View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Brage INN

Vol. 8 (3) P 17-23 RESEARCH IN NATURAL PRODUCTS

Directory of Open Access Journals I l A R N P

International Journal of Applied Research in Natural Products 0 ! INTERNATIONAL JOURNAL OF APPLIED
©2008-2015. IJARNP-HS Publication Q

Original Research

Reindeer lichen (Cladonia stellaris) from a Norwegian
mountain region as a sustainable source of usnic acid

Mahfizur Rahman, Anne B. Falck-Ytter, @yvind G. Antonsen and Knut O. Stretkvern’

Department of Natural Sciences and Technology, Hedmark University College, Campus Hamar, Norway

Summary. Usnic acid (UA) was extracted at 1.5-1.9 % dry weight from samples of Cladonia stellaris, a carpet-forming lichen growing
abundantly in mountain areas in southeastern Norway. UA is known for its antibiotic activity as well as other bio-inhibitory functions, and is
currently used in a number of formulations. Thus, the objective was to isolate and analyze UA to assess its availability. Preparations, made
from lichen: acetone extraction (1:15) and from refining by recrystallization, were analyzed by one- and two-dimensional thin layer
chromatography, gas chromatography, melting point, polarimetry and NMR. Only minor contaminants were observed, and both crude and
refined preparations demonstrated properties (Re-value, retention time, melting point and optical rotation) similar to the reference
compound. However, polarimetry showed that C. stellaris contained the (-) enantiomer (>97 %) as opposed to Usnea-species where (+) UA
is dominant. Both proton and *C NMR confirmed structure identity to UA. Samples from four locations at different altitudes (250-650 m)
around 62° north did not differ significantly (p< 0.05) in UA content. The study area has for a long time been carefully managed
commercially for ornamental lichen harvesting to sustain regrowth. Thus applying the same practice, harvesting the lichen for recovering
UA at high purity is highly feasible.

Industrial relevance. Usnic acid has for a long time been subject to research for its biological activities, especially as a broad-sceptered
antibiotic and more recently for its anti-cancerous effects in vitro. Considering the alarming spread of antibiotic resistance, UA can be a
progressive alternative for those antibiotics, and to improve cancer treatment. Accumulating research data point to different biological
effects of the two enantiomers. While the toxicity of the compound is still debated, UA is frequently used in health product formulations.
The main commercial source Usnea barbata producing (+) UA is ubiquitous but limited to old-growth vegetation.
C. stellaris remain a widespread, high-yielding producer of (-) UA in the boreal north, Fenno-scandinavia in particular. Under careful
management, it can be efficiently harvested as already demonstrated in areas of Norway, and thereby become a valuable and sustainable
source for large-scale production of UA.
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INTRODUCTION

Usnic acid (UA) is a bioactive, secondary metabolite found abundantly in many lichens. It is a naturally occurring
dibenzofuran derivative [IUPAC: 2,6-diacetyl-7,9-dihydroxy-8, 9b-dimethyl-1, 3(2H, 9bh)-dibenzofurandione, C;gH;40-]
which in pure form is a yellow crystal, optically active with its two enantiomers (+) and (-) UA. The enantiomer depends on
the projection of the angular methyl group at the chiral 9b position (Fig. 1). The distinct specific rotation makes UA a
particularly interesting molecule to examine for optical activity (Mayo et al, 2010).
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Figure 1. S-(-) usnic acid and R-(+) usnic acid. The optical rotation of (+) UA is [a]3” = +469 and (-) UA is [a]Z’ = —480, c = 0.4~1.0,
Chloroform (Weast et al. 1986). The melting temperature and the specific rotations of both forms of UA are identical (Moiseeva, 1961).
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The pure substance has been formulated in toiletry products such as creams, toothpaste, mouthwash, deodorants and
sunscreens, in some cases as an active principle, in others as a preservative (Frankos, 2005). From the second half of the
20th century, UA was extensively researched, encompassing the taxonomic, biological, physiological, ecological, medical
and pharmaceutical areas (Cocchietto et al., 2002). The enantiomers have partly different biological effects, although fewer
studies have been done on (-) compared to (+) UA.

