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Abstract: Bryophytes produce rare and bioactive compounds with a broad range of therapeutic
potential, and many species are reported in ethnomedicinal uses. However, only a few studies have
investigated their potential as natural anti-inflammatory drug candidate compounds. The present
study investigates the anti-inflammatory effects of thirty-two species of bryophytes, including mosses
and liverworts, on Raw 264.7 murine macrophages stimulated with lipopolysaccharide (LPS) or
recombinant human peroxiredoxin (hPrx1). The 70% ethanol extracts of bryophytes were screened for
their potential to reduce the production of nitric oxide (NO), an important pro-inflammatory mediator.
Among the analyzed extracts, two moss species significantly inhibited LPS-induced NO production
without cytotoxic effects. The bioactive extracts of Dicranum majus and Thuidium delicatulum inhibited
NO production in a concentration-dependent manner with ICsy values of 1.04 and 1.54 ug/mL,
respectively. The crude 70% ethanol and ethyl acetate extracts were then partitioned with different
solvents in increasing order of polarity (n-hexane, diethyl ether, chloroform, ethyl acetate, and n-
butanol). The fractions were screened for their inhibitory effects on NO production stimulated with
LPS at 1 ng/mL or 10 ng/mL. The NO production levels were significantly affected by the fractions
of decreasing polarity such as n-hexane and diethyl ether ones. Therefore, the potential of these
extracts to inhibit the LPS-induced NO pathway suggests their effective properties in attenuating
inflammation and could represent a perspective for the development of innovative therapeutic agents.

Keywords: bryophytes; mosses; Dicranum majus; Thuidium delicatulum; anti-inflammatory activity;
nitric oxide

1. Introduction

The medicinal use of many species of bryophytes, including mosses and liverworts,
has been mostly reported in traditional Chinese, Indian, and Native American medicines [1].
Bryophytes have shown many ethnomedicinal applications such as for the treatment of skin
diseases, inflammation, microbial infections, and many others [1,2]. Indeed, bryophytes
produce important specialized metabolites, particularly terpenoids (mono-, sesqui-, and
diterpenoids) and aromatic compounds (mainly flavonoids, (bis)bibenzyls) as well as lipids,
which have shown important biological activities [3]. Although bryophytes are a valuable
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source of bioactive molecules, their biological properties and chemical constituents remain
relatively unexplored.

Inflammation is the physiological response of the body to overcome and contain
infections (microbial) and injuries (physical, chemical, etc.) [4]. Inflammatory reactions
are generally acute but can become chronic leading to many diseases [5,6]. Pathogen-
associated (PAMPs) and danger-associated (DAMPs) molecular pattern molecules are
derived from microorganisms or released from damaged cells which are then recognized by
pattern recognition receptor (PRR)-bearing cells activating the inflammatory response [7,8].
Lipopolysaccharides (LPS) are examples of PAMPs found in the outer membrane of Gram-
negative bacteria [7]. In addition, peroxiredoxins (Prxs) act as alarmins and have been
reported to play important roles in innate immunity by activating macrophages and promot-
ing DAMPs-associated inflammatory diseases [9-12]. Activated macrophage cells release a
wide range of inflammatory mediators including nitric oxide (NO) and pro-inflammatory
cytokines such as tumor necrosis factor-o (TNF-«), interleukin (IL)-6, IL-1$3, and IL-12 that
are important signaling molecules in the inflammatory reaction [13]. NO is an indicator
of the inflammatory response and is synthesized by three types of NO synthases (NOS)
(endothelial, neuronal, and inducible NOS (iNOS)) [14]. During inflammation, increased
levels of NO produced by iNOS have an important pathological role in many inflammatory
diseases [15]. To evaluate the NO levels the model murine macrophage cell line RAW
264.7 was chosen. RAW 264.7 is a commonly monocyte/macrophage model often used to
investigate the bioactivity of plant-derived extracts and isolated natural products. Several
studies have reported the anti-inflammatory potential of different groups of plants and
their metabolites by evaluating the decreasing of NO production and other inflammatory
mediators in stimulated RAW 264.7 cells [16-19]. Therefore, those studies support our
choice for RAW 264.7 cell line as a suitable model for anti-inflammatory screening studies.

In this study, the 70% ethanol extracts of thirty-two species of bryophytes, including
mosses and liverworts, were evaluated for attenuating the NO production induced by LPS
and hPrx1 molecules. The bioactive extracts were further partitioned into non-polar to
polar fractions and tested for their nitric oxide inhibitory activity. We demonstrate that
extracts and fractions of the mosses Dicranum majus and Thuidium delicatulum (Bryophyta)
exhibited significant inhibitory effects on NO production in LPS-induced RAW 264.7 cells.

2. Results and Discussion
2.1. Effect of Extracts on the Viability of RAW 264.7 Murine Macrophage Cells

Before performing the activity screening, metabolic effects and, consequently, cyto-
toxicity of 70% ethanol extracts from bryophytes, were evaluated at 100 pug/mL on RAW
264.7 macrophage cells by MTT assay, setting the threshold of cell viability at 70% (Figure 1).
The extracts did not show cytotoxicity at the indicated concentration.

