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Abstract

Merulinic acid (heptadecenylresorcinolic acid, resorcinolic acid) is one of the members of resorcinolic lipids, the natural amphiphilic long-
chain homologues of orcinol (1,3-dihydroksy-5-methylbenzene). In the present study, membrane properties of merulinic acid were investigated.
Merulinic acid exhibits strong haemolytic activity against sheep erythrocytes (EHso of 5 £2 uM) regardless of the form of its application—direct
injection into the erythrocyte suspension or injection as merulinic acid-enriched liposomes. The lysis of erythrocytes induced by merulinic acid
was inhibited by the presence of divalent cations. The effectivity of the protection of erythrocytes was highest for Zn** and weakest for Mn>".

Merulinic acid at low concentrations also exhibits the ability for protection of cells against their lysis in hypoosmotic solutions. This
protective effect is significant as, at 10 pM concentration of merulinic acid, the extent of osmotically induced cell lysis is reduced by
approximately 40%. Merulinic acid induces increased permeability of liposomal vesicles. This effect was shown to be dependent on the
composition of liposomal bilayer and it was stronger when lipid bilayer contained glycolipids (MGDG and DGDG) and sphingomyelin.

Changes of TMA-DPH and NBD-PE fluorescence polarization show that the degree of merulinic acid incorporation into liposomal
membrane is not very high. The polar “heads” of the molecules of investigated compounds are localized on the level of fatty acid’s ester
bonds in phospholipid molecules. Merulinic acid caused the increased fluorescence of the membrane potential fragile probe. This indicated
an alteration of the surface charge and a decrease of the local pH at the membrane surface. This effect was visible in both low- and high-ionic

strength environment. Merulinic acid causes also a decrease in activity of the membrane-bound enzyme acetylcholinesterase.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Merulinic acid (heptadecenylresorcinolic acid, resorci-
nolic acid) is one of the members of resorcinolic lipids.
Resorcinolic lipids, the natural amphiphilic long-chain
homologues of orcinol (1,3-dihydroksy-5-methylbenzene),
are demonstrated in numerous plant [1-3], microbial [4-6]
and fungal organisms [7]. They exhibit strong amphiphilic
character with the values of octanol/water partition coef-
ficient (logP,y,) over 7.4 [8]. The resorcinolic lipids exhibit
high affinity for lipid bilayer as well as for biological
membranes. The incorporation of homologues into liposomal
and biological membranes induces an increase of their
permeability for small nonelectrolytes and cations [9,10].
This increase of the permeability of membranes may result
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from formation within the bilayer of the non-bilayer
structures, such as reversed micelles or hexagonal phase
(Hyp) [11], and often results in haemolysis of cells.

Previous studies on 2,4-dihydroxy-6-(heptadec-8Z-
enyl)benzoic acid (merulinic acid A) (Fig. 1) showed
that it inhibited completely the DNA, RNA and protein
synthesis in Bacillus brevis cells [7]. In the present
study, we focused on the characterization of the bio-
logical properties of merulinic acid A as an amphiphilic
molecule and its effect on the biological membranes.

2. Materials and methods
2.1. Materials

Merulinic acid A was isolated chromatographically from
fruiting bodies of Merulius tremellosus (syn. Phlebia
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Fig. 1. The structure of merulinic acid A.

tremellosa (Schrad.), collected in the forests near Wroclaw,
according to the procedure described earlier [7]. For
experiments a 5 mM stock methanolic solution was used.

Erythrocytes were isolated from sheep blood collected
from randomly chosen individuals at the Department of
Epizootiology, Agricultural Academy Wroclaw. Blood was
collected into the buffered dextrose (ACD solution) and
erythrocytes were separated by centrifugation at 650xg for
10 min and subsequently washed three times with 0.9%
NaCl buffered with 10 mM Tris—HCIl, pH 7.4. Washed
erythrocytes were resuspended in the same buffer and the
stock suspension of cells (50% hematocrit) was used for
experiments.