The biological role of UA in lichen have mainly been understood to serve as UV protection of the photobiont (Cocchietto
et al., 2002; Nybakken and Julkunen-Tiito, 2006; McEvoy et al., 2006). More recently, there is evidence for UA controlling
the intracellular pH of lichens, through a shift in the usnic acid-usneate equilibrium. This acid tolerance mechanism may
affect how lichen colonizes acidic substrata and to how they respond to SO, from airborne pollution (Hauch and Jiirgens,
2008). Furthermore, the uptake of metal ions as macro- and micronutrients from the substrate appears to be controlled and
mediated through complexation with lichen substances, including UA (Hauch et al., 2009).

In addition to the well-documented anti-microbial activity against human and plant pathogens, UA has been shown to
exhibit antiviral, antiprotozoal, anti-proliferative, anti-inflammatory and analgesic activities. Moreover, ecological effects
such as, growth inhibition, anti-herbivore, anti-insects properties (Cocchietto et al., 2002; Ingolfsdottir, 2002), in some cases
as an ecological bio-indicator or bio-monitor (Bjerke and Dahl, 2002) have been established. During the recent decade, the
advancement of UA research has focused on antibiotic and anticancer activities resulting in more than one hundred
publications (Shresta and Clair, 2013). However, a severe limitation to the use of pure UA in commercial formulations is due
to its low solubility in water and in some organic solvents. The preparation of derivatives with more favorable solubility is
reported to improve formulations of UA particularly for antibiotic activity (Melgarejo et al., 2008).

The antibiotic activity of both (+) and (-) usnic acid has been documented in several reports; see Shrestha and Clair (2013)
for a comprehensive review. Gram-negative bacteria appear as the most susceptible to inhibition, but also gram-positives
like mycobacteria including Mycobacterium tuberculosis are inhibited at low MIC (Ing6lfsdottir et al., 1998; Lucarini et al.,
2014). In a number of cancer cell lines that have been tested during the last two decades using either crude extracts or
purified forms of lichen substances, both forms of UA demonstrated massive cytotoxic activity by terminating the cell
growth and cell proliferation at micro-molar concentration (Bezivin et al. 2003; Einarsdottir et al., 2010; Backorova et al.,
2012).

UA is found specifically in the genera Alectoria, Cladonia, Evernia, Lecanora, Parmelia, Ramalina and Usnea. Recently,
Burkin and co-workers (2012), using an enzyme immunoassay, assessed levels of UA over a broad selection of different
lichen families. The highest mean amounts were found in Cladonia stellaris (Cladoniaceae) and Vulpicida pinastri,
(Parmeliaceae). Presently, the genus Usnea is used commercially as the main source of natural bioactive UA.

Usnic acid can be prepared by organic synthesis, but then obtained as (+) UA (Ingolfsdottir, 2002). A dimeric derivative of
synthetic UA with spermidine was reported by Tomasi and co-workers (2006) demonstrating antibacterial activity in assays.
Chemoenzymatic synthesis of UA was attempted starting from hydroxyacetophenone, but with moderate yields (Hawranik
et al.,, 2009). Biosynthetic UA extracted from lichens represents at present both an available and consistent source of
bioactive and enantiomericly pure UA.

Lichens are unique in the world of vegetation and cannot be neatly classified into any of the ordinary categories of plants.
Lichens are by definition composite symbiotic organisms, usually composed of a fungal partner, the mycobiont, and one or
more photosynthetic partners, the photobiont, which is most often either a green alga or cyanobacterium (Nash, 2008). They
are traditionally divided into three main morphological groups; crustose, foliose and fruticose.

C. stellaris is a fruticose (hair-like, star-shaped or shrubby, branched, flat or cylindrical lobes) lichen that forms continuous
thick carpets on the ground in boreal (Fig. 2a) and arctic regions of the circumpolar north (boldsystems.org). An extensive
study on its biology is given by Yarranton (1975). In Norway, this lichen is known as Kvitkrull or Reindeer Moss, Star-
tipped Reindeer Lichen and Jaegel (by Saami people and Laplanders). The lichen is used as winter forage for reindeer and
ornamentally in wreaths, floral decorations and architectural models. Its abundance, uniform natural coloring and gorgeous
appearance make its collection economically attractive (Kauppi, 1979).