2.2. Anti-Inflammatory Effects of Extracts in hPrx1 or LPS Stimulated RAW264.7 Murine
Macrophage Cells

Nitric Oxide (NO) is a typical marker of inflammation produced in response to a
pathogen as well as DAMDP, such as hPrx1 [12]. Intracellular hPrx1 is a peroxidase involved
in the redox signaling in physiological conditions, but it was proposed to function as
DAMP by activating Toll-like receptor (TLR) 4. Diverse stress conditions, including cerebral
ischemia [12,20,21], induce the release of hPrx1 in the extracellular environment with
increased expression of TLR4, nuclear translocation of nuclear factor kB (NF-«B) p65, and
production of pro-inflammatory mediators (NO, TNF-« and IL-6). The anti-inflammatory
activity of 70% ethanol extracts of a range of bryophytes was determined by assessing their
potential to inhibit the production of NO induced by hPrx1 in RAW cells (Figure 2). Cells
were stimulated with 300 nM hPrx1, and after 18 h incubation, nitrite quantification was
used as an indicator to estimate the level of NO-induced hPrx1 in the medium by the Griess
reagent method (Figure 2A). The inhibitory activity of the extracts on NO production was
analyzed by pre-treating the cells with 100 ug/mL of 70% ethanol extracts for 1 h and then
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stimulating with hPrx1 (300 nM) for 18 h. The obtained NO levels were normalized on
hPrx1 (Figure 2B). However, none of the tested whole extracts was considered bioactive in
these conditions.
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Figure 1. Effect of 70% ethanol extracts on the viability of RAW 264.7 cells determined by MTT
assay. Cells were treated with 100 pug/mL of extracts for 24 h. Data represent mean + standard
deviation (n = 3-6) and values are normalized on control (PBS). The tested extracts revealed no
significant difference with p-values > 0.05, calculated with ANOVA. The dashed line represents 70%
of cell viability.

Sterile inflammation is not the unique responsible for NO production in cells, but
bacterial endotoxins can also induce strong and wide immune responses. Thus, the anti-
inflammatory effect of 70% ethanol extracts in reducing NO level was evaluated by per-
forming Griess reaction on supernatants of lipopolysaccharides (LPS)-stimulated RAW
cells (Figure 3). Cells were stimulated with 1 ng/mL LPS from Salmonella typhimurium for
18 h, and after incubation, the level of NO-induced LPS was quantified by Griess reaction
(Figure 3A). The cells were pre-treated with 100 pg/mL of 70% ethanol extracts for 1 h
and then stimulated for 18h with 1 ng/mL LPS. The NO content of the culture medium
was analyzed by the Griess reagent method and NO levels normalized on LPS. Among
the tested samples, the extracts of the mosses Dicranum majus and Thuidium delicatulum
significantly inhibited the production of NO in LPS-stimulated cells, at 68% and 41%,
respectively (Figure 3B).
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Figure 2. (A) NO-induced hPrx1. Cells were stimulated with 300 nM hPrx1 and the amount of
induced NO was quantified by Griess reaction. The graph represents mean =+ standard deviation;
ANOVA analysis and Tukey’s test were used for the analysis (**** p < 0.0001). (B) Effect of 70%
ethanol extracts on hPrxl-induced NO in RAW 264.7 cells. Cells pre-treated with 100 ug/mL of
extracts for 1 h were stimulated with hPrx1 (300 nM) for 18 h. The NO content of the culture medium
was analyzed by the Griess reagent method. Data represent means + standard deviation (n = 3) and
values are normalized on hPrx1. The dashed line represents the level of NO in cells stimulated by
hPrx1 alone.
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Figure 3. (A) LPS-NO induction in murine macrophages. The amount of NO in cells treated with LPS
1 ng/mL for 18 h is significantly different (**** p < 0.0001) compared to untreated cells. The graph
represents the mean + standard deviation of three independent experiments. ANOVA and Tukey’s
test were used for statistical analysis. (B) Effect of 70% ethanol extracts on LPS-induced NO in RAW
264.7 cells. Cells pre-treated with 100 ug/mL of extracts for 1 h were stimulated with LPS (1 ng/mL)
for 18h, which is enough to induce a significant signal. The NO content of the culture medium was
analyzed by the Griess reagent method. Data represent mean + standard deviation (n = 7-11) and
the results normalized by the effect of LPS (1 ng/mL) on untreated and stimulated cells. The tested
extracts revealed a significant difference with p-values < 0.05, calculated with ANOVA. ** p < 0.01,
% p < 0.0001 indicate significant differences compared to the control. The dashed line represents the
level of NO in cells stimulated by LPS alone. The amount of nitrite in the media was calculated from
sodium nitrite standard curve.

The bioactive extracts were tested again at increasing concentrations finding that they
decrease the NO level in a concentration-dependent manner with ICsy values of 1.04 pg/mL
and 1.54 ug/mL for D. majus and T. delicatulum extracts, respectively (Figure 4).
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Figure 4. Dose-response effect and ICs values of 70% ethanol extract from (A) D. majus and (B) T. del-
icatulum, on LPS-induced NO in RAW264.7 cells. Data represent mean =+ standard deviation (n = 2-3
of cells treated with extracts) and values are normalized on LPS (1 ng/mL). * p < 0.05, ** p < 0.01,