Erythrocytes ghosts were prepared from sheep erythro-
cytes according to the procedure described previously [12].

The fluorescent probes, fluorescein-PE, 1-(4-trimethy-
lammoniumphenyl)-6-phenyl-1,3,5-hexatrien, p-toluenesul-
fonate (TMA-DPH) and N-(-nitrobenz-2-oxa-1,3-diazol-4-
yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoetanolamine,
triethylammonium salt (NBD-PE) were from Molecular
Probes (Eugene, OR, USA). Egg yolk phosphatidylcholine
(PC), monogalactosyldiglyceride (MGDG), digalactosyldi-
glyceride (DGDG) and sphingomyelin (Sph) were from
Sigma-Aldrich (Poznan, Poland), dipalmitoylphosphatidyl-
choline (DPPC) from Lipid Products (Nutfield, Surrey, GB).
Remaining chemicals were of the best available purity from
POCh (Gliwice, Poland).

2.2. Haemolytic activity of merulinic acid

The haemolytic effect of merulinic acid A was assayed at
37 °C. Into 4 ml of 0.9% NaCl and 1 mM EDTA buffered
with 10 mM Tris—HCI, pH 7.4, erythrocyte suspension (20
ul) was added and after 5-min preincubation the microliter
amounts of merulinic acid A were injected. The samples
were incubated for 30 min and the amount of liberated
haemoglobin was determined colorimetrically (570 nm) in
the supernatant after centrifugation of the sample at 650x g
for 10 min. The absorbance of supernatants obtained after
the identical amounts of erythrocytes were injected into 4 ml
of distilled water was used as the measure of 100%
haemolysis.

For the studies of the effect of divalent cations on
merulinic acid A-induced haemolysis, the experiments were
performed similarly but the merulinic acid A concentration
that induced 50% haemolysis was used. This concentration
was determined from the merulinic acid A concentration
dependence of the extent of haemolysis. The cations (Cd*>",
Co*", Mn®" and Zn*") were injected in microliter amounts

of their chloride salts into the sample prior to addition of
erythrocytes and merulinic acid A.

2.3. Haemolytic activity of liposomal form of merulinic acid

In this experiment merulinic acid A was added into
erythrocyte suspension not as a methanolic solution, but as a
form incorporated into liposomal membrane. Liposomes
containing merulinic acid A were prepared as follows.
Phosphatidylcholine and merulinic acid (74:26 w/w) were
dissolved in chloroform and mixed. The chloroform was
removed under the stream of nitrogen, an experimental
buffer (1 ml 140 mM NaCl buffered with 10 mM Tris—HCI,
pH 7.4) was added and the sample was vortexed to obtain
suspension of multilamellar vesicles. This suspension was
subjected to eight freezing (at —70 °C) and thawing (at +50
°C) cycles and was sonicated for 30 s with a sonicator
(Microson/Micronix).

The haemolytic activity of liposomal form of merulinic
acid was assayed at room temperature. Into 4 ml of 140 mM
NaCl buffered with 10 mM Tris—HCI, pH 7.4, erythrocyte
suspension (20 pl) was added and after preincubation the
small volume of liposomes suspension was injected under
continuous stirring. Total concentration of merulinic acid in
liposomal form in the incubation mixture was equal to EHs,
determined for its free form. The samples were incubated for
30 min and the amount of liberated haemoglobin was
determined colorimetrically (570 nm) in the supernatant
after centrifugation of the sample at 650xg for 10 min. In
the control, erythrocytes were incubated with PC liposomes
without incorporated merulinic acid. For determination of
the 100% of haemolysis, the absorbance of supernatants
obtained after the identical amounts of erythrocytes were
injected into 4 ml of distilled water was used.

To determine the effect of protein on haemolytic activity
of liposomal form of merulinic acid, the experiments were
performed similarly to those described above but in the
presence of bovine serum albumin (BSA; 32 g/l) in the
incubation buffer.

