloride was used. The tannin content was determined using the
titrimetric method with 0.1 N potassium permanganate solution and indigo carmine. The
flavonoid content was found to be 2.0 mg/g dry weight and the amount of tannin was
7.1 mg/g dry weight, respectively.

In an early experiment, the researcher used a micro-two-dimensional technique for
the two-dimensional separation of the P. officinalis leaves extract. Micro-two-dimensional
separation was conducted on the cyanopropyl silicon dioxide as polar-bound stationary
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phases using non-aqueous eluents as eluents of the first direction and aqueous eluents, that
is, an organic modifier—MeOH—dissolved in water, as eluents of the second direction.
The Naturstoff reagent was used to detect phenolic compounds in P. officinalis leaves.
The leaf extract contained naringin, hesperidin, apigenin-7-glucoside, rutin, chlorogenic
acid, myricetin, hyperoside, acacetin, and gallic acid in system I, as well as hesperidin,
naringenin, hesperetin, apigenin-7-glucoside, rutin, chlorogenic acid, and hyperoside in
system II [17].

Researchers have characterized the phenolic compounds from P. mollis through HPLC
analysis with a comparison of standard substances. In similar research, the floriferous
shoots and root leaves of P. mollis have been reported to contain phenolic compounds.
The amount of phenolic compounds was measured through HPLC with the comparison
of standard compounds. Phenolic compounds derived from the floriferous shoots of
P. mollis include gallic acid, catechin, chlorogenic acid, neochlorogenic acid, caffeic acid,
ferulic acid, dihydroquercetin, and kaempferol. In the root leaves of P. mollis, gallic acid,
catechin, chlorogenic acid, neochlorogenic acid, chicoric acid, vicenin, luteolin-7-glucoside,
and apigenin. For the first time among the phenolic compounds of floriferous shoots,
dihydroquercetin was reported, and vicenin was found in root leaves [18].

In the comparative study, several compounds such as allantoin, p-hydroxybenzoic
acid, rutin, hydrocaffeic acid, rosmarinic acid, chlorogenic acid, and shikonin were extracted
and quantified from the shoot and root extract of Boraginaceae plants including P. mollis
and P. obscura. Allantoin and rosmarinic acid were found in the extract of the shoots and
roots of P. obscura. While p-hydroxybenzoic acid and chlorogenic acid were absent in
the root extract, they were present in the shoot extract of P. obscura, while allantoin and
rosmarinic acid have been found in the shoot as well as in the root extract of P. mollis [19].

In search of new sources for the treatment of neurodegenerative disorders, the content
of different types of phytochemicals such as polyphenols, flavones, and proanthocyani-
dins was calculated from the ethanolic and aqueous extracts of P. officinalis. The content
of polyphenols, flavones, and proanthocyanidins was calculated using Folin—Ciocalteu (ex-
pressed in gallic acid equivalents), aluminum chloride colorimetric (expressed in rutin equiv-
alents), and vanillin assay in glacial acetic acid (expressed in catechin equivalents) meth-
ods, respectively. The ethanolic extract was found to have a higher content of polyphenols
(576.62 + 6.32 ug GAE/mL in ethanolic extract and 486.60 & 2.12 ug GAE/mL in aqueous
extract), flavones (272.81 £ 9.21 ug RE/mL in ethanolic extract and 104.28 &+ 3.25 ug RE/mL
in aqueous extract), and proanthocyanidins (61.5 & 6.23 ug CE/mL in ethanolic extract and
41.83 + 3.2 ug CE/mL in aqueous extract) compared to the aqueous extract [10]. Further,
HPLC-MS was used to assess the polyphenol profiles of aqueous and ethanol extracts of
P. officinalis. Using the selected ion monitoring (SIM) mode, the corresponding peaks of
gallic acid, chlorogenic acid, vanillic acid, caffeic acid, p-coumaric acid, rutin, sinapic acid,
hyperoside, ferulic acid, hesperidin, rosmarinic acid, myricetin, luteolin, quercetin, apigenin,
kaempferol, and isorhamnetin fragment ions were found in ethanolic and/or aqueous extract
(Table S1) [10].

To study the metabolites, the extracts from the aerial part P. officinalis in different weather
(spring and autumn) were analyzed [20]. Researchers isolated 45 compounds from the
methanol extract of P. officinalis through a multistep preparation procedure. These isolated
compounds were further analyzed through high-resolution mass spectrometry, as well as one-
dimensional 1H and 13C-NMR spectroscopy. In these analyses, nine new phenolic metabolites
were identified along with 36 already known compounds. These new compounds were
3-O-(E)-caffeoyl-threonic acid, 3'-O-(E)-feruloyl-a-sorbopyranosyl-(2'-1)-a-glucopyranoside,
3-O-(E)-caffeoyl-glyceric acid, globoidnan B, yunnaneic acid E-1, pulmonarioside A, pul-
monarioside B, pulmitric acid A, pulmitric acid B, and isosalvianolic acid A-1 (Table S1).
The difference in the concentration of phytochemicals in spring and autumn was observed,
but rosmarinic acid was the most abundant compound in both seasons followed by Globoid-
nan B [20]. A similar analysis was also carried out including P. obscura. High-resolution
mass spectrometric analysis (HR-MS) revealed the presence of numerous phenolic com-
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pounds from the aerial parts of P. officinalis and P. obscura. The phytochemical profiles
of the phenolic-rich fractions obtained from P. officinalis and P. obscura were very similar,
both qualitatively and quantitatively [11]. These fractions contained different compounds
belonging to multiple classes of phytochemicals. The phenolic acids were the main con-
stituent of the extract, comprising more than 80% of the extract, with flavonols constituting
around 5%. The individual phytochemicals that were present in higher concentrations
included rosemarinic, lithospermic, salvianolic, monardic, shimobashiric, and yunnanic
acids. The esters of caffeic acid with quinic, threonic, and glyceric acids were also found
to be present in the extract. P-coumaroylquinic was found to be present in three isoforms,
lignans such as globoidnans A and B, pulmonariosides A and B, and several commonly
found flavonol glycosides like quercetin and kaempferol derivatives were also found. A
significant amount of menisdaurine, nitrile glucoside, was identified in the extract. A small
amount of the megastigman glucoside actinidioionoside and a tryptophan derivative, that
is, lycoperodin-1, were also present in the extract [11,20].