*** p < 0.0001 indicate significant differences compared to the control.

2.3. Anti-Inflammatory Effects of Fractionated Extracts in LPS-Stimulated RAW264.7 Murine
Macrophage Cells

The dried 70% ethanol extracts of D. majus and T. delicatulum were further partitioned
into a gradient of non-polar to polar fractions through a series of organic solvents (n-hexane,
diethyl ether, chloroform, ethyl acetate, and n-butanol). The whole extracts and fractions at
10 pg/mL showed no cytotoxicity on RAW264.7 cells, as indicated by Figures S1 and S2
(Supplementary Material). The fractions at 10 pg/mL were then screened for their inhibitory
effects on NO production in RAW 264.7 cells stimulated with LPS at 1 ng/mL or 10 ng/mL
for 18 h. The fractions obtained for solvents of low polarity, such as n-hexane and diethyl
ether, showed the maximum effect of NO reduction induced with 1 ng/mL and 10 ng/mL
doses (Figure 5A,B). For both mosses, the inhibitory activity of those fractions on LPS
(10 ng/mL)-induced NO was found to be higher than the 70% ethanol crude extracts.
The inhibition of n-hexane fractions on LPS (10 ng/mL)-induced NO was observed to be
78% and 66% for D. majus and T. delicatulum, respectively (Figure 5A,B). In addition, the
diethyl ether fractions of D. majus and T. delicatulum showed 53% and 52% of NO inhibition,
respectively.
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Figure 5. Effect of the fractions of the 70% ethanol crude extracts from (A) D. majus and (B) T. del-
icatulum on LPS-induced NO in RAW264.7 cells. Cells pre-treated with 10 ug/mL of extracts for
1 h were stimulated with LPS at 1 ng/mL or 10 ng/mL for 18 h. The NO content was analyzed
by the Griess reagent method. Data represent mean + standard deviation (n = 2-3). Values are
normalized on LPS. The tested obtained extracts performed on the 1 and 10 ng/mL treatments,
revealed a significant difference with p-values < 0.05, calculated with ANOVA. * p < 0.05, ** p < 0.01,
*** p < 0.001, *** p < 0.0001 indicate significant differences compared to the control. The dashed line
represents the level of NO in cells stimulated by LPS alone.

The bioactive plants were subsequently extracted with ethyl acetate and both crude
extracts and derived fractions (n-hexane, diethyl ether, chloroform, ethyl acetate, and n-
butanol) were screened for NO inhibition stimulated with LPS at 1 ng/mL or 10 ng/mL for
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18h. As above, the whole extracts and fractions at 10 ug/mL showed no cytotoxicity on
RAW?264.7 cells (Figures S1 and S2 from the Supplementary Material).

The anti-inflammatory results indicated that the inhibitory effect of D. majus was
prevalent in the fractions prepared with less polar solvents (Figure 6A). The inhibition
of n-hexane and diethyl ether fractions of D. majus on LPS (10 ng/mL)-induced NO was
observed to be 65% (Figure 6A). In addition, the ethyl acetate crude extract of D. majus
exhibited the most potent LPS (10 ng/mL)-induced NO inhibition (60%) as compared to
70% ethanol crude extract (20%, Figure 5A). In general, T. delicatulum ethyl acetate crude
extracts and obtained fractions exhibited lower potential to decrease NO production in both
induced LPS 1 and 10 ng/mL doses. Among the tested fractions, the NO was decreased
below 36% in LPS (10 ng/mL)-stimulated cells (Figure 6B). There was no pronounced
difference in the NO inhibition potential among the fractions derived of ethyl acetate crude
extract on LPS (10 ng/mL)-induced cells, as indicated by the percent inhibition of ethyl
acetate crude extract (29%), n-hexane (33%) and diethyl ether (26%) fractions.

The results indicate the presence of bioactive constituents in both crude extracts and
fractions possessing significant anti-inflammatory activity. Hence, it was observed that
the non-polar fractions had a higher anti-inflammatory activity. Those different levels of
activity may be related to the concentration of bioactive compounds in the fractions as well
as their polarity.

Other studies explored the anti-inflammatory activity of extracts from bryophytes
species on NO production inhibition. Thereby, the treatment with 50 pg/mL of peat
moss (Sphagnum sp.) aqueous extract inhibited the production of NO in LPS-stimulated
(500 ng/mL, 24 h) RAW 264.7 cells [22]. Nevertheless, the extracts of Sphagnum teres
and Sphagnum fimbriatum (Bryophyta) analyzed in the present study showed no anti-
inflammatory activities. The methanol extract of Polytrichum commune (Bryophyta) was
reported to inhibit the NO production induced by the treatment of LPS (1 pug/mL, for
24 h) with an ICsg of 65.15 ug/mL [23]. However, the extract from Polytrichum formosum
(Bryophyta) showed no anti-inflammatory activities in our screening. Differences in anti-
inflammatory properties between plant species may be due to their different chemical
constituents, which may also vary depending on the species” geographical origin and
exposure to various environmental factors (e.g., season, soil, climate, etc.) [24,25].