Figure 2. Reindeer lichen (C. stellaris), (a) carpet growth in its natural habitat (Cladonia; flickr.com, 2015), and (b) longitudinal view of a
dried sample.
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C. stellaris is found abundantly in the mountainous regions in Southeastern Norway where in some areas of Hedmark
County the lichen has been subject to careful harvesting by skilled hand pickers for almost forty years to sustain regrowth
(mose.no). Approximately 60 tons are harvested annually from selected areas on a rotation basis. The upper thallus (20-60
mm) of the lichen has the likely potential as source for sustainable, commercial production of UA. The present study
describes the solvent extraction of UA in C. stellaris from a number of locations were ornamental harvesting is already in
place. The study reports on the possible enantiomer form, identification, purity assessment and quantification of extracted
UA compounds.

MATERIALS AND METHODS

Chemicals. All solvent chemicals and acids were of analytical grade and obtained from usual lab suppliers. As a reference
compound in this study (+) usnic acid (98%) isolated from Usnea dasypoga, from Sigma Aldrich (St. Louis, MS, USA) was
used.

Lichen collection, preparation and extraction. Samples of C. stellaris were collected from the mountainous forest
region in Rendalen municipality, Hedmark, Norway. Samples, ca. (800-1000g) from four locations at different altitudes were
named as LO1 (61°59'N, 11°24'F), L02 (61°74'N, 11°32'E), L03 (62°07'N, 10°60’E ) and L04 (61°69'N, 11°20'E).
Fresh samples were stored at +4 °C until used.

Preparation and extraction of lichen samples were carried out essentially according to the method of Smeds and Kytéviita
(2010). An aliquot of lichen was carefully cleaned free from substrate debris and dried at 80 °C for 24 hours. The dried
lichen thallus (Fig. 2b) was separated ca 5-6 cm from the top in an upper part and a lower part (root), then grinded to powder
in a mortar and kept in an airtight container.

Acetone extractions (75 or 150 ml) were carried out with portions of 5 and 10 g powder, but all at 1:15 ratio of mass to
solvent. The mixture was kept under stirring for 30 minutes in a covered beaker. The yellowish solution was vacuum
filtrated (589* white band 70 mm filter; Schleicher & Schuell, Germany) to remove the solids, and further evaporated to
dryness at 50 °C (Rotavapor Biichi R-114; Biichi Labortechnk AG, Flawil, Switzerland). Dried material was then re-
dissolved in a lesser volume of acetone, and evaporated a second time before the resulting crude extract material was
recovered and weighed to calculate the mass yield. Statistical analysis of extraction yields results was carried out using
ANOVA with p<0.05.

Recrystallization of crude extract. The crude acetone extract was recrystallized to ensure higher purity of the sample.
Material was dissolved in CHCl; as suggested by Huneck and Yoshimura (1996) and absolute ethanol was added drop-by-
drop while on a magnetic stirrer at 30 °C, until spiky needle-like crystals formed. The crystals were collected and stored at
room temperature for further analysis.

Chemical reaction test. A qualitative color test (Huneck and Yoshimura, 1996) was carried out to identify UA and
possible trace compounds. Crude extract dissolved in acetone (0.2 mg/ml) was used when testing for UA and olivetoric acid
(OA) identification, whereas crude extract dissolved in ethanol (0.1 mg/ml) was used for perlatolic acid (PA). For test of UA
2 % KOH was added to produce a yellow color, and next added NaOCl (0.2 mg/ml) was added to produce a characteristic
deep yellow color. OA was tested with NaOCl to first give a red color, followed by purple when FeCl; (0.2 mg/ml) was
added. PA was tested by adding FeCl; to give a violet color. The color test can only provide a visual indication of the
presence of these compounds while further analysis and characterization is required for verification.