2.4. The effect of merulinic acid on hypoosmotically induced
haemolysis

The effect of merulinic acid A was assayed at 37 °C.
Into 0.8 ml 0.9% NaCl buffered with 10 mM Tris—HCIl,
pH 7.4, erythrocyte suspension (200 pl) and microliter
amounts of merulinic acid were added. After 5-min
preincubation, 200 ul of this samples was added to 4-ml
0.55% NaCl buffered with 10 mM Tris—HCI (pH 7.4)
under continuos stirring. Samples were incubated for 30
min and the amount of liberated haemoglobin was
determined colorimetrically (570 nm) in the supernatant
after centrifugation of the sample at 650Xg for 10 min.
The absorbance of supernatant obtained after the identical
procedure without added studied lipids into samples was
the measure of 100% haemolysis.
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Fig. 2. Dependence of the extent of lysis of sheep erythrocytes on the
concentration of free form of merulinic acid (@) and heptadecenylresorcinol
(#). Merulinic acid and resorcinolic lipids were added into erythrocyte
suspension as a methanolic solution. After 30 min of incubation, the
amount of liberated haemoglobin was determined colometrically (570 nm)
in the supernatant after centrifugation of the sample at 650xg for 10 min.

2.5. The effect of external merulinic acid on liposomal
membrane permeability

Liposomes containing calcein were prepared by the
extrusion technique using 57 mg of lipid mixture hydrated
with 0.5-ml 20 mM calcein buffered in 20 mM Tris—HCI,
pH 7.4. Untrapped calcein was removed from liposomal
suspension by gel filtration on Sepharose 4 B column (1x20
cm) eluted with 20 mM Tris—HCI, pH 7.4. Ten microliters of
liposomes was incubated for 15 min with microliter
amounts of studied lipids in the elution buffer at room
temperature in the dark, and then the leakage of the calcein
was determined fluorimetrically (excitation 490 nm, emis-
sion 520 nm). The content of calcein in liposomes was
assessed by determination of its fluorescence after lysis of
liposomes with 0.1% Triton X-100 (final concentration).

Relative fluorescence of sample (F) was calculated as
follows:

_ 100(F; — Fy)

r (F — Fo)

[%] ’

where F—fluorescence of samples after incubation with
phenolic lipid; Fo—fluorescence of samples in the
beginning (before incubation with phenolic lipid); F_—
maximal fluorescence after lysis of liposomes.

2.6. The effect of merulinic acid on liposomal surface

charge and mobility of lipids

Experiments were assayed in 14 and 140 mM NaCl
solutions buffered with 10 mM Tris—HCI, pH 7.4 at room

temperature. The final concentration of fluorescent probe
(fluorescein-PE) in liposomal membrane was 0.5 mol%; the
final concentration of merulinic acid in incubation medium
varied between 1 and 10 mol% with respect to the
liposomal lipids.

The small unilamellar vesicles (SUV) were prepared
from egg PC shortly before measurements at room temper-
ature. Lipids together with fluorescent probes (fluorescein-
PE, NBD-PE or TMA-DPH to the final concentration in
liposomal membrane 0.5 mol% versus total lipid concen-
tration) were dissolved in chloroform and mixed in the
appropriate ratios. The chloroform was removed under the
stream of nitrogen, an experimental buffer was added and
the sample was vortexed to obtain suspension of multi-
lamellar vesicles. Suspension was sonicated for 15 min with
a sonicator (Microson/Micronix) to obtain transparent SUV
vesicles suspension.

Merulinic acid was added to the appropriate liposome
suspensions containing 0.5 mg of lipid mixtures in the
microliter amounts, necessary to reach required molar ratios
with respect to the liposomal lipids. The samples were
incubated for 2 min and the value of fluorescence polar-
ization was determined using the excitation and emission
wavelengths appropriate to the probes used (SFM 25,
Kontron).