In previous studies, D. majus has been reported with antibacterial activity [26]. The
dichloromethane extract from Dicranum scoparium (Bryophyta), which belongs to the same
genus of D. majus, was reported with anti-inflammatory activity by inhibiting 90% of
15-lipoxygenase (15-LOX) at 100 pg/mL, which has an important role in the inflammatory
pathway [27,28]. Investigations of the biological properties of the ethanol extract and
fractions from T. delicatulum were described with antibacterial and antifungal activities
as well [29]. Thuidium spp. have been reported as antibacterial and anti-inflammatory
agents in China [30]. Moreover, a terpenoid-rich fraction of the methanol crude extract of
Thuidium tamariscellum (Bryophyta) has exhibited anti-inflammatory activities by inhibiting
the activity of enzymes involved in inflammatory pathways such as cyclooxygenase, LOX,
and myeloperoxidase and also by decreasing the levels of LPS-induced NO [31].
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Figure 6. Effect of the fractions of the ethyl acetate crude extracts from (A) D. majus and (B) T. del-
icatulum on LPS-induced NO in RAW264.7 cells. Cells pre-treated with 10 ug/mL of extracts for
1 h were stimulated with LPS at 1 ng/mL or 10 ng/mL for 18 h. The NO content of the culture
medium was analyzed by the Griess reagent method. Data represent mean + standard deviation
(n = 2-3). Values are normalized on LPS. The tested extracts revealed a significant difference with
p-values < 0.05, calculated with ANOVA. * p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicate
significant differences compared to the control. The dashed line represents the level of NO in cells
stimulated by LPS alone.
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3. Material and Methods
3.1. Plant Material

Thirty specimens of bryophytes were collected from different locations, including
Germany, Denmark, Sweden, and Iceland. Three other species of mosses were purchased
from a moss provider (Bryoflor, Paris, France) (http://www.bryoflor.com/, accessed on 20
February 2019). The list of species is found in the Supplementary Materials Table S1. The
specimens were identified by Professor Dr. Nils Cronberg (Department of Biology, Faculty
of Sciences, Lund University, Lund, Sweden). Voucher specimens of Dicranum majus (ID
no MTRaMa30) and Thuidium delicatulum (ID no MTRaMa34) were sent for deposition
at the Lund University Botanical Museum (LD). The whole plants were dried at room
temperature (samples from Germany) or in an oven at 40 °C and ground to a fine powder
using a bead mill.

3.2. Recombinant hPrx1 Production

Recombinant wild-type hPrx1 was produced in Escherichia coli as an N-terminal fusion
with a His-tag. hPrx1 was produced and purified as described by Kriznik et al. [32]. LPS
contamination of purified Prx was checked by stimulating cells with denatured protein
(95 °C, 5 min). As a control heated LPS was tested in the same experiment. NO was
detected only in samples treated with heated LPS and not in heat-denatured Prx.

3.3. Extraction of Small Molecules for Screening Activities

The powdered plants were homogenized in 70% ethanol (v/v) in water (1:10 g/mL
of dry weight to solvent ratio) for the extraction of small molecules. The extractions were
performed in an ultrasound bath (Blacksonic 275H) at 40 °C for 30 min followed by 24 h in
an agitation mixer, adapted from previously reported protocol [33]. Polytrichum formosum
(Bryophyta) and Bazzania trilobata (Marchantiophyta) were extracted by maceration for
30 min in a rotating mixer at room temperature, adapted from previously reported proto-
col [34]. After centrifugation, the supernatant was collected and used for analysis. The 70%
ethanolic extracts were diluted to the concentrations as indicated in each experiment.

3.4. Extraction and Fractionation of Bioactive Bryophytes

According to the results of the screenings, the bioactive plant extracts were selected
for further analysis. A second round of extractions was performed in which the powdered
plants were homogenized in 70% ethanol (v/v) in water or ethyl acetate (1:10 g/mL of
dry weight to solvent ratio) for the extraction of small molecules as previously described.
After extractions, the solvents were evaporated under vacuum conditions. The remaining
dry crude extracts of 70% ethanol and ethyl acetate extracts were suspended in water
and successively partitioned with n-hexane, diethyl ether, chloroform, ethyl acetate, and
n-butanol (Table 1). The crude 70% ethanol and ethyl acetate extracts and their derivative
fractions were evaporated and suspended in ethanol absolute for analysis.

Table 1. Fractions yield (%) of bioactive crude extracts.

Fractions Yield D. majus D. majus T. delicatulum T. delicatulum
(%) (70% Ethanol (Ethyl Acetate (70% Ethanol (Ethyl Acetate
Crude Extract) Crude Extract) Crude Extract) Crude Extract)
n-Hexane 7 13 5 8
Diethyl Ether 16 30 56 29
Chloroform 15 16 10 18
Ethyl Acetate 7 9 8 19
n-Butanol 12 10 10 23

3.5. Cell Culture

Murine macrophages Raw 264.7 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco Fisher Scientific) high glucose supplemented with 10% fetal bovine
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serum, Penstrep 1X, glutamine (2 mM), HEPES 20 mM pH 7.3, at 37 °C, 5% CO,, 95%
humidity. Cells were washed in warm PBS, detached using a cell scraper and the cell
number was estimated using Trypan Blue (Sigma-Aldrich, St. Louis, MO, USA).

3.6. Cell Viability and Cytotoxicity Assay

Raw 264.7 cells were seeded in a 96-well plate in 100 uL. of DMEM without Phenol Red
ata density of 1 x 10* cells/well and incubated overnight at 37 °C, 5% COy, 95% humidity.
Then, the medium was removed, and the cells were treated with 100 pug/mL of the 70%
ethanol extracts diluted in complete DMEM (90 pL/well, final solvent concentration = 0.1%).
DMSO 10% and PBS 10% were included as negative and positive controls, respectively.
After overnight incubation, 10 pL of MTT solution (5 mg/mL in PBS) were added to each
well. After 3 h incubation (37 °C, 5% CO;, 95% humidity), formazan crystals were dissolved
with 100 uL/well of HC1 0.1 N in 2-propanol. Formazan concentration was determined
by measuring the absorbance at 570 nm (Varioskan, Thermofisher, Waltham, MA, USA).
The results were normalized on untreated control (PBS) and expressed as the mean of
percentage + standard deviation of two independent experiments (n = 3-6).

