
Contents lists available at ScienceDirect

BBA - Biomembranes

journal homepage: www.elsevier.com/locate/bbamem

Usnic acid as calcium ionophore and mast cells stimulator

Maria A. Chelombitko1, Alexander M. Firsov1, Elena A. Kotova, Tatyana I. Rokitskaya,
Ljudmila S. Khailova, Lyudmila B. Popova, Boris V. Chernyak, Yuri N. Antonenko⁎

Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow State University, 119991 Moscow, Russia

A R T I C L E I N F O

Keywords:
Usnic acid
Mast cells
Mitochondrial uncoupler
Protonophore
Membrane potential
Calcium ionophore

A B S T R A C T

Usnic acid (UA), a secondary lichen metabolite, has long been popular as one of natural fat-burning dietary
supplements. Similar to 2,4-dinitrophenol, the weight-loss effect of UA is assumed to be associated with its
protonophoric uncoupling activity. Recently, we have shown that the ability of UA to shuttle protons across both
mitochondrial and artificial membranes is strongly modulated by the presence of calcium ions in the medium.
Here, by using fluorescent probes, we studied the calcium-transporting capacity of usnic acid in a variety of
membrane systems comprising liposomes, isolated rat liver mitochondria, erythrocytes and rat basophilic leu-
kemia cell culture (RBL-2H3). At concentrations of tens of micromoles, UA appeared to be able to carry calcium
ions across membranes in all the systems studied. Similar to the calcium ionophore A23187, UA caused de-
granulation of RBL-2H3 cells. Therefore, UA, being a protonophoric uncoupler of oxidative phosphorylation, at
higher concentrations manifests itself as a calcium ionophore, which could be relevant to its overdose toxicity in
humans and also its phytotoxicity.

1. Introduction

Usnic acid (UA), a natural dibenzofuran derivative, abundantly
produced by lichens, is known to exhibit a variety of therapeutic ac-
tivities, e.g., antibacterial, antiviral, anti-inflammatory, antioxidant and
antitumor activities [1,2]. The fat-burning activity, along with several
beneficial medicinal properties of UA is supposed to be associated with
the ability of this compound to facilitate proton cycling across mem-
branes, similar to conventional uncouplers, such as DNP and CCCP.
According to our recent study [3], the protonophoric activity of UA is
significantly stimulated by calcium ions, apparently due to calcium-
assisted formation of UA dimers, which are responsible for transmem-
brane proton cycling. Therefore, it could be suggested that UA is also
able to carry Ca2+ across artificial and natural membranes. This issue is
of high importance, because any disturbance of calcium homeostasis
linked to regulation of key cell functions is assumed to be toxic.

An example of such a process is influx of calcium into mast cells
induced by calcium ionophores such as А23187 [4–6], ionomycin [7]
and omomycin [8,9], which have long been known to stimulate mast
cell secretion, i.e. release of pre-formed mediators such as histamine
[10] from their granules, the process called degranulation [11]. Here,

we used the rat basophilic leukemia cell line (RBL-2H3), a histamine-
releasing mast cell analogue, commonly utilized for in vitro studies of
degranulation [12–14], as a test system to examine the ability of UA to
transport calcium ions into cells. By monitoring release of the enzyme
β-hexosaminidase from secretory granules [15], we showed that UA
caused RBL-2H3 cells degranulation. Simultaneously, we observed
Ca2+ entry into the cells by using the calcium-sensitive probe Fluo-3-
AM.

In addition, we report data on the ability of UA to carry calcium ions
across liposomal, mitochondrial and erythrocyte membranes, thereby
showing that UA can exhibit properties of a calcium ionophore.

2. Materials and methods

2.1. Materials

Most chemicals including (R)-(+)-usnic acid (UA) were from Sigma
(USA). BAPTA-AM, Fluo-4-AM, Fluo-3-AM, Fluo-5 N, and Magnesium
Green AM were from Molecular probes (USA).
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2.2. Efflux of calcium and zinc from liposomes

Ca2+- (Zn2+)-loaded liposomes were prepared by evaporation
under a stream of nitrogen of a 2% solution of diphytanoylpho-
sphatidylcholine (DPhPC, Avanti Polar Lipids) lipid (5 mg) in chloro-
form followed by hydration with 0.5 ml of a buffer solution containing
100 mM CaCl2 (100 mM ZnCl2), 30 mM MES, 30 mM Tris, pH = 7.4.
The mixture was vortexed, passed through several cycles of freezing
and thawing, and extruded through 0.1-μm pore size Nucleopore
polycarbonate membranes using an Avanti Mini-Extruder. The unbound
calcium or zinc was then removed by passage through a Sephadex G-50
coarse column with a buffer solution containing 180 mM sucrose
10 mM KCl, pH = 7.4. Fluorescence of Fluo-5n was monitored at
520 nm (excitation at 495 nm) with a Panorama Fluorat 02 spectro-
fluorimeter (Lumex, Russia).