The root culture of P. officinalis was used to prepare extracts in different concentra-
tions of ethyl alcohol to optimally obtain the biologically active substances [21]. The
total content of polyphenols in the P. officinalis L. extract was determined using the Folin—
Ciocalteu method. The concentration of flavonoids in the P. officinalis extract was de-
termined using the colorimetric method. The determination of proanthocyanidins was
carried out using vanillin analysis in glacial acetic acid. The P. officinalis extract showed a
high yield of polyphenolic compounds, i.e., 889.39 & 4.29 ug gallic acid/mL, flavonoids
728.90 & 6.98 ug rutin/mL, and proanthocyanidins 211.65 £ 5.31 ug catechin/mL, respec-
tively [21]. The content of these of types of phytochemicals was higher in the root culture
extract than in the dried part of P. officinalis obtained in the earlier study [21].

The fatty acid composition of seed oil was determined by the gas-liquid chromatog-
raphy of fatty acid methyl esters. Heptadecanoic acid was used as an internal standard
for the simultaneous quantification of the oil content. The oil content in the seeds was
25.5 and 24.3 (% seed weight) in P. mollis and P. obscura, respectively. In P. mollis, the
percentage composition of fatty acids such as palmitic acid, stearic acid, oleic acid, linoleic
acid, alpha-linolenic acid, gamma-linolenic acid, and stearidonic acid were found to be
10.2, 6.3, 17.6, 28.2, 10.5, 19.4, and 3.6, respectively. Similarly, in P. obscura, the percent-
age composition of palmitic acid, stearic acid, oleic acid, linoleic acid, «-linolenic acid,
v-linolenic acid, and stearidonic acid were found to be 14.1, 13.1, 16.9, 22.2,9.4, 14.3, and
3.6, respectively. The total tocopherol content in the seeds of P. mollis was observed to be
964 mg/Kg, which respectively comprises 6.2%, 51.9%, and 38.1% of « (alpha), vy (gamma),
and 6 (delta) tocopherol. The total tocopherol content in the seeds of Pulmonaria obscura
was observed to be 346 mg/Kg, which comprises 15.2%, 68.3%, and 16.5% of «, v, and 5
tocopherol, respectively [22].

The main components of the methanol extract of the aerial parts of P. officinalis are
derivatives of phenolic acid, primarily the conjugates of caffeic acid with danshensu—
rosemarinic, monardic, lithospermic, salvianolic, shimobashiric, and yunnanic acids. There
are esters of caffeic acid, quinic acid, threonic and glyceric acids, and coumaroylquinic acid.
Several lignans (globoidnans A and B, pulmonariosides A and B) and common flavonol
glycosides (derivatives of quercetin and kaempferol) have been identified [20-22].

A recent study was conducted to understand the mechanism of color change in the
Pulmonaria flowers. Three important lungwort (Pulmonaria) cultivars, named Blue Ensign,
Bertram Anderson, and Diana Clare were cultivated and studied in the Tsukuba Botanical
Garden, National Museum of Nature and Science, Ibaraki Pref., Japan. Three stages of corollas
were used in the study and methanolic extract from the flowers was analyzed. Further,
the preparative HPLC was used to separate the anthocyanins and phenolic acid. Finally,
the identification of anthocyanins and phenolic acid was conducted through the LC-MS
method [23]. Three anthocyanins (delphinidin 3-O-glucoside, petunidin 3,5-di-O-glucoside,
and petunidin 3-O-glucoside) and one phenolic acid (rosmarinic) were identified from the
flower extract in the study (Table S1 and Figure 1) [23].
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3-0-(E)-caffeoyl-
threonic acid
2-O-(E)-caffeoyl-L-
threonic acid
Danshensu
Chlorogenic acid
Caffeic acid
Cryptochlorogenic acid
3’-O-(E)-feruloyl-a-
sorbopyranosyl-(2° 1)-a-
glucopyranoside
2-O-(E)-caffeoyl-D-
glyceric acid
4-O-(E)-caffeoyl-L-
threonic acid
Neochlorogenic acid
3-O-(E)-caffeoyl-glyceric
acid
Yunnaneic acid E
Shimobashiric acid C
Rosmarinic acid
Monardic acid A
Yunnaneic acid E-1
Lithospermic acid A
Salvianolic acid H
Yunnaneic acid B
Pulmitric acid A
Pulmitric acid B
Isosalvianolic acid A
Isosalvianolic acid A-1
Isosalvianolic acid A
isomer
Rosmarinic acid methyl
ester s
Salvianolic acid H-9"’-
methylester
Chlorogenic acid
Yunnaneic acid B
Neochlorogenic acid
Cichoric acid

<

p-hydroxybenzoic acid
Slicd 3-0-p-coumaroylquinic Actinidioionoside
acid Globoidnan B
Hydroxycinnamic acid 4-O-p-coumaroylquinic Globoidnan A
p-Coumaric acid - acid -
S -O-p-coumaroylquinic
Eeieacid ot Delphinidin 3-O-
4 Allantoin glucoside,
Caffeic acid Petunidin 3,5-di-O-
Catechin glucoside
Menisdaurin Petunidin 3-O-glucoside
v 1 Lycoperodine-1
7-Tigloyl-or 7- 4 Rutin
Senecioylretronecine ovmonarla Nicotiflorin isomer
9-Monoester I Quercetin 3-O-f-
7-Acetyl-9-(RI=1833)- glucoside
monoester Quercetin 3-0-(6"’- O-
Trachelanthamidine malonyl)-f-glucoside
Trachelanthamidine/ I Nicotiflorin
Isoretronecanol-ester
Intermedine Kaempferol 3-O-(60 0-O
Lycopsamine, -malonyl)-5-glucoside