The whole bioactive extracts and derived fractions at 10 ug/mL were also tested using
MTT cell viability test and the Lactate Dehydrogenase (LDH) assay to validate cell death
(%) and cytotoxicity. The additional data is available in the supplementary material. For the
LDH assay, the RAW 264.7 cells were inoculated into a complete culture medium in 96-well
plates, at a rate of 10* cells per well. After incubation at 37 °C overnight, the medium
was renewed with DMEM 4.5 g/L culture medium without pyruvate with 0.1% Fetal
Bovine Serum (FBS) containing penicillin/streptomycin and glutamine, incubated at 37 °C
overnight. The medium was aspirated again, and the cells were treated with 10 pg/mL of
extracts/fractions, which were diluted in the medium used previously. After incubation
overnight at 37 °C, the released LDH was assayed using the Cytotoxicity Detection Kit
LDH assay (Roche) which contains the catalyst and the solution for lysis of the cells. The
lysis solution was added to the cells which have not been previously treated (7.5 uL of lysis
solution for a volume of 150 pL), then incubated for 15 min at 37 °C (these wells represent
the positive controls of this test). Positive control (no treated lyzed cells) and negative
control (0.1% DMSO). Then, 100 uL of supernatant from each well were recovered and
moved to a new 96-well plate and 100 pL of mix containing the catalyst were then added to
each well. The plate was incubated in the dark for about 20 to 30 min, then the reaction
was blocked by adding 50 pL per well of stop solution. Absorbance was measured with a
plate reader (Varioskan) at a wavelength of 490 nm. The results are expressed as the mean
of percentage + standard deviation (n = 2-3).

The formula that was used to calculate the percentage of cytotoxicity is as follows:

Sample absorbance — lowest control absorbance
Highest control absorbance — lowest control absorbance

x 100 1)

3.7. Measurement of Nitric Oxide

Raw 264.7 cells (5-7 x 10° cells/well) were seeded in 96-well plates in 150 pL of
complete DMEM and incubated for 24 h. Then, the medium was removed and the cells
were treated with 100 ng/mL of crude extracts (for the first screening) or 10 ug/mL of
bioactive extracts/fractions (190 uL/well), in triplicate. One hour later, the cells were
stimulated with 1 ng/mL or 10 ng/mL LPS from Salmonella typhimurium or 300 nM of
hPrx1 (10 pL/well) for 18 h. The supernatants were collected and the Griess reaction
was performed for nitrite quantification. The plate reading was assessed by using a
spectrophotometer at 540 nm. Nitrite quantification was estimated by interpolating the
standard curve and then normalized on untreated and stimulated cells. The bioactive
extracts were tested in dose-response by applying the same test.
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3.8. Statistical Analysis

Statistical analyses were performed using Prism Software (GraphPad Software, Inc.,
La Jolla, CA, USA). Differences between the mean values were assessed by one-way
analysis of variance (ANOVA) followed by Bonferroni multiple comparison test. p < 0.05
was considered statistically significant. The ICsq values were determined by non-linear
regression analysis (GraphPad Prism software version 9).

4. Conclusions

The present study investigated the anti-inflammatory effects of thirty-two species
of bryophytes on human peroxiredoxin (hPrx1) and lipopolysaccharide (LPS) stimulated
RAW264.7 murine macrophage cells. The 70% ethanol extracts were screened for their
potential to reduce the production of nitric oxide (NO). Although the whole extracts showed
no inhibition of NO stimulated by hPrx1, two species of mosses significantly inhibited
LPS-induced NO. The bioactive extracts of D. majus and T. delicatulum inhibited NO in a
concentration-dependent manner with ICsy values of 1.04 and 1.54 pug/mL, respectively.
Among the tested fractions of the crude extracts, the n-hexane and diethyl ether fractions
reduced NO production more efficiently. The potential of the extracts to inhibit LPS-induced
NO pathway indicates their effective properties in attenuating the inflammatory response.
The inhibitory properties of these extracts may present new sources of natural ingredients
for anti-inflammatory drug discovery. Further studies on their efficacy activities, mode of
actions, and identification of bioactive compounds should be performed.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27061940/s1. Figure S1. Effect of 70% ethanol and
ethyl acetate derived fractions on the viability of RAW 264.7 cells determined by MTT assay. (A) Ethyl
acetate derived fractions from D. majus and T. delicatulum and (B) 70% ethanol derived fractions from
D. majus and T. delicatulum. Cells were treated with 10 pg/mL of fractions for 24 h. Data represent
mean + standard deviation (n = 2-3) and values are normalized on control (PBS). Negative control
(10% DMSO). Figure S2. Cell death assessed by lactate dehydrogenase (LDH) release assay after
treatment with bioactive whole extracts and derived fractions. (A) Ethyl acetate extracts and derived
fractions of D. majus and T. delicatulum. (B) 70% ethanol extracts and derived fractions of D. majus
and T. delicatulum. Cells were treated with 10 ug/mL of extracts/fractions for 24 h. Data represent
mean =+ standard deviation (n = 2-3). Positive control (no treated lyzed cells) and negative control
(0.1% DMSO). The tested extracts/fractions revealed significant difference (p-values < 0.05, calculated
with ANOVA). Table S1. List of species screened for anti-inflammatory activity and information on
collection area.