2.3. Calcium transport in isolated rat liver mitochondria

Rat liver mitochondria were isolated from male rats by differential
centrifugation [16] in a medium containing 250 mM sucrose, 5 mM
MOPS, 1 mM EGTA, pH 7.4. The final washing was performed in the
medium additionally containing bovine serum albumin (0.1 mg/ml).
Protein concentration was determined using the Biuret method.
Handling of animals and experimental procedures were conducted in
accordance with the international guidelines for animal care and use
and were approved by the Institutional Ethics Committee of A.N. Be-
lozersky Institute of Physico-Chemical Biology at the Moscow State
University.

2.4. Measurement of calcium ions efflux from isolated mitochondria

Extramitochondrial Ca2+ changes were measured with Fluo-5 N, a
low-affinity Ca2+ indicator, as described previously [17]. Isolated rat
liver mitochondria (protein 0.5 mg/ml) were resuspended in 250 mM
sucrose, 10 mM Tris, 10 mM KH2PO4, pH 7.4, 1 mM succinate, 2 μM
rotenone, 1 μM cyclosporine A with 1 μM Fluo-5 N. Fluorescence
changes (excitation 495 nm, emission 515 nm) were recorded at room
temperature using the Panorama Fluorat 02 spectrofluorometer.

2.5. Measurement of calcium and magnesium ions influx into erythrocytes

Blood samples from a healthy donor were collected on the day of
each experiment in phosphate-buffered saline (PBS, 150 mM NaCl,
10 mM KH2PO4, pH 7.4) containing EDTA (1 mM), and the erythrocytes
were then washed twice in PBS without EDTA, as described previously
[18]. The resulting erythrocytes were re-suspended in HEPES buffer
(125 mM NaCl, 3 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 16 mM HEPES,
1.2 mM sodium phosphate, and 10 mM glucose, pH 7.4) so that he-
matocrit values would reach 5%. Fluo-4-AM was loaded into ery-
throcytes as described in [19] via incubation of the dye (1 μg) during
30 min in HEPES buffer at T = 37 °C and hematocrit 1%. Erythrocytes
were washed three times in HEPES buffer to remove the unloaded dye.
Fluorescence changes (excitation 495 nm, emission 515 nm) were re-
corded at room temperature using the Panorama Fluorat 02 spectro-
fluorometer.

To measure the transport of magnesium ions, the dye Magnesium
Green AM (MagGreen-AM) was loaded into erythrocytes via incubation
of the dye (20 μM) during 30 min in HEPES buffer at T = 37 °C and
hematocrit 1% in the presence of 0.02% pluronic F127 to increase the
dye loading. Erythrocytes were washed three times in HEPES buffer to
remove the unloaded dye.

2.6. Culture of RBL-2H3 cells

RBL-2H3 cells were cultivated in the medium containing 70% α-
MEM, 20% RPMI-1640, 10% heat-inactivated fetal bovine serum (HI-

FBS), 2 mM L-glutamine (PanEko, Russia) at 37оС и 5% СО2. The cells
were passaged every 3 days at 1:4 to 1:8 dilution.

2.7. Fluorescence microscopy

Cells were plated on 35-mm2 confocal dishes (100,000 cell/ml). The
next day, cells were stained with Fluo-3-AM (Invitrogen) and
LysoTracker Red DND-99 (Invitrogen) to visualize the level of in-
tracellular calcium and mast cell secretory granules, respectively. Cells
were incubated with 5 μM Fluo-3-AM and 2.5 mM probeneside for
30 min at 37 °C and 5% CO2. After washing the cells with HBSS,
LysoTracker Red DND-99 was added at a concentration of 100 nM and
incubated for 30 min at 37 °С and 5% CO2. Along with lysosomes,
LysoTracker identifies secretory granules because their pH is 5.5 [20].
After washing in the HBSS, cells were stained with 2 μg/ml Hoechst
33342 and observed using an Axiovert 200 M fluorescence microscope
(Carl Zeiss) equipped with an AxioCAM HRM camera at a magnification
of ×1000.