2.7. The effect of merulinic acid on acetylcholinesterase
activity

The effect of merulinic acid on the apparent acetylcho-
linesterase activity was assayed at 37 °C. Into 3 ml of 0.1 M
Na,HPO,/NaH,PO, (pH 8.0), 50-ul suspension of eryth-
rocyte ghosts and 100-ml 0.4% DTNB buffered 0.1 M
Na,HPO,/NaH,PO, (pH 7.0) with 0.15% Na,CO; were
added. Subsequently, microliter amounts of merulinic acid
A were added. After 5-min preincubation, 20 ul of 0.075 M
acetylcholine iodide was added. The changes of absorbance
of the samples were recorded continuously for 10 min.

Rate of the reaction (V) was calculated as follows [12].

A/min .
= 136 x 10,000 [mo/1/min]

where A—absorbance of the sample.

3. Results and discussion

For the initial characterization of biological properties of
merulinic acid, the studies on its haemolytic properties, both
in its free form as well as in the form of merulinic acid-
enriched liposomes, were conducted. Additionally, we have
tested the effect of merulinic acid on the resistance of
erythrocytes upon the hypotonically induced lysis. Further
characterization of the merulinic acid properties deals with
the determination of the localization of its molecules within
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the membrane and its effect on the membrane surface pH.
Finally, the effect of merulinic acid on the membrane-bound
enzymes was determined using, as an example, erythrocyte
membrane acetylcholinesterase.

Merulinic acid, despite its previously described bio-
logical properties [7], exhibits strong haemolytic activity
against sheep erythrocytes (EHso of 5+2 pM), which is
stronger than that observed for other resorcinolic lipids (e.g.,
S5-n-heptadecenylresorcinol) used as a reference (Fig. 2).
This haemolytic activity is similar regardless of the form of
the application of merulinic acid—direct injection into the
erythrocyte suspension (Fig. 2) or injection as merulinic
acid-enriched liposomes (Fig. 3A), containing the same
amount of merulinic acid as in the case of its free form
(methanolic solution). The strong activity in the latter case,
although slightly less effective in the term of EHso (about
40% increase), indicates that the compound can be easily
exchanged between liposomal and erythrocyte membranes,
thus resulting in their haemolysis. These experiments
indicate that lytic agents can act on cells not only from
their monomeric/micellar forms from the external solution
but they may be also exchanged from supramolecular
carriers (e.g., liposomes) to the cellular membranes resulting
a similar to the “free” form biological effects. Numerous
groups have demonstrated earlier that the presence of
proteins, e.g., serum albumin, in the external media protects
erythrocytes against heamolysis induced by various lytic
agents [13,14]. Haemolytic activity of the liposomal
merulinic acid, as well as of its free form (data not shown),
was practically abolished in the presence of serum albumin
(BSA) at the concentration similar to the physiological one
(Fig. 3B). This effect may be related to the direct interaction
of albumin with the outer surface of the bilayer (stabiliza-
tion) and the protection from the transfer of merulinic acid
from the environment or of liposomes to the erythrocyte
membrane. This has potential meaning in pharmacological
applications of merulinic acid as (similarly to resorcinolic
lipids) modifier of liposomal bioactive substance carriers.
Strong haemolytic properties of merulinic acid, the com-
pound structurally similar to 5-n-heptadecenylresorcinol,
whose haemolytic properties are moderate, its EHsq is at
approximately eight times higher concentration (Fig. 2), are
attributed to the presence of the carboxylic ring substituent.
This substituent is responsible for the increase of the
solubility of merulinic acid in aqueous solutions and,
therefore, the availability of larger number of molecules
for the interaction with the membrane lipid bilayer.