7-Acetylintermedine

. 1 Quercetin
7-Acetyllycopsamine, Kaempferol
7-Propﬁonylintemedi}1e Pulmonarioside A Isorhamnetin
7-Propionyllycopsamine Pulmonarioside B quercetin 3-O- rhamnog-
7-Isobutyrylintermedine lucoside
7- Isobutyryllycopsamine . quercetin
7-(3-Methylbutyryl)- AStfagal‘m 3-O-glucoside
intermedine Hyperoside i itri
. (isoquercitrin)
7-(2TMethy1b}1tyryl)- V);l;:enin quercetin 3-O-
intermedine, rhamnoside(quercitrin)
7-(3-Methylbl.1tyryl)- kaempferol 3-O-
lycopsamine, glucoside (astraglin)
7-(2-Methylbl§tyryl)- quercetin kaempferol
lycopsamine v aglycones
7-Senecioylintermedine Hesperidin kaempferol aglycones
7- Tigl.oylintennediqe naringenin Luteolin Dihydroquercetin
7-Seqecloyllycopsan}1ne hespere.tm L Apigenin Kaempferol
7- Tigloyllycopsamine acacetin apigenin 7-glucoside Luteolin 7- glucoside
(Symphytine)
Figure 1. Phytochemicals reported form the lungworts.

The Boraginaceae family is known for the presence of pyrrolizidine alkaloids (PA), which

can result in intoxication when present in herbal drugs. In the study, PA were analyzed in
the leaves, roots, rthizomes, and inflorescences of P. obscura using gas chromatography-mass
spectrometry. The PA present in roots and rhizome were 7-tigloyl-or 7-senecioylretronecine,
9-monoester, 7-acetyl-9-(RI = 1833)-monoester, trachelanthamidine/isoretronecanol-ester, in-
termedine, lycopsamine, 7-acetylintermedine, 7-acetyllycopsamine, 7-propionylintermedine,
7-propionyllycopsamine, 7-isobutyrylintermedine, 7-isobutyryllycopsamine, 7-(3-methy
Ibutyryl)-intermedine, 7-(2-methylbutyryl)-intermedine, 7-(3-methylbutyryl)-lycopsamine,
7-(2-methylbutyryl)-lycopsamine, 7-senecioylintermedine, 7-tigloylintermedine, 7-senecioy
llycopsamine, and 7-tigloyllycopsamine (symphytine). Moreover, 95% of the PA were
present as N-oxides. The predominant PA were intermedine, lycopsamine, and their
derivatives. The total concentrations of PA in the roots and rhizomes ranged from 0.026 to
0.158 pug/mg dry weight. On the other hand, only trace amounts of PA were found in the
leaves and inflorescences of P. obscura, i.e., below 0.4 pg/mg dry weight [24].

The antianemic property of the extract from the aerial parts of P. mollis was believed
to be associated with the presence of trace elements (such as Fe, Mn, Cu, and Co) in the
plant [25]. In a study on the extract of medicinal plants including P. officinalis, the identifi-
cation of the Mn content using the catalytic spectrophotometric method was carried out.
The Mn content of aqueous extract from P. officinalis was found to be 207.1 £ 2.9 ug/g [26].
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Further study was conducted to analyze the concentration of Fe and Mn at a different times
of plant development [25]. The amount of microelements was determined by means of
mass spectroscopy with inductively coupled plasma. It was found that the concentration of
Fe and Mn changed significantly in the development process. Initially, the concentration
of Fe increased to its peak value (around 1200 ppm) and a decrease was observed over
10 days. The amount of Mn at the flowering stage increases and at a point becomes equal
to the amount of Fe [25]. In further research, the rosellate leaves and floral shoots of related
medicinal Pulmonaria species such as P. officinalis, P. obscura, and P. mollis were studied. The
amount of trace elements or microelements (B, K, P, V, Ca, Co, Cu, Fe, Mg, Mn, Mo, Na,
Si, Zn, Ag, Al, Ba, Br, Cr, I, Ni, Se, Sr, and Ti) were again determined using inductively
coupled plasma mass spectroscopy [27].

The data clustering showed that the floral shoots and rosellate leaves have significantly
different statuses of trace elements. The highest Mg and Fe content was found to be present
in P. officinalis and P. mollis, respectively [27].

Initially, most of the studies were conducted to identify the content of biologically im-
portant classes of phytochemicals such as polyphenols, tannins, proanthocyanins, flavonoids,
pyrrolizidine alkaloids, and flavones. Later studies also focused on the identification of
individual compounds and the elucidation of their structure to identify the new/novel
compounds in the plant extracts [10,11,17-20,24,28,29]. Recent studies considered the op-
timization of the content of biologically important phytochemicals to obtain the optimal
activity for the effect by identifying the best methods, such as solvent concentration and
weather conditions.

The biological properties of the extract can be highly dependent on the concentra-
tion/amount of phytochemicals present in the plants, which may be important for phar-
macological studies. The amount of phytochemicals present in the plants may differ in
different parts. The amounts/concentrations of phytochemicals present in lungworts along
with other important information were carefully collected from the literature and are
provided in Supplementary Table S1.

3. Therapeutic Use

Different bioactivities from the plant of the genus Pulmonaria have been known such as an-
tioxidant, anti-inflammatory, anticoagulant, antibacterial, and neuroprotective properties [10-14].
These biological activities may be attributed to the different phytochemicals present in the plants.
Some activity has been explored through in vivo and/or in vitro experiments.