2.8. β-Hexosaminidase assay

RBL-2H3 cells were plated on 24-well plates at a concentration of
100,000 cells/ml. The next day, the medium was replaced with Hank's
Balanced Salt Solution (HBSS) (PanEco, Russia) and UA was added at
final concentrations of 0.2, 1, 4, 7 and 10 μM. The cells were incubated
for 30 min at 37 °С and 5% СО2. The calcium ionophore A23187 (1 μM)
was used as a well-known activator of mast cells degranulation. To
evaluate the level of spontaneous degranulation, DMSO at a con-
centration of 0.1% was added to control wells. To assess the contribu-
tion of intracellular calcium to cell responses to UA and the calcium
ionophore A23187, cells were pretreated with the intracellular calcium
chelator BAPTA-AM (20 μM) for 30 min before stimulation of de-
granulation. The enzyme β-hexosaminidase, located in secretory gran-
ules [15], was used as a marker of RBL-2H3 cells degranulation. The
amount of this enzyme in the conditioned medium and the cell lysate
was determined by the release of methylumbelliferone from 4-methy-
lumbelliferyl-N-acetyl-β-D-glucosaminide according to the standard
method [20]. After activation of degranulation, the culture medium
was aspirated. The cells were lysed with an equal volume of 0.2%
Triton X-100 in HBSS and incubated for 10 min at 37 °C. The condi-
tioned medium was centrifuged for 7 min at 4390 g at 4 °C. The su-
pernatant was assayed for β-hexosaminidase activity. For this, 25 μl of
samples was added in the wells of a 96-well black plate to 100 μl of a
1.8 mM solution of 4-methylumbelliferyl-N-acetyl-β-D-glucosaminide
(substrate for β-hexosaminidase) in 40 mM citrate buffer (pH 4.5). The
mixture was incubated for 30 min at 37 оС. The reaction was stopped by
adding 175 μl of 200 mM glycine/NaOH buffer (pH 10.7). Fluorescence
was measured with a Thermo Fluoroscan Ascent spectrofluorimeter at
460 nm (excitation wavelength 355 nm). The release level of β-hex-
osaminidase (%) in the sample was determined using the formula A/
(A + B) × 100%, where A is fluorescence intensity of the conditioned
medium, and B is fluorescence intensity of the cell lysate.

3. Results and discussion

3.1. Ca2+ efflux from liposomes

To study transport of calcium ions across model lipid membranes,
we prepared calcium-loaded liposomes and monitored calcium efflux
by using the calcium-sensitive fluorescent dye Fluo-5 N. The addition of
UA at micromolar concentrations caused calcium efflux from the lipo-
somes similar to ionomycin, which was added at the end of each re-
cording as a positive control (Fig. 1A). The dye Fluo-5 N also appeared
to be responsive to zinc ions, as the addition of ionomycin, known to
effectively transport Zn2+ [21], induced fast zinc efflux from Zn2+-
loaded liposomes (Fig. 1B). By contrast, UA did not induce Zn2+ efflux
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from the liposomes even at tens of micromoles. These data un-
ambiguously show that UA-induced Ca2+ efflux from liposomes is not a
consequence of a nonspecific increase in permeability of liposomal
membranes, but results from UA functioning at high concentrations as a
selective calcium ionophore, with the ion selectivity differing from that
of A23187 and that of ionomycin [21]. The acting concentrations of UA
were higher than those for ionomycin by about three orders of mag-
nitude, as follows from dose dependences shown in Fig. 1C. Taking into
account some structural correspondence between UA and the other
known calcium ionophore ferutinin, the mechanistic similarity between
calcium transport mediated by UA and ferutinin, in particular, forma-
tion of a complex of Ca2+ with two ionophore molecules as an im-
portant step in the transport process [22,23], could be suggested. Of
note, the ability to carry Ca2+ was also supported by our previous data
on the UA-mediated Ca2+ extraction to hydrophobic phase [3].