Melting point and polarimetry. Melting point measurement was carried out using a BUCHI 530 instrument (Biichi
Labortechnk AG, Flawil, Switzerland). Optical rotation was measured using a POLAX-2L polarimeter (ATAGO, Tokyo,
Japan), with tetrahydrofuran as solvent and with different concentrations of UA.

Thin layer chromatography (TLC). Thin layer chromatography (TLC) was carried out as one and two-dimensional
separations using 5 x 5 cm plates (Silica gel 60 with fluorescent marker, Merck, Darmstadt, Germany). The two solvent
systems used were according to Culberson (1972): B, hexane : diethyl ether : formic acid = 130:80:20, and C, toluene :
acetic acid = 200:30. For two-dimensional TLC, only one sample was separated per plate, using only the two solvent
systems along each axis of migration. Plates were viewed under UV light (254 nm) for dark spots and the migration distance
noted for calculation of Ry.

Gas chromatography (GC). GC was carried out with a HP 6890 chromatography system (Agilent Technologies Inc.,
Palo Alto, CA, USA) fitted with a dimethylpolysiloxane capillary column and flame ionization detector (FID). The selected
oven temperature conditions were: 50 °C for 3 min, increase by 20 °C/min to 340 °C, and held at 340 °C for 15 min. The
inlet was split-less at 280 °C. Sample and standard were injected (volume 2 pl) manually. The standard UA and the lichen
UA samples were dissolved in acetone to a final concentration of 1 ng/pl and stored in capped vials.

Nuclear magnetic resonance (NMR) spectroscopy. NMR spectra of crystals of extracted UA were recorded with a
Bruker AWII 400 instrument at 400 MHz (IH) or at 100 MHz (13C) using CDCl; as solvent. The analysis was carried out at
the Department of Chemistry, University of Oslo.

RESULTS AND DISCUSSION

Yield of usnic acid by acetone extraction. The extractive yields from samples of the upper thallus showed a high degree
of similarity (Table 1) varying between 1.5 to 1.9 % of the lichen dry weight. There was no significant difference (p<0.05) in
yield between locations, which indicates that the accumulation of UA was not dependent on the altitude in the sampling area.
From the root section less than 1 % UA was obtained,; this proportion between the upper and lower parts being consistent
with findings in C. stellaris from the Murmansk region (Tolpysheva, 2014).
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Table 1. Mass yields (mg/g dry lichen) from acetone extraction of dried upper thallus (n = 4) and root (*n= 2) of C. stellaris obtained from
four sampling sites. Different superscript letters indicate significantly different samples (p < 0.05).

Sampling site Approx. altitude (meter) Extraction yield (+ SD)
Lol 250 - 350 1527+£0.59°
L02 500 - 600 1822+1.6°
L03 550 - 650 17.68+3.0°
Lo4 250 1929+1.2°
LOl1* 250 -350 8.55+091°

Houvinen (1985) reported C. stellaris from Northern Norway and Finland to have a content of UA of 2.5% or more, while
Smeds & Kyotoviita (2010), analyzing both enantiomers in their sample set from Finland, found in average 2.0 % UA. Falk
and co-workers (2008) reported that the contents of UA in C. stellaris from Alaska sampled between 63° and 67° north,
ranged from 0.28 % to 1.7 %. In a Russians study of C. stellaris, the range of UA was 1.1-1.4% of lichen dry mass
(Polovinka et al., 2012). Hence, the amount of UA obtained from our sample set is representative for this lichen from the
northern boreal region, even though extraction methods and solvent systems may vary.

Identification of UA and impurities. The qualitative tests made on the crude extracts indicated that besides UA, both
perlatolic acid (PA) and olivetoric acid (OA) were present as observed by their characteristic colors. The analytical
determination by Smeds and Kytoviita (2010) listed all three as the dominating compounds in the order UA, PA and OA. In
Alaskan samples of C. stellaris, PA but not OA, was detected in addition to UA (Falk et al., 2008), and in Siberian samples,
UA and PA in addition to a range of other minor secondary metabolites, were detected (Polovinka et al., 2012).