3.1. Antioxidant

The antioxidant property of lungwort (Pulmonaria) can be considered one of the most
important properties, as the antioxidant activity may be responsible for the positive out-
come in a number of disease conditions such as arthritis, cancer, inflammation, and diabetes.
The antioxidant activity of P. officinalis was explored in different studies with various meth-
ods. For the first time, the antioxidant potential of the leaf extract of P. officinalis, prepared as
a tea, was analyzed in a study conducted on different Bulgarian medicinal plants. The ABTS
(2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) radical decolorization assay [15]
was used to determine the antioxidant potential of the extract in water in terms of Trolox-
equivalent antioxidant capacity (TEAC). P. officinalis was among the seven species with
considerable antioxidant activity (>2 mM) TEAC values [15].

In another study, the antioxidant activity of the extract from the leaves of P. mollis
was also identified, along with other medicinal plants, through different in vitro and
in vivo methods including 1,1-diphenyl-2-picrylhydrazyl radical (DPPH?®)-scavenging
assay, chelating activity, capacity to protect plasmid DNA (against H,O;) and protective
capacity against the bacteriostatic and bactericidal effects of H,O, and menadione [16].
Further, the antioxidant genes (katG and sodA) expression in Escherichia coli MN23 and
QC772 was measured as target genes for the treatment.
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Later, in search of the phytochemical important for the antioxidant property of P. officinalis
and P. obscura, researchers isolated the phytochemical yunnaneic acid B and analyzed
its antioxidant activity through different experiments. The antioxidant activity of yun-
naneic acid B isolated from P. officinalis was first calculated using DPPH® and peroxynitrite
(ONOO™)-scavenging assays and ICsg was found to be 7.14 and 50.45 pug/mL, respectively.
Further, the antioxidant activity of blood plasma, exposed to (ONOO™)-induced oxidative
stress, was studied in in vitro conditions. The ferric-reducing (Fe®* to Fe?*) ability of blood
plasma (the FRAP assay) was used to calculate the non-enzymatic antioxidant capacity
of the blood. The reduction in the non-enzymatic antioxidant capacity of blood plasma
due to oxidative stress was partly prevented with the application of yunnaneic acid B at
1-50 pg/mL concentrations [29].

Later, the antioxidant activity of aqueous and ethanolic extracts from P. officinalis was
found to be correlated with the polyphenol and flavone content of the extract. The highest
DPPH radical scavenging activity of the ethanolic extract was found to be 75.47% (at
3 mg/mL). The antioxidant activity of extracts was also determined through the reduction
potential of the extract to convert Fe3* to Fe>*, which revealed similar results in correlation
with the DPPH method [10].

The optimization of extraction methods for the high concentration of biologically
active substances (BAS) was carried out for the dry root culture of P. officinalis. Parameters
such as time, temperature, and concentration of ethanol for extraction were optimized
and the antioxidant property of BAS (polyphenols, flavonoids, and proanthocyanidins)
were calculated through DPPH and FRAP methods [21]. The antioxidant activity of the
DPPH radical method was 86.96, 75.47, and 51.25% for polyphenols, flavonoids, and
proanthocyanidins, respectively.

In a recent study;, after phytochemical profiling, the ONOO™ scavenging assay was
used to identify the antioxidant potential of extract from the aerial part of P. officinalis and
P. obscura. The antioxidant activities in terms of ICsy values were found to be 32.66 and
36.71 g/mL for P. officinalis and P. obscura, respectively. Further, the biological properties
of both plants were studied in human blood plasma under peroxynitrite-induced oxida-
tive stress. The investigated Pulmonaria fractions partly prevented the ONOO™-induced
decrease of the non-enzymatic antioxidant capacity (NEAC) of human blood plasma
(Figure 2). A slight effect on NEAC was observed for all of the tested concentrations of
Pulmonaria extracts. However, its statistical significance was found for their concentrations
of 25-100 g/mL [11]. Recently, researchers have prepared the silver and gold nanoparticles
from the aqueous extract of P. officinalis as nanoparticles can enhance the biological activity
of the therapeutics [30,31]. Gold (AuNP) and silver (AgNP) nanoparticles were successfully
synthesized through environmentally friendly synthesis. The antioxidant activity was cal-
culated using DPPH assay spectrophotometrically. The AuNP has the highest antioxidant
activity, followed by AgNP and aqueous extract [32].

3.2. Anti-Inflammatory

Chronic inflammation may increase the risk of various diseases; even low-grade
inflammatory conditions may be correlated with various diseases and/or conditions such
as cancer, obesity, diabetes, and cardiovascular diseases [33-36]. Like antioxidant properties,
anti-inflammatory activity can also result in positive outcomes in different diseases such as
cancer, arthritis, obesity, and diabetes, and in neuroprotection. As an alternative medicine,
Pulmonaria has been primarily used in pulmonary disorders, as an expectorant, and as an
anti-inflammatory agent [37].

Considering the lack of comparative studies of bioactivity from the extract of differ-
ent species of the Pulmonaria genus, the anti-inflammatory activity was studied for both
P. obscura and P. officinalis. One of the most important drug targets, cyclooxygenase-2
(COX-2), was used to study the inhibitory property of extracts from P. obscura and
P. officinalis. The inhibition of COX-2 was studied using two different methods, i.e., ELISA
involving the COX—catalyzed metabolism of arachidonic acid, and evaluating the enzy-
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matic activity of the peroxidase component of COX, responsible for the oxidation of the
N,N,N/,N'~tetramethyl-p—phenylenediamine chromogenic substrate. The anti-inflammatory
drug indomethacin was used as the positive control. The extract from P. officinalis had
higher anti-inflammatory potential than P. obscura in both methods (Table 1) [11].

DPPH free radical-
scavenging capaci-
ty
Protection Protection
against against
H,0,-induced H,0,-induced
Cytotoxicity DNA damage
Antioxidant
Activity of
ONOO T Microbial viability
induced peroxida- assay
tion of blood
plasma lipids
ABTS radical de- Expression of

colorization assay katG::lacZ

Figure 2. Antioxidant activity of lungworts studied through different methods.