It is well known that carrier-mediated calcium transport across
membranes either can be accompanied by transmembrane movement of
electrical charges (e.g, electrogenic transport observed for ferutinin
[23]) or can be electrically silent owing to back transfer of protons (as
in the case of ionomycin or A23187). To ascertain the type of transport
mediated by UA, we tested the effect of valinomycin on the calcium
efflux from liposomes. Valinomycin is known to increase the rate of
electrogenic transport but not that of electroneutral transport. As shown
in Fig. 2 (blue and pink curves), valinomycin was effective in the case of
UA, thereby suggesting the electrogenic nature of the UA-mediated
calcium transport. By contrast, no effect of valinomycin was observed in
the case of the ionomycin-mediated calcium transport (gray and black
curves).

3.2. Ca2+ efflux from isolated mitochondria

According to our earlier paper [3], usnic acid induced efflux of
calcium ions from isolated mitochondria, as detected by using Fluo-5 N.
This Ca2+ efflux observed at low UA concentrations (of the order of
1 μM) is similar to that found previously with other mitochondrial
protonophoric uncouplers such as CCCP [24–26]. The mechanism of the
uncoupler-induced Ca2+ efflux was associated with reversal of Ca2+

entry via the mitochondrial calcium uniporter MCU as a result of
membrane potential collapse. Consistently, the uncoupler-induced
Ca2+ efflux was abolished by the specific MCU inhibitor Ruthenium
Red (RR). Here, we found that at high concentrations (starting from
10 μM) UA is able to induce Ca2+ efflux even in the presence of RR
(Fig. 3). The subsequent addition of A23187 led to only small increase
of the efflux.

3.3. Ca2+ influx into erythrocytes

We also studied the ability of UA to carry calcium ions across the
plasma membrane by monitoring Ca2+ influx into human erythrocytes.
The addition of UA at a concentration of 10 μM resulted in almost
complete Ca2+ entry into erythrocytes (Fig. 4, green curve), as only a
small increase in the fluorescence of the calcium-sensitive probe was
observed upon the subsequent addition of ionomycin. By contrast, UA
at the same concentration was unable to transport magnesium ions into
erythrocytes, as measured by the fluorescence of the Mg2+ − sensitive
probe MagGreen (Fig. 4, blue curve). In the case of Mg2+ transport, the
addition of ionomycin after UA brought about a large increase in the
fluorescence signal. Thus, in erythrocytes UA also manifested itself as a
selective calcium ionophore.

3.4. Fluorescence imaging of intracellular Ca2+ and granule dynamics in
RBL-2H3 cells

In further experiments, by using immunofluorescence microscopy,
we explored the impact of UA in comparison with that of A23187 on the
intracellular Ca2+ level and secretory granule dynamics in RBL-2H3

Fig. 1. Kinetics of calcium (A) or zinc (B) efflux from liposomes as a function of
the concentration of usnic acid (added at time zero) measured by fluorescence
of the calcium-sensitive dye Fluo-5 N (1 μM). C. Percent of calcium (black and
green bars) or zinc (red bars) efflux from liposomes at t = 600 s induced by
various concentrations of UA (black bars) and ionomycin (green bars). Results
are expressed as mean ± SEM (n= 3), * p < .05; ** p < .01, Student's t-test.
Liposomes made from DPhPC lipid were loaded with 100 mM CaCl2 or ZnCl2.
The solution was 180 mM sucrose, 10 mM Tris, 10 mM MES, 10 mM KCl,
pH = 7.4. Lipid concentration was 10 μg/ml. Ionomycin (0.7 μM) was added
after approximately 10 min showing 100% of the cations efflux. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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cells (Fig. 5). Intracellular calcium detected with the Ca2+ indicator dye
Fluo-3-AM was seen mainly as weakly visible individual clusters in the
cytoplasm of the unstimulated cells. Of note, the increased fluorescence
of Fluo-3 was detected in some cells, which was probably associated
with spontaneous activation of the cells. Staining of RBL-2H3 cells with
LysoTracker Red DND-99 revealed rather even distribution of secretory
granules throughout the cytoplasm in the unstimulated cells. An in-
crease in the level of calcium and a decrease in the number of granules
in the cytosol were observed 2 min after the addition of A23187. Then,
after just 7 min, the level of calcium in the cytosol elevated in many
cells, while granules almost completely disappeared. Incubation of cells
with 10 μM UA caused similar, but less pronounced changes. Thus, si-
milar to the calcium ionophore A23187, UA was able to induce in-
tracellular Ca2+ elevation in RBL-2H3 cells.