Physical characteristics of the preparations are given in Table 2. In the crude extracts, the average melting point was 178.3
°C, while the recrystallized sample at 180 °C was closer to that of the commercial standard (181.5 °C). The optical rotation
of both crude and recrystallized samples gave consistent values for the (-) enantiomer, indicating that C. stellaris from the
sampled area contains (-) UA as the predominant enantiomer (>97 %).

Extracted amount of UA varies according to different ecological factors such as habitat, growth substrate like soil or rock,
sunlight, grazing by reindeer, air pollution, and mountain variation. High UA levels provide tolerance to sunlight radiation,
so that such lichen species are found in more light-exposed areas than species with low levels (Bjerke and Dahl, 2002). But
C. stellaris can also grow under lower light-exposure protected by dwarf shrubs or big leafy pine trees. In addition, UA
production also depends on the lichenized fungi in association with their algal partner (Muggia et al., 2009). In nature, C.
stellaris several metabolic activities has been demonstrated (Nash, 2008; Sadowsky et al., 2012), which theoretically also
can explain differences in UA levels and enantiomer variation. Thus, it is likely that the lichen contains predominantly (-)
UA or (+) UA, or both. In one study, Kinoshita and co-workers (1997) reported the presence of (-) UA only, and Polovinka
and co-workers (2012) also observed that extracted sample only contained (-) UA. However, Smeds and Kytoviita (2010)
employing chiral chromatography to separate enantiomers reported proportions from 0.4 up to 10 % of (+) UA in addition
to the predominant (-) UA. Comparatively, in Usnea species where (+) UA is predominant, its content ranges from 1 — 3% of
dry weight (Guo et al., 2008).

Table 2. Melting points (MP) and optical rotation of C. stellaris extracts compared to the reference UA and to literature values.

Crude Sample Re-crystallized UA reference
LO1 L02 L03 L04 Observed Weast (1986)
MP (°C) 178 176 179 180 181 201
[oc]BP
(c=0.02 g/ml -477.4 -483.6 -482.3 -486.8 467.1 478 to 498

_ o,
C,H;0) (c=0.7 % CHCl,)

One-dimensional TLC in two solvent systems of different polarity (Fig. 3a and 3b) showed consistent migration with the
UA reference (R 0.55 + 0.01), both for the samples alone and in combination with the control. When analyzed in solvent
system B (Fig. 3a), an impurity in a crude preparation (LO1) was evident as a minor, faster migrating spot (R 0.64). The
same spot was also demonstrated by two-dimensional TLC after separating the sample with both solvent systems (Fig. 3c).
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In a single sorbent layer and with two solvent systems of different selectivity, a sample spot should be spread over the whole
plate with two truly orthogonal systems (Ciesla and Waksmundzka-Hajnos, 2009). As a result, in the crude sample all the
possible spots were clearly visible, including UA and possibly PA or OA as indicated in the color reaction test. The
crystallized sample (L04) which as a crude sample showed only one spot in either solvent systems in one-dimensional TLC,
consistently also gave only one visible spot after migrating with a diagonal trajectory in two dimensional TLC (Fig. 3d).

STD CO LO1 LO4 STD CO LO1 LO4
SSB SSC

Figure 3. UV-light images of thin layer chromatography of extracts (2 pg/ml) of C. stellaris. One-dimensional TLC of samples separated in
(a) solvent system B (SSB) and in (b) solvent system C (SSC). Samples applied at the bottom were: STD usnic acid (UA) reference, CO
combination of crude acetone extracts LO1, L04 and the reference UA, and the individual applications of LO1 and L04. Upper lines indicate
migration front of the mobile phase. Two-dimensional TLC (solvent systems 1st/2nd dimension = y/x) of (c) crude acetone extract of
sample LO1 (SSB/SSC); and of (d) recrystallized sample L04 (SSC/SSB). Application was at the lower left corner. Solid arrows point to
UA, while hatched arrow is a minor component.