Further, to identify the active compounds responsible for the anti-inflammatory activ-
ity present in the extract, an in silico docking study was carried out on the COX-2 protein
crystal structure. The docking study revealed 10 probable compounds (menisdaurin,
globoidnan A, globoidnan B, quercetin 3-O-(6"-O-malonyl)-f-glucoside, 2-O-E-caffeoyl-
L-threonic acid, chlorogenic acid, monardic acid, rosmarinic acid, lithospermic acid A,
and salvianolic acid H) for the COX-2 inhibition activity of the extracts. Among these
compounds, menisdaurin and salvianolic acid H were more abundant in P. officinalis that
may be potent inhibitors for COX-2 [11].

3.3. Neurodegenerative Disorder: Acetylcholinesterase Inhibition Activity

Acetylcholinesterase inhibition is an important strategy used in the treatment of
neurodegenerative disorders, including Alzheimer’s disease (AD) [38]. Neurodegenerative
disorders are an important cause of morbidity and mortality worldwide [39]. Among the
neurodegenerative disorders, AD is the most common, becoming the sixth leading cause
of death in the United States [40]. Medicinal plants and their important constituents can
be considered as potential treatments for neurodegenerative disorders according to earlier
literature [41,42].

Research examined the enzyme inhibition potential of ethanolic and aqueous extracts
of P. officinalis. The aqueous and ethanolic extract of P. officinalis showed an inhibitory
effect on acetylcholinesterase by 72.24 £ 2.35% and 87.72 £ 2.35%, respectively (Table 1).
Ethanolic extracts have more pronounced inhibitory activity against acetylcholinesterase
than aqueous extracts, with inhibition values > 85% for the maximum concentration of
3 mg/mL (Table 1). The higher concentration of polyphenol in the ethanolic extract
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compared to the aqueous extract may be the reason for the higher activity of the ethanolic
extract [10].

3.4. Skin Whitening

Plants have been used in cosmetics since ancient times and their importance has been
maintained in the modern world [9,43]. Tyrosinase inhibition is considered one of the most
important approaches for skin whitening or reducing skin pigmentation through cosmet-
ics [44]. Tyrosinase (EC 1.14.18.1) is the main enzyme for melanin biosynthesis, which is
responsible for normal pigmentation of skin, but its hyperactivity or/and hyperexpression
have been linked to dysfunctions of skin pigmentation, such as melisma associated with
age, freckling, age spots, post-inflammatory hyperpigmentation, and sites of actinic dam-
age [45]. In these disease conditions, the tyrosinase inhibitors may be potentially helpful to
reduce the activity of the tyrosinase enzyme, which may provide therapeutic opportunity.

A study was conducted to examine the enzyme inhibition potential of ethanolic
and aqueous extracts of P. officinalis against tyrosinase (Figure 3). An aqueous extract
of P. officinalis showed an inhibitory effect on tyrosinase by 56.96 + 5.21%. The ethanol
extract of P. officinalis showed an inhibitory effect on tyrosinase by 71.69 & 8.23% (Table 1).
The ethanolic extract had more pronounced inhibitory activity against tyrosinase than
the aqueous extracts, with inhibition values > 70% at the maximum concentration of
3 mg/mL [10].

Antioxidant

Antioxidant I - Antioxidant
l -
i A |-\ [t
inflammatory / coagulant
Anticonvul- \ - \ Anti-anemia
sant /\l \ \
Anti Neuro- o . . Antibacterial
degenerative Antioxidant Skin tNhltE n-
ing

Figure 3. Biological activities of lungwort reported from different parts of the plant.
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3.5. Anticoagulant Action

Anticoagulants can be beneficial in different diseases/conditions such as atrial fibrilla-
tion [46], coronary artery disease [47], ischemic stroke [48], myocardial infarction [49], pul-
monary embolism [50], restenosis from stents [51], cardiopulmonary bypass surgeries [52],
and heart failure [53]. Stroke and cardiovascular diseases are among the diseases respon-
sible for the highest number of deaths globally [54]. Some herbal remedies have been
known for their anticoagulant properties that can be developed further for anticoagulant
medication. The anticoagulant activity of P. officinalis and P. mollis was studied in earlier
in vivo experiments [12,13,55]. The non-dialized fractions of ammoniacal extract from
both plants were used in the study (Figure 3). The extracts from these plants were able
to reduce the fatality rate of animals with exogenous thromboplastinemia by inhibiting
the coagulation activity of platelets. The anticoagulant property of the extract may be due
to the presence of anticoagulant glycopeptides in the extracts. The anticoagulant action
is proposed mainly at the stage of transformation of fibrinogen and the self-assembly of
fibrin [12,13,55]. Further experiments are required to establish the anticoagulant properties
of Pulmonaria plants for therapeutical use before safety and clinical studies.

3.6. Antibacterial Activity

Considering the Doctrine of Signatures, Pulmonaria has been used in lung infections;
hence, an important pathogen of the bronchial region, Staphylococcus aureus, isolated from
clinical samples of cystic fibrosis patients, has been used to study its antimicrobial activity.
The minimum inhibitory concentration (MIC) and virulence factors such as anti-biofilm
properties, protein A (SpA) surface expression, a-hemolysin (Hla) synthesis, staphylococcal
sortase A (SrtA) activity, and adherence to A549 cells were studied to assess the antimicro-
bial potential of methanolic extract from P. officinalis (Figure 4). The MIC was found to be
1-2 mg/mL, which is not considered to be highly effective, but other virulence factors were
also found to be reduced with the application of the extract.

Bacteriostatic ef-
fects calculated

through MIC
Inhibition biofilm Reduction in the
formation adhesion of S. au-

reus

Antibacterial

Activity of

Pulmonaria

Reduction of sort- Decrease of

ase A activity a-toxin synthesis

Weakened the ex-
pression of SpA

Figure 4. Antibacterial activity of lungworts studied through different methods.
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Biofilm formation on both inert and mucin- or elastin-coated surfaces by S. aureus can
be reduced with the application of the extract. Similarly, the adhesion of S. aureus to mucin
was also significantly decreased by up to 36% due to the application of the extract [56].