3.5. Degranulation of RBL-2H3 cells

Based on the above data on the effect of UA on the intracellular
calcium level and secretory granule dynamics, degranulation of the
RBL-2H3 cells in the presence of UA could be expected. As seen in
Fig. 6A (solid curve), the data on β-hexosaminidase release into the
extracellular medium after 30-min incubation of the cells with UA in
the concentration range of 0.2 to 10 μM revealed a dose-dependent
increase in RBL-2H3 cells degranulation starting from 1 μM UA. The
extent of the β-hexosaminidase release amounted to 25% at 10 μM UA,
which exceeded the level of spontaneous degranulation by 6.5-fold. For
comparison, the level of RBL-2H3 cell degranulation induced by the
calcium ionophore A23187 (1 μM) was almost 45% (Fig. 6B). The
concentration dependence of the A23187 effect on RBL-2H3 cell de-
granulation is shown in Fig. 6A (dotted curve). Pre-treatment of cells
with 20 μM BAPTA-AM (intracellular calcium chelator) led to a 2-fold

Fig. 2. A. Effect of the potassium ionophore valinomycin (20 nM) on the kinetics of calcium efflux from liposomes mediated by usnic acid (added at time zero, 40 μM,
blue and pink curves) or by ionomycin (70 nM, gray and black curves), as measured by fluorescence of the calcium-sensitive dye Fluo-5 N (1 μM). B. Percent of
calcium efflux from liposomes at t = 600 s mediated by UA (filled bars) or ionomycin (gray bars) without valinomycin (left) and in the presence of valinomycin
(right). Results are expressed as mean ± SEM (n = 3), ** p < 0.01, Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Effect of UA (green curve, 2.5 μM; red curve, 5 μM; pink curve, 10 μM)
and the calcium ionophore A23187 (0.1 μM) on the efflux of calcium ions from
Ca2+-preloaded mitochondria with subsequent addition of Ruthenium Red (RR,
0.5 μM). Extramitochondrial Ca2+ was measured by Fluo-5 N fluorescence
(1 μM). Incubation mixture: 250 mM sucrose, 10 mM Tris, 10 mM KH2PO4,
pH 7.4, 1 mM succinate, 2 μM rotenone, 1 μM cyclosporin A. Mitochondrial
protein, 0.5 mg/ml. Black curve shows the effect of 200 nM CCCP. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. Kinetics of calcium (curves 1, 2) or magnesium (curves 3, 4) influx into
human red blood cells (RBC) measured by fluorescence of Fluo-4 or MagGreen.
In addition to 10 mM CaCl2 (curves 1,2) or 30 mM MgCl2 (curves 3,4), the
solution contained 150 mM NaCl, 10 mM Tris, 10 mM MES, pH = 7.4.
Hematocrit was 1%. Ionomycin (0.7 μM) was added at t = 10 min (2) or
t = 15 min (4) to accelerate the influx of the cations. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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and a 1.5-fold reduction in the degranulation induced by UA and
A23187, respectively (Fig. 6B). Therefore, the UA-induced RBL-2H3 cell
degranulation is apparently associated with changes in the intracellular
Ca2+ level. Bearing in mind the ability of UA to cause mitochondrial
uncoupling at low concentrations [3,27–29], we examined the effect of
the classical protonophoric uncoupler carbonylcyanide m-chlor-
ophenylhydrazone (CCCP) on the degranulation level. As seen from
Fig. 6A (dashed curve), incubation of RBL-2H3 cells with 10 μM CCCP
caused only a slight release of β-hexosaminidase.

In summary, this paper comprises the data on the calcium-

transporting properties of UA in both artificial (liposomal) and natural
(mitochondrial, erythrocyte and RBL-2H3 cell plasma) membranes. The
Ca2+ ionophoric ability of UA is undoubtedly of high importance for its
toxicity. It can be suggested that toxic side effects of UA on individuals
using it as an antiobesity drug [1,2] might be due to a shift in calcium
homeostasis. In addition, the Ca2+-chelating propensity of UA might
play a significant role in calcium accumulation by lichens and its
toxicity for lichen photobionts [30–32].

Fig. 5. Fluorescence microscopy of the secretory granules (labeled with LysoTracker Red DND-99) and the level of intracellular calcium (detected with Fluo-3) in
RBL-2H3 cells. RBL-2H3 cells were stained with 5 μM Fluo-3-AM in the presence of 2.5 mM probeneside and 100 nM LysoTracker Red DND-99 for 30 min. After
washing with HBSS, cells were stained with 2 μg/ml Hoechst 33342, stimulated with 1 μM A2318 or 10 μM UA and analyzed after 2 and 7 min. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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