Lysis of the cells, induced by various compounds, can be
modulated by the presence of divalent cations or protons in
the medium. This effect is dependent on the lytic agent, cell
type and origin as well as on the cation and its concentration
[15,16]. This protective effect of the cells against lysis by
divalent cations has been demonstrated for many different
lytic agents [13,15—19] including natural resorcinolic lipids
isolated from rye grains [20,21]. It was interesting to check
if, similar to the already demonstrated, divalent cations
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Fig. 3. Dependence of the extent of lysis of sheep erythrocytes on the
concentration of liposomal form of merulinic acid in the absence (A) and
presence (B) of BSA. Please note differences between scale of Y axes. Open
bars—Iliposomes from egg PC with incorporated merulinic acid; black
bars—liposomes from egg PC without incorporated merulinic acid.
Merulinic acid was added into erythrocyte suspension as a liposomal form.
After 30 min of incubation, the amount of liberated haemoglobin was
determined colorimetrically (570 nm) in the supernatant after centrifugation
of the sample at 650xg for 10 min. In the control, erythrocytes were
incubated with PC liposomes without incorporated merulinic acid.

would also have protective effect also on the lysis induced
by merulinic acid. It was demonstrated that the lysis of
erythrocytes induced by merulinic acid was also inhibited
by the presence of divalent cations (Fig. 4), similarly as the
lysis induced by 5-n-alkylresorcinols [20,21]. The effectiv-
ity of the protection of erythrocytes was highest for Zn**
and weakest for Mn**, which is similar to the effect
observed for long-chain 5-n-alkylresorcinols [20,21].
Merulinic acid at low concentrations, well below those
inducing lysis of erythrocytes, also exhibits the ability for
protection of cells against their lysis in hypoosmotic
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Fig. 4. Effect of Cd*", Co?", Mn*" and Zn®" ions on relative haemolysis of
sheep erythrocytes induced by merulinic acid at the concentration of 50%
absolute lysis (5+2 uM) (®) Zn*>*, (0) Mn*", (@) Co **, (#) Cd >". Cations
were injected in microliter amounts of their chloride salts into the samples
prior to addition of erythrocytes and merulinic acid A. Merulinic acid was
added into erythrocyte suspension as a methanolic solution. The merulinic
acid A concentration that induced 50% haemolysis was used. After 30 min
of incubation, the amount of liberated haemoglobin was determined
colorimetrically (570 nm) in the supernatant after centrifugation of the
sample at 650X g for 10 min.
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Fig. 5. Dependence of the extent of hypoosmotically induced lysis of sheep
erythrocytes on sublytic concentration of free form of merulinic acid (@)
and heptadecenylresorcinol (#). Samples contained erythrocyte suspension
and microliter amounts of merulinic acid in 0.9% NaCl buffered with 10
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removed and added to 4-ml 0.55% NaCl buffered with 10 mM Tris—HCl
(pH 7.4). Samples were incubated for 30 min and the amount of liberated
haemoglobin was determined colorimetrically (570 nm) in the supernatant
after centrifugation of the sample at 650X g for 10 min. The absorbance of
supernatant obtained after the identical procedure without added studied
lipids into samples was the measure of 100% haemolysis.
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Fig. 6. Leakage of calcein from phospholipid vesicles induced by merulinic
acid. Liposomes were prepared from PC (@), PC/PS (80:20 w/w) (m), PC/
PE (80:20 w/w) (O), PC/SM (70:30 w/w) (A), PC/MGDG (67:33 w/w)
(+), PC/DGDG (67:33 w/w) (#). Liposomes containing calcein were
prepared by the extrusion technique. Untrapped calcein was removed from
liposomal suspension by gel filtration on Sepharose 4B column. Samples
contained 10 pl of liposomes in 20 mM Tris—HCI, pH 7.4, and microliter
amounts of studied lipids were incubated for 15 min at room temperature in
the dark, and then the leakage of the calcein was determined fluorimetri-
cally (excitation 490 nm, emission 520 nm). The content of calcein in
liposomes was assessed by determination of its fluorescence after lysis of
liposomes with 0.1% Triton X-100 (final concentration).

solutions (Fig. 5). This protective effect is significant as, at
10 pM concentration of merulinic acid, the extent of
osmotically induced cell lysis is reduced by approximately
40%. In this respect, merulinic acid is more active in
comparison to other phenolic lipids. For instance, 5-n-
heptadecenylresorcinol (a compound lacking the carboxylic
attachment to the ring) reduces hypoosmotically induced
haemolysis by only 7%. On the other hand, anacardic acid
(pentadecylphenolic acid, pentadecylsalicylic acid), lacking
the second hydroxyl group, also protects erythrocytes
against hypoosmotic lysis only by 10%, however, at lower
concentration (1 pM). This activity of merulinic acid, called
“antihaemolytic”, is similar to that demonstrated for cardol
(5-n-pentadec(en)ylresorcinol), which at the concentration
of 10 pM inhibits 50% of hypoosmotically induced lysis of
erythrocytes (data not shown).