The strong inhibition of staphylococcal sortase A activity of up to 70% in comparison
to the positive control of the active enzyme was observed at the sub-MIC concentration
(500 microgm/mL) of the extract (Table 1). The secretion of x-hemolysin, the pore-forming
toxin (cytotoxin) from the S. aureus, was also found to be significantly decreased by up to
50%. The extract from P. officinalis can be considered as an anti-virulent against staphylo-
coccus according to in vitro studies, such as the inhibition of microbial adhesion, sortase
A activity, and «-toxin secretion. These properties may be beneficial to cystic fibrosis
patients, but further in vivo studies are required to confirm the result and development of
P. officinalis extract as a supplement for CF patients and/or as an anti-microbial agent [56].

3.7. Anti-Anemic Activity

Anemia is a serious public health problem globally that affects people of all age
groups, especially young children and pregnant women [57]. The total cases of anemia
worldwide increased from 1.42 billion in 1990 to 1.74 billion in 2019 [58]. Iron deficiency
is the most common reason for anemia, as iron is an integral part of hemoglobin, which
is an important protein in red blood cells [59]. Herbal supplements or/and medication
have shown the potential to treat anemia in different studies [60-62]. The presence of
hemopoietic microelements (such as Fe, Mn, Cu, and Co) in lungwort may be associated
with the anti-anemic activity of lungwort [63]. In a preliminary study, the anti-anemic effect
of P. mollis was studied in comparison with a synthetic drug (Fe*>* hydroxide polymaltose
complex) in rats (Figure 3). Extracts from the floral shoot (PMEFS) and rosellate leaves
(PMERL) were used to explore the anti-anemic effect on rats with iron-deficiency anemia.
The PMEEFS restored the level of hemoglobin in the rats in 8-9 days in a similar manner to
the synthetic drug (Table 1) [27]. The rats with and without PMERL treatment were able to
restore the level of hemoglobin in 20 and 25 days, respectively. The presence of hemopoietic
microelements may be considered an important reason for the anti-anemic activity of the
floral shoot extract, as the concentration of Fe was found to be double that of PMERL [27].

3.8. Anticonvulsant

Epilepsy is an important cause of disability and death worldwide. In 2016, there
were more than 45 million people suffering from active epilepsy globally, which makes
epilepsy one of the most prevalent neurological disorders [64]. The development of plant-
based treatment for epilepsy gains momentum because of the side effect and high cost
of the antiepileptic drugs [65]. Further, drug resistance has been reported in one-third
of patients suffering from epilepsy [66]. An aqueous extract from P. obscura was studied
for its anticonvulsant effect on Wistar—Albino—Glaxo from Rijswijk (WAG/Rij) rats, the
genetic model of generalized absence epilepsy. The aqueous extract of P. obscura was orally
administered for 21 days to rats (Table 1). The brain activity of the rats was detected
through an electroencephalogram (EEG) at the same time every week (i.e., on 7th, 14th,
and 21st day). The EEG results showed that long-term use of the extract had a positive
effect on the brain activity of rats with the absence of epilepsy (Table 1 and Figure 3). The
presence of anthocyanins, flavonoids, and ascorbic and rosmarinic acids is speculated to be
responsible for the activity of the extract in the study [14]. Further research is proposed to
confirm the anticonvulsant effect of Pulmonaria which may be developed as a therapeutic
against epilepsy [14].
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Table 1. Different biological activity observed of lungworts observed in in vitro/in vivo studies.

Activity Model/Method Dose/Duration Component Used Result Reference
Aqueous extract of P. officinalis Aqueous extract = 73.0%
(herbal infusions in dry) scavenging ability [10]
DPPH-scavenging ability 0.75,1.5 and 3.0 mg/mL Ethanolic extract of P. officinalis Ethanolic extract = 75.47%
(herbal infusions in dry) scavenging ability
Methanolic extract from the aerial P. officinalis:
ONOO™ -scavenging ability in the parts of P. officinalis ICs0 = 32.66 (ug/mL) (1]
Evans Blue Solution 1.0-100 pg/mL Methanolic extract from the aerial P. obscura:
parts of obscura ICs50 = 36.71 (ug/mL)
Yunnaneic acid from Aerial part of
Peroxynitrite-scavenging assay 1.0-50.0 pg/mL P. officinalis and P. obscura ICs50 = 50.45 (ug/mL) [29]
methanolic extract
Yunnaneic acid from Aerial part of
DPPH-scavenging ability 1.0-50.0 pg/mL P. officinalis and P. obscura IC59 = 7.14 (ug/mL) [29]
Antioxidant methanolic extract
57.126 =+ 8.145% of lipid
Methanolic extract from the aerial hydroperoxidesgeneration
parts of P. officinalis 57.746 + 8.855% of thiobarbituric
ONOO" -induced peroxidation of blood 10100 e/ acid-reactive substances formation (1]
plasma lipids ' He 53.805 £ 9.557% of lipid
Methanolic extract from the aerial hydroperoxidesgeneration
parts of P. obscura 63.759 £ 9.306% of thiobarbituric
acid-reactive substances formation
Polyphenols from the ethyl alcohol
DPPH 3 mg/mL extract of root culture (ERCPO) of 86.96% [21]
P. officinalis
DPPH 3 mg/mL Proanthocyanidins from the ERCPO  51.25% [21]
DPPH 3 mg/mL Flavonoids from the ERCPO 75.47% [21]
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Table 1. Cont.