The purity of crude acetone extracts and samples after recrystallization were also obtained by GC-FID analysis (Fig. 4).
Retention time of the main peak (14 min) coincided with that of the reference UA (not shown). Impurities in the crude
sample (Fig. 4a) were evident as several minor peaks (15-19 min); in the analysis of the recrystallized sample these
impurities are largely absent (Fig. 4b). Impurities are likely minor compounds previously reported (i.e. OA, PA) or other
unknown compounds. Overall, the acetone extracts were evaluated as enriched with regard to UA. Recrystallization served
as a refining step to obtain the pure substance.
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Figure 4. Gas chromatographic analysis of acetone-extracted material (2.3 pg/ul) of C. stellaris (a) before, and (b) after recrystallization.
The usnic acid peak is at 13.99 min; in panel a, the max peak height was 240 pA, but the FID response axes are at same scale to enhance the
detail of minor peaks.

Substance identity and purity a crystallized sample was assessed through NMR spectroscopy. The '*C-spectrum (Fig. 5)
demonstrated the presence of an 18-carbon atom structure with shift values consistent with those of UA (Table 3). Moreover,
the "H NMR also gave shift values consistent with those previously reported by Huneck & Yashimura (1996) and Ataley and
co-workers (2011) (Table 3).
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Figure 5. C-NMR spectrum of recrystallized usnic acid obtained from an acetone extract of C. stellaris.

Table 3. Shift values of °C and 'H NMR of a re-crystallized sample from C. stellaris, compared to literature data.

. Huneck &
Crystallized Sample L04 Yoshimura: 1996 Atalay et al., 2011
3¢ 14 3¢ T 3¢ T
100MHz 400MHz 22.63 MHz 400MHz 100 MHz 400MHz

1.68 1.75 1.76

2007 (3H,3,Me-13) 201.3 (3H,s, Me-13) 2037 (3H,s, Me-13)
2.02 2.10 2.10

199.3 (3H,3,Me-16) 200.1 (3H,5,Me-16) 2023 (3H,5,Me-16)
2.58 2.66 2.66

197.0 (3H,5,Me-15) 198.2 (3H,5,Me-15) 2000 (3H,5,Me-15)
2.60 2.67 2.67

190.7 (3H,5,Me-18) 179.4 (3H,5,Me-18) 1937 (3H,5Me-18)
5.90 5.92 5.98

178.3 (1H,3,H-4) 164.1 (1H,3,H-14) 181.3 (1H,3,H-14)
10.94 11.02 11.03

162.9 (1H,s,C-10-OH) 1576 (1H,s,C-10-OH) 165.9 (1H,s,C-10-OH)
13.22 13.31

156.5 (1H,5,C-8-OH) 155.1 (1H,5,C-8-=H) 159.5

18.84

154.2 109.5 (IHs.C.3.0H) 157.2

108.3 105.4 111.3

104.2 104.2 107.2

103.0 101.7 105.9

100.5 99.8 103.5

97.3 98.3 100.3

58.1 59.2 61.1

31.1 32.0 34.1

30.2 30.9 332

26.8 27.4 29.8

6.5 7.7 9.5

Although known from long-time use in folk medicine, commercial production and biological role of UA from C. stellaris
has not yet been realized and presently UA is extracted from other sources (e.g. Usnea barbata). Several investigators have
reported the possibility to produce UA from C. stellaris as an active ingredient or excipient to be used in medicinal and drug-
production. In a recent study, Russian scientists described the preparation of Cladosent, which exhibits radio-protective
properties based on ground fronds of C. stellaris (Polovinka et al., 2012). Lichen extracts containing UA are marketed in
Germany with the trade name Omnigran A, Granobil and Usnagren A and T for cosmetics and pharmaceuticals (Frankos,
2005). Some other commercially available selected combination products of UA are Ab-solution®, Zeta N®, LipoKinetix®
(withdrawn from the market) (Usnea; health.naturalstandard.com, 2015). UA is known to cause liver damage, therefore until
sufficient documentation on safety become available, its use, other than dermatologically, is still limited (Guo et al., 2008).

This study shows that pure (-) UA can be readily extracted from C. stellaris growing in areas that are currently under
harvesting management for ornamental lichen. The abundant lichen contains UA in levels comparable to current commercial
sources of UA from Usnea-species. The use of (-) UA in health formulations and as a drug may become more attractive as
data on its bioactivity and safety accumulates.
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