Besides the ability for the concentration-dependent
alteration of barrier properties of natural membranes,
merulinic acid also induces increased permeability of
liposomal vesicles (Fig. 6). This effect was shown to be
dependent on the composition of liposomal bilayer and it
was stronger when lipid bilayer contained glycolipids
(MGDG and DGDG) and sphingomyelin. This observation
suggests that cells in which the natural membrane lipid
asymmetry is disturbed would be more susceptible to the
action of lytic agents that would be present in the outside
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Fig. 7. Dependence of the extent of fluorescence of fluorescein-PE on the
concentration of merulinic acid. (+) Methanol; (O) merulinic acid in 14 mM
NaCl buffered with 20 mM Tris—HCI, pH 7.4; (®) merulinic acid in 140
mM NaCl buffered with 20 mM Tris—HCI, pH 7.4. The final concentration
of fluorescein-PE in liposomal membrane was 0.5 mol%. Merulinic acid
was added to the appropriate SUV liposome suspensions in microliter
amounts and after 2-min incubations, the value of fluorescence intensity
was determined.

medium (e.g., serum). On the other hand, this observation
also suggests the possible stronger effect of resorcinolic
lipids on the glycolipid/sphingolipid-rich biomembranes,
e.g., chloroplast or mitochondria.

The effect of merulinic acid on bilayer properties was
also demonstrated when alteration of the surface charge and
local pH was studied (Fig. 7). Merulinic acid, as the
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fluorescence dye (TMA-DPH and NBD-PE) as illustrated by the values of a
tangent of the slope of fluorescence changes. Open bars—NBD-PE; black
bars—TMA-DPH. The final concentration of fluorescent probes in
liposomal membrane was 0.5 mol%. Merulinic acid was added to the
appropriate SUV liposome suspensions in microliter amounts and after 2-
min incubations, the value of fluorescence polarization was determined.
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Fig. 9. Effect of merulinic acid on acetylcholinesterase activity. Samples
contained suspension of erythrocyte ghosts and DTNB buffered with 0.1 M
Na,HPO4/NaH,PO, (pH 7.0), 0.15% Na,CO; and microliter amounts of
merulinic acid A. After 5-min preincubation, acetylcholine iodide
(substrate) was added. The changes of absorbance of the samples were
recorded continuously for 10 min.

molecule containing ionised carboxylic moiety, caused the
increased fluorescence of the membrane probe. This
indicated an alteration of the surface charge and a decrease
of the local pH at the membrane surface. This effect was
visible in both low- and high-ionic strength environment.

On the other hand, experiments concerning the effect of
studied compound on the properties of the bilayer across its
thickness, monitored by the alteration of fluorescence
behaviour of probes localizing at different depths of the
bilayer (NBD-PE in the hydrophilic region and TMA-DPH
in the deeper region, below C4 of the acyl chains of
phospholipids), indicate that merulinic acid rather affects the
properties of the hydrophobic region of the bilayer than the
hydrophilic one (Fig. 8). This, rather unexpected, behaviour
may be related to the presence of unsaturation in the
merulinic acid side chain. This may cause stronger effect in
the properties of, otherwise saturated, phospholipid bilayer
than the effect of more polar headgroup on the behaviour of
the polar region of the bilayer.