Activity Model/Method Dose/Duration Component Used Result Reference
ABTS (2,2_-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid)) Leaves of P. officinalis 2.02 £ 0.14 mM (Trolox-equivalent [15]
radical decolorization aqueous extract antioxidant capacity)
assay
Microbial viability assay 10 uLb Water—'ethanol leaf extract of 42+01* [16]
P. mollis
Expression of
katG::lacZ after 10 UL Water—'ethanol leaf extract of 21401 % [16]
treatment P. mollis
Antioxidant with extracts
Protection
against Water—ethanol leaf extract of o
H>0O5-induced 10 uL. P. mollis 81+10% [16]
DNA damage
Protection
against Water—ethanol leaf extract of o
H,0;-induced 10 uL. P. mollis 308 + 4.0% [16]
Cytotoxicity
DPPH free radical-scavenging capacity = 10 uL l\g\lj;csll'l;sethanol leaf extract of 75.5 £ 3.3% [16]
Methanolic extract from the aerial P. officinalis:
1.0-100 pg/mL parts of P. officinalis ICs50 =7.24 pg/mL (1]
COX-2 inhibitor screening tests (ELISA) Methanolic extract from the aerial P. obscura:
Anti-inflammatory parts of P. obscura ICs5p = 51.00 ug/mL
Methanolic extract from the aerial P. officinalis:
COX-2 inhibitor screening tests 1.0-100 pg/mL parts of P. officinalis IC59 = 13.28 ug/mL [11]
(colorimetric assay) Methanolic extract from the aerial P. obscura:
parts of P. obscura IC5p=58.59 ugm/mL
Aqueous and ethanolic extract of
. . L . S Aqueous extract = 72.24 & 2.35%
Neurodegenerative disorder Acetylcholin-esterase inhibitory 0.75, 1.5 and 3.0 mg /mL P. officinalis (herbal infusions in dry) [10]

activities of extracts

Ethanolic extract of P. officinalis
(herbal infusions in dry)

Ethanolic extract = 87.72 + 2.35%
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Table 1. Cont.
Activity Model/Method Dose/Duration Component Used Result Reference
Aqugqus ;.md ethan.ohc e.xtragt of Aqueous extract = 56.96 & 5.21%
T . b . P. officinalis (herbal infusions in dry)
Skin whitening yrosinase inhibitory activities 0.75,1.5 and 3.0 mg/mL Ethanolic extract of P, offcinalis [10]
of extracts Jc extract ot Ethanolic extract = 71.69 % 8.23%
(herbal infusions in dry)
Mmlmum. Inhibitory Conqentratlon Methanolic extract from the aerial
(MIC) against S. aureus using a - arts of . officinalis MIC =1-2 mg/mL [56]
Antibacterial microdilution broth assay p ’
. Methanolic extract from the aerial O i leiloes .
Staphylococcal sortase A (SrtA) activity 500 pg/mL parts of . officinalis 70.3% inhibition of sortase activity ~ [56]
. . . s - . . Restores hemoglobin level in
Anti-anemic activity Rats with iron-deficiency anemia - Extract from floral shoots of P. mollis 8-9 days [27]
Anticonvulsant Brain activity through EEG in WAG/Rij = Oral administration for Aqueous extract of P. obscura Positive effect on brain activity [14]

Rats

21 days

in EEG

* The specific growth rate of E. coli in medium containing extracts and 2 mmol/L H,O, / the specific growth rate in medium containing only H,O, ** The expression of katG::lacZ after

treatment with extracts.
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3.9. Wound Healing

The traditional and ethnobotanical use of lungwort has been known for wound healing,
especially in the case of P. officinalis, and is discussed in the literature [17,37,67]. Various
causal factors are associated with wounds, including injury or external pressure or shear,
surgical interventions, or conditions including diabetes or vascular disease. Incidences
of wounds in humans are increasing. A study from the UK outlined that the prevalence
of wounds increased in the population by 71% in 5 years between December 2013 and
2017/2018 [68]. Plant-based wound therapeutics may serve as cost-effective and important
candidates for the development of dressings to promote wound healing [69,70].

In a study, P. officinalis extract was tested as a component of bioactive hydrogels for
the dressing of wounds. The hydrogel was made from aqueous extract from the dried part
of the plants, including P. officinalis, Agropyron repens, and Equisetum arvense. The same
amount of extract was used from each of these plants and different concentrations of alginic
acid were used to prepare the hydrogel. The dressing made from the hydrogel had unique
absorbent properties. The hydrogels with alginic acid were able to absorb calcium ions
intensively. The dressing of the prepared hydrogel was also able to decrease the level of
collagen glycation in a spectrophotometry experiment. This reduction in collagen glycation
may be considered the protective effect of the hydrogel in wound healing [71]. It was
proposed to be used for the treatment of wounds with heavy and medium exudates.

4. Gaps and Future Directions

Members of the genus Pulmonaria have medicinal properties that are mainly confined
to and studied in three species, namely, P. officinalis, P. mollis, and P. obscura. P. officinalis is
focused on in most of the studies. Lungworts are medicinal plants that have been used since
ancient times for the treatment of different diseases and conditions. Lungwort has been
especially used for pulmonary diseases as per the Doctrine of Signatures, as the leaves of
the plants look like the diseased lung. Various medicinal properties of lungworts have been
used in folk as well as in alternative medicine. Several medicinal properties of the plants
have been studied in pharmacological studies. However, some biological properties that
are known in folk and alternative medicine (such as the treatment of urinary tract infections,
diarrhea, indigestion, to reduce menstrual bleeding and in menstrual irregularity) have not
been well studied through pharmacological studies.

A rare incidence of Pulmonaria toxicity was reported in which three members of the
same family displayed symptoms consistent with atropine intoxication after consuming
a herbal infusion made from Pulmonaria [72]. In this case, experts suspected the lung-
wort infusion might have been contaminated with some other substance with atropinic
properties [72]. Importantly, PA can cause serious intoxication or even death if present
in significant concentrations in the herbal drug [73]. Although P. officinalis is considered
PA-free, some other species, including P. obscura, are reported to contain PA [24]. An
important limitation of toxic compounds and the toxicity of lungwort extracts must be
considered in safety studies, especially when considering species of Pulmonaria other than
P. officinalis.