Author Contributions: Conceptualization and supervision of the project: D.M., SR.-C., S.B.-M.,, PR,,
FC., J.-Y]., SM,, H.TS. and EB.; Collection of plant material and extractions/fractionations: R.V.M.;
Cell viability and nitric oxide measurements: S.E.S.; Analysis and data interpretation: S.E.S., D.M.
and R.V.M.; writing—original draft preparation: R.V.M.; writing—review and editing: R.V.M., S.E.S.,
D.M,, SR.-C, S.B.-M,, SM,, PR, EC,, J.-YJ. and H.T.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by Marie Sklodowska Actions Innovative Training Networks un-
der the Horizon 2020 program by grant agreement no 765115—MossTech. The authors acknowledge
financial support from the “Impact Biomolecules” project of the “Lorraine Université d’Excellence”
(Investissements d’avenir—ANR) and the fond régional de coopération pour la recherche Grand Est,
(Biomolécules et Biomatériaux pour la Bioéconomie Régionale 3BR project).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Professor Nils Cronberg, Lund University, Sweden, for
support in plant identification.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/molecules27061940/s1
https://www.mdpi.com/article/10.3390/molecules27061940/s1

Molecules 2022, 27, 1940 13 of 14

Sample Availability: Samples of the compounds are not available from the authors.

References

1.  Sabovljevi¢, M.S.; Sabovljevi¢, A.D.; Ikram, N.; Kusaira, K.; Peramuna, A.; Bae, H.; Simonsen, H.T. Bryophytes-an Emerging
Source for Herbal Remedies and Chemical Production. Plant Genet. Resour. Characterisation Util. 2016, 14, 314-327. [CrossRef]

2. Chandra, S.; Chandra, D.; Barh, A.; Pandey, R.K.; Sharma, I.P. Bryophytes: Hoard of Remedies, an Ethno-Medicinal Review. J.
Tradit. Complement. Med. 2017, 7, 94-98. [CrossRef] [PubMed]

3. Horn, A,; Pascal, A.; Loncarevi¢, I.; Volpatto Marques, R.; Lu, Y.; Miguel, S.; Bourgaud, F.; Thorsteinsdéttir, M.; Cronberg, N.;
Becker, ].D.; et al. Natural Products from Bryophytes: From Basic Biology to Biotechnological Applications. CRC Crit. Rev. Plant
Sci. 2021, 40, 191-217. [CrossRef]

4. Medzhitov, R. Origin and Physiological Roles of Inflammation. Nature 2008, 454, 428-435. [CrossRef] [PubMed]

5. Gong, T,; Liu, L.; Jiang, W.; Zhou, R. DAMP-Sensing Receptors in Sterile Inflammation and Inflammatory Diseases. Nat. Rev.
Immunol. 2020, 20, 95-112. [CrossRef] [PubMed]

6. Pasparakis, M.; Haase, I.; Nestle, FO. Mechanisms Regulating Skin Immunity and Inflammation. Nat. Rev. Immunol. 2014, 14,
289-301. [CrossRef] [PubMed]

7. Amarante-Mendes, G.P.; Adjemian, S.; Branco, L.M.; Zanetti, L.C.; Weinlich, R.; Bortoluci, K.R. Pattern Recognition Receptors and
the Host Cell Death Molecular Machinery. Front. Immunol. 2018, 9, 2379. [CrossRef] [PubMed]

8.  Zindel, J.; Kubes, P. DAMPs, PAMPs, and LAMPs in Immunity and Sterile Inflammation. Annu. Rev. Pathol. Mech. Dis. 2020, 15,
493-518. [CrossRef]

9.  Knoops, B.; Becker, S.; Poncin, M.A; Glibert, J.; Derclaye, S.; Clippe, A.; Alsteens, D. Specific Interactions Measured by AFM
on Living Cells between Peroxiredoxin-5 and TLR4: Relevance for Mechanisms of Innate Immunity. Cell Chem. Biol. 2018, 25,
550-559.e3. [CrossRef]

10. Ishii, T. Close Teamwork between Nrf2 and Peroxiredoxins 1 and 6 for the Regulation of Prostaglandin D 2 and E 2 Production in
Macrophages in Acute Inflammation. Free Radic. Biol. Med. 2015, 88, 189-198. [CrossRef]

11.  Knoops, B.; Argyropoulou, V.; Becker, S.; Ferté, L.; Kuznetsova, O. Multiple Roles of Peroxiredoxins in Inflammation. Mol. Cells
2016, 39, 60-64. [CrossRef] [PubMed]

12. Zhao, L.-X.; Du, J.-R,; Zhou, H.-J.; Liu, D.-L.; Gu, M.-X,; Long, E-Y. Differences in Proinflammatory Property of Six Subtypes of
Peroxiredoxins and Anti-Inflammatory Effect of Ligustilide in Macrophages. PLoS ONE 2016, 11, e0164586. [CrossRef] [PubMed]