The antioxidant property of lungworts may be the most imperative biological activity
for the therapeutic potential of this species, as it may help or contribute to other reported
medicinal properties such as in anti-inflammation, anti-neurodegenerative disorders, for
cosmetics (skin whitening and antiaging), and wound healing [74]. The antioxidant prop-
erty of lungworts was elucidated in a number of studies that employed different in vitro
and in vivo methods such as ABTS, DPPH, ONOO™-scavenging assay, FRAP assay, protec-
tion of DNA against H,O,, and the expression of antioxidant genes such as katG and sodA.
The polyphenol and flavone content of the extract is speculated to be responsible for the
antioxidant properties, as it was correlated with the content of these phytochemical classes.
Major phytochemicals present in the extract must be studied for antioxidant properties
to identify the important phytochemicals and further explore the antioxidant potential of
lungworts for antioxidant medication. Only one compound, i.e., yunnaneic acid B, was
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isolated from the extract and is expected to be one of the main contributors to antioxidant
activity, as found in different experiments. Other major compounds/constituents from
the extract are yet to be studied. Furthermore, in vivo experiments are proposed to be
conducted prior to clinical studies to explore the therapeutic potential of lungworts for
antioxidant medication/supplement development. Similarly, anti-inflammation is also
an important property that may be helpful in respiratory diseases and may have positive
outcomes in other diseases including cancer. One of the key enzymes for inflammation,
i.e., COX-2, was found to be inhibited by lungwort extract in both in vitro and in silico
methods; however, in vivo experiments are required to confirm the anti-inflammatory
potential of the extract for further development. This is strongly recommended for future
research, as it may provide the rational basis for the currently followed traditional use
of Pulmonaria in mother tincture to reduce inflammation in respiratory diseases. Further-
more, the anti-neurodegenerative potential of lungworts has only been studied through
acetylcholine-inhibition assays. Like the anti-inflammatory properties, there is a need to
confirm the anti-neurodegenerative potential of Pulmonaria in the cell line and in in vivo
experiments before clinical studies can be conducted.

The traditional use of Pulmonaria indicates the antibacterial potential of lung-
worts, but the antibacterial properties were only studied against one bacterial species,
i.e., Staphylococcus aureus. Strong antibacterial properties were not observed in the study,
but the anti-virulence effect of lungwort against Staphylococcus aureus was observed in
different assays and gene expression studies. Experiments can be designed to study the
antibacterial potential of lungworts on an array of pathogenic bacterial species, along with
anti-virulence. Further, the identification of the components of lungwort important for
antibacterial effects would be helpful in using lungwort as an antibacterial for respiratory
diseases. Additionally, nanoparticles synthesized from Pulmonaria extracts are also pro-
posed for antibacterial properties, as phytochemical-assisted synthetic nanoparticles may
possess antibacterial applications [75,76].

P. officinalis extract has been used in several cosmetic products on the market. The
properties important for cosmetics such as skin whitening and antioxidant effects have
been studied in various experiments. Nevertheless, in vivo and safety experiments are
required to establish a scientific basis for skin whitening usage in cosmetics before further
clinical studies.

The anticoagulant activity of lungworts (P. officinalis and P. mollis) was explored in
limited studies on one animal model. Further studies are recommended to study the antico-
agulant effect on human plasma through comparison with known standard anticoagulants
such as heparin, etc. The identification of components/phytochemicals from the extract
important for anticoagulant activity may be crucial for further development. Safety studies
would be required prior to clinical studies regarding the extract’s anticoagulant activity.
Similarly, the anticonvulsant activity of P. obscura extract was only examined in a single
study with one animal model. The brain activity of the model animals was studied using
an electroencephalogram, which identified the anticonvulsant effect of the extract. Further
studies are recommended to explore the anticonvulsant effect of the extract through other
mouse models with induced seizures and methods such as onset time of myoclonic jerks
and the duration of tonic—clonic seizures [77]. Mechanistic study would also be required to
explore the anticonvulsant effect of the extract.

The wound-healing activity of Pulmonaria was studied for the preparation of hydrogel
for wound dressings, which had effective absorbent properties as well as decreasing the
level of collagen glycation. In this study, extracts from the two other plants (Agropyron repens
and Equisetum arvense) were also used; hence, the active component of the extract important
for the activity is suggested to be studied. Other biological activities of P. officinalis extract
such as anticoagulant, antioxidant, and anti-inflammatory activities make it an important
candidate for wound healing. Thus, in further study, the wound-healing activity of P. offici-
nalis extract alone can be studied through in vitro scratch assay [78], which would confirm
wound-healing potential of the extract before safety and clinical studies. Along with the
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studied medicinal properties of lungworts, other possible health benefits of Pulmonaria
(especially P. officinalis) have been discussed in the literature including use in digestive
disorders such as diarrhea and indigestion, to reduce menstrual bleeding and menstrual
irregularity, in the treatment of urinary tract infections, and against COVID-19. These other
biological properties of P. officinalis are not evident from scientific research. Hence, the
experimental validation of these benefits is also recommended for future research studies.

5. Conclusions

The biological properties of lungworts make them prospective candidates for ther-
apeutic or supplemental use against chronic and infectious diseases. However, in vivo
experiments are lacking in terms of exploring important biological properties such as anti-
inflammatory and anti-neurodegenerative activity. More animal studies are recommended
to corroborate the antioxidant, anticoagulant, anti-anticonvulsant, and wound-healing
properties of lungworts. Safety studies and clinical trials are also proposed to establish
the potential biological properties of lungworts. The compilation of a large number of
phytochemicals from important classes and biological properties in this review may be
helpful to design further pharmacological research for lungworts.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app12136678/s1, Table S1: Phytochemicals identified in the lungworts.
References [10,11,17-20,24,28,29] are cited in the supplementary materials.
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