13. Viola, A.; Munari, F; Sanchez-Rodriguez, R.; Scolaro, T.; Castegna, A. The Metabolic Signature of Macrophage Responses. Front.
Immunol. 2019, 10, 1462. [CrossRef] [PubMed]

14. Bogdan, C. Nitric Oxide Synthase in Innate and Adaptive Immunity: An Update. Trends Immunol. 2015, 36, 161-178. [CrossRef]
[PubMed]

15. Wong, V.C,; Lerner, E. Nitric Oxide Inhibition Strategies. Future Sci. OA 2015, 1, FSO35. [CrossRef] [PubMed]

16. Ji, K,;Kim, KM,; Kim, YH,; Im, A.-R.; Lee, ].Y,; Park, B.; Na, M.; Chae, S. The Enhancing Immune Response and Anti-Inflammatory
Effects of Anemarrhena Asphodeloides Extract in RAW 264.7 Cells. Adv. Integr. Med. 2019, 6, S76. [CrossRef]

17.  Liu, Y;; Kim, S.; Kim, Y.J.; Perumalsamy, H.; Lee, S.; Hwang, E.; Yi, T.H. Green Synthesis of Gold Nanoparticles Using Euphrasia
Officinalis Leaf Extract to Inhibit Lipopolysaccharide-Induced Inflammation through NF-KB and JAK/STAT Pathways in RAW
264.7 Macrophages. Int. ]. Nanomed. 2019, 14, 2945-2959. [CrossRef]

18. Karinchai, J.; Budluang, P.; Temviriyanukul, P; Ting, P.; Nuchuchua, O.; Wongnoppavich, A.; Imsumran, A.; Pitchakarn, P.
Bioassay-Guided Study of the Anti-Inflammatory Effect of Anoectochilus Burmannicus Ethanolic Extract in RAW 264.7 Cells. .
Ethnopharmacol. 2021, 280, 114452. [CrossRef]

19.  Ahmad, W, Jantan, I.; Kumolosasi, E.; Haque, M.A.; Bukhari, S.N.A. Immunomodulatory Effects of Tinospora Crispa Extract and
Its Major Compounds on the Immune Functions of RAW 264.7 Macrophages. Int. Immunopharmacol. 2018, 60, 141-151. [CrossRef]

20. Shichita, T.; Hasegawa, E.; Kimura, A.; Morita, R.; Sakaguchi, R.; Takada, I.; Sekiya, T.; Ooboshi, H.; Kitazono, T.; Yanagawa, T.;
et al. Peroxiredoxin Family Proteins Are Key Initiators of Post-Ischemic Inflammation in the Brain. Nat. Med. 2012, 18, 911-917.
[CrossRef] [PubMed]

21. Liu, D.L.;; Zhao, L.X.; Zhang, S.; Du, ].R. Peroxiredoxin 1-Mediated Activation of TLR4/NF-KB Pathway Contributes to Neuroin-
flammatory Injury in Intracerebral Hemorrhage. Int. Immunopharmacol. 2016, 41, 82-89. [CrossRef] [PubMed]

22.  Choi, W.S,; Jeong, ] W.; Kim, S.0.; Kim, G.Y.; Kim, B.W,; Kim, C.M,; Seo, Y.B.; Kim, W.Y;; Lee, S.Y;; Jo, K.H.; et al. Anti-Inflammatory
Potential of Peat Moss Extracts in Lipopolysaccharide- Stimulated RAW 264.7 Macrophages. Int. |. Mol. Med. 2014, 34, 1101-1109.
[CrossRef] [PubMed]

23. Cho, W,; Park, SJ.; Shin, J.S.; Noh, Y.S.; Cho, EJ.; Nam, J.H.; Lee, K.T. Anti-Inflammatory Effects of the Methanol Extract of
Polytrichum Commune via NF-KB Inactivation in RAW 264.7 Macrophage Cells. Biomol. Ther. 2008, 16, 385-393. [CrossRef]

24. Commisso, M.; Guarino, F.; Marchi, L.; Muto, A.; Piro, A.; Degola, F. Bryo-Activities: A Review on How Bryophytes Are
Contributing to the Arsenal of Natural Bioactive Compounds against Fungi. Plants 2021, 10, 203. [CrossRef] [PubMed]

25. Peters, K.; Gorzolka, K.; Bruelheide, H.; Neumann, S. Seasonal Variation of Secondary Metabolites in Nine Different Bryophytes.
Ecol. Evol. 2018, 8, 9105-9117. [CrossRef]

26. Sevim, E.; Bas, Y,; Celik, G.; Pinarbas, M.; Bozdeveci, A.; Ozdemir, T, Akpinar, R.; Yayli, N.; Karaoglu, $.A. Antibacterial Activity

of Bryophyte Species against Paenibacillus Larvae Isolates. Turk. J. Vet. Anim. Sci. 2017, 41, 521-531. [CrossRef]


http://doi.org/10.1017/S1479262116000320
http://doi.org/10.1016/j.jtcme.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28053893
http://doi.org/10.1080/07352689.2021.1911034
http://doi.org/10.1038/nature07201
http://www.ncbi.nlm.nih.gov/pubmed/18650913
http://doi.org/10.1038/s41577-019-0215-7
http://www.ncbi.nlm.nih.gov/pubmed/31558839
http://doi.org/10.1038/nri3646
http://www.ncbi.nlm.nih.gov/pubmed/24722477
http://doi.org/10.3389/fimmu.2018.02379
http://www.ncbi.nlm.nih.gov/pubmed/30459758
http://doi.org/10.1146/annurev-pathmechdis-012419-032847
http://doi.org/10.1016/j.chembiol.2018.02.006
http://doi.org/10.1016/j.freeradbiomed.2015.04.034
http://doi.org/10.14348/molcells.2016.2341
http://www.ncbi.nlm.nih.gov/pubmed/26813661
http://doi.org/10.1371/journal.pone.0164586
http://www.ncbi.nlm.nih.gov/pubmed/27716839
http://doi.org/10.3389/fimmu.2019.01462
http://www.ncbi.nlm.nih.gov/pubmed/31333642
http://doi.org/10.1016/j.it.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25687683
http://doi.org/10.4155/fso.15.35
http://www.ncbi.nlm.nih.gov/pubmed/26634146
http://doi.org/10.1016/j.aimed.2019.03.217
http://doi.org/10.2147/IJN.S199781
http://doi.org/10.1016/j.jep.2021.114452
http://doi.org/10.1016/j.intimp.2018.04.046
http://doi.org/10.1038/nm.2749
http://www.ncbi.nlm.nih.gov/pubmed/22610280
http://doi.org/10.1016/j.intimp.2016.10.025
http://www.ncbi.nlm.nih.gov/pubmed/27821296
http://doi.org/10.3892/ijmm.2014.1881
http://www.ncbi.nlm.nih.gov/pubmed/25109657
http://doi.org/10.4062/biomolther.2008.16.4.385
http://doi.org/10.3390/plants10020203
http://www.ncbi.nlm.nih.gov/pubmed/33494524
http://doi.org/10.1002/ece3.4361
http://doi.org/10.3906/vet-1611-70

Molecules 2022, 27, 1940 14 of 14

27.

28.

29.

30.
31.

32.

33.
34.

Borel, C.; Welti, D.H.; Fernandez, I.; Colmenares NestecLtd, M. Dicranin, an Antimicrobial and 15-Lipoxygenase Inhibitor from
the Moss Dicranum Scoparium. J. Nat. Prod. 1993, 56, 1071-1077. [CrossRef]

Kiihn, H.; O'Donnell, V.B. Inflammation and Immune Regulation by 12/15-Lipoxygenases. Prog. Lipid Res. 2006, 45, 334-356.
[CrossRef] [PubMed]

Bodade, R.G.; Borkar, P.S.; Saiful, A.M.; Khobragade, C.N. In Vitro Screening of Bryophytes for Antimicrobial Activity. ]. Med.
Plants 2008, 7, 23-28.

Available online: https://digitalcommons.mtu.edu/bryophyte-ecology5/4 (accessed on 11 March 2022).

Greeshma, G.M.; Murugan, K. Mechanism of Anti-Inflammatory Potential of Terpenoids from Thuidium Tamariscellum (C.
Muell.) Bosch. & Sande-Lac. A Moss Using Animal and Macrophage Models. Trends Biosci. 2018, 11, 1095-1101.

Kriznik, A.; Libiad, M.; Le Cordier, H.; Boukhenouna, S.; Toledano, M.B.; Rahuel-Clermont, S. Dynamics of a Key Conformational
Transition in the Mechanism of Peroxiredoxin Sulfinylation. ACS Catal. 2020, 10, 3326-3339. [CrossRef] [PubMed]

Klavina, L. A Study on Bryophyte Chemical Composition-Search for New Applications. Agron. Res. 2015, 13, 969-978.
Marques, R.V,; Guillaumin, A.; Abdelwahab, A.B.; Salwinski, A.; Gotfredsen, C.H.; Bourgaud, F.; Enemark-Rasmussen, K.; Miguel,
S.; Simonsen, H.T. Collagenase and Tyrosinase Inhibitory Effect of Isolated Constituents from the Moss Polytrichum Formosum.
Plants 2021, 10, 1271. [CrossRef] [PubMed]


http://doi.org/10.1021/np50097a010
http://doi.org/10.1016/j.plipres.2006.02.003
http://www.ncbi.nlm.nih.gov/pubmed/16678271
https://digitalcommons.mtu.edu/bryophyte-ecology5/4
http://doi.org/10.1021/acscatal.9b04471
http://www.ncbi.nlm.nih.gov/pubmed/32363077
http://doi.org/10.3390/plants10071271
http://www.ncbi.nlm.nih.gov/pubmed/34206653

	Introduction 
	Results and Discussion 
	Effect of Extracts on the Viability of RAW 264.7 Murine Macrophage Cells 
	Anti-Inflammatory Effects of Extracts in hPrx1 or LPS Stimulated RAW264.7 Murine Macrophage Cells 
	Anti-Inflammatory Effects of Fractionated Extracts in LPS-Stimulated RAW264.7 Murine Macrophage Cells 

	Material and Methods 
	Plant Material 
	Recombinant hPrx1 Production 
	Extraction of Small Molecules for Screening Activities 
	Extraction and Fractionation of Bioactive Bryophytes 
	Cell Culture 
	Cell Viability and Cytotoxicity Assay 
	Measurement of Nitric Oxide 
	Statistical Analysis 

	Conclusions 
	References