The decrease of the apparent activity of membrane-
bound enzyme, acetylcholinesterase, upon incorporation of
merulinic acid (Fig. 9) may result from the alteration of the
distribution and/or the alteration of the mobility of
membrane phospholipids (fluidity of the bilayer). Another
reason for the observed decrease of the enzyme’s activity
may be related the state of, as called, boundary lipids, i.e.,
lipids that are closely bound/related to the membrane
enzyme. In case of acetylcholinesterase, hitherto studied
resorcinolic lipids also induced marked decrease of its
apparent activity [22]. The similarity of the net effect of
these compounds, noted previously, and the effect of more
polar compounds (such as merulinic acid) may suggest an
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existence of a more complex interactions. These inter-
actions may involve not only the effect of the polar
(hydrophilic) region of the bilayer modifier but also the
effect of the hydrophobic alk(en)yl side chain. Both
regions seem to participate in the alteration of the native
enzyme environment by, e.g., inducing the lipid environ-
ment-dependent conformational changes of the enzyme
molecule and the decrease of the spatial adjustment of the
enzyme molecule within the actual lipid environment.
These changes, in consequence, will lead to the decrease
of its apparent activity. Similar effects have been also
observed for other amphiphilic molecules [23-25] and for
modulation the activity of phospholipase A, by selected
resorcinolic lipids [26]. As the biological activities of the
anacardic acids, being the homologues of alkylsalicylic
acid, are of the general interest [27-30], the recognition of
the metabolic and physiological processes affected by
merulinic acid is also important. These compounds, as
metabolic precursors or resorcinolic lipids [31], may play a
role in the biological and biomedical effects of the
products they are present in, especially the fungal and
cereal ones.

Further studies concerning the biological activities of
alkylphenolic (anacardic) and alkylresorcinolic (merulinic)
acids, as well as the most abundant in cereal materials,
alkylresorcinols, are under way.

References

[1] HH. Anderson, N.A. David, C.D. Leake, Oral toxicity of certain
alkylresorcinols in guinea pigs and rabbits, Proc. Soc. Exp. Biol. Med.
28 (1931) 609—612.

[2] E. Wenkert, E.-M. Loeser, S.N. Mahapatra, F. Schenker, E.M. Wilson,
Wheat bran phenols, J. Org. Chem. 29 (1964) 435—439.

[3] G.W. Wieringa, On the Occurrence of Growth Inhibiting Substances
in Rye, Veenman H. en Zonen, Wageningen, 1967, pp. 1-68.

[4] S.G. Batrakov, N.N. Pridachina, E.B. Kryglyak, E.D. Novogrudskaya,
Phenolic lipids from Azotobacter chroococcum, Khim. Prir. Soedin.
(USSR) 4 (1977) 494—499.

[5] I.D. Bu’Lock, A.T. Hudson, Beta-leprosol: the identification of a
trialkylresorcinol from bacterial lipids, J. Chem. Soc. 60 (1969) 61—63.

[6] A. Kozubek, S. Pietr, A. Czerwonka, Alkylresorcinols are abundant
lipid components in different strains of Azotobacter chroococcum and
Pseudomonas spp., J. Bacteriol. 178 (1996) 4027-4030.

[7] B.M. Giannetti, W. Steglich, W. Quack, T. Anke, F. Oberwinkler,
Antibiotika aus basidiomyceten: VI. Merulinsauren A, B und C, neue
antibiotika aus Merulius tremellosus Fr. und Phlebia Radiata Fr., Z.
Naturforsch. 33¢ (1978) 807-816.

[8] A. Kozubek, Determination of octanol/water partition coefficients for
long-chain homologs of orcinol from cereal grains, Acta Biochim. Pol.
42 (1995) 247-252.

[9] A. Kozubek, R.A. Demel, Permeability changes of erythrocytes and
liposomes by 5-(n-alk(en)yl)resorcinols from rye, Biochim. Biophys.
Acta 603 (1980) 220-227.

[10] A. Kozubek, The effect of 5-(n-alk(en)yl)resorcinols on mem-
branes. 1. Characterization of the permeability increase induced
by 5-(n-heptadecenyl)resorcinol, Acta Biochim. Pol. 34 (1987)
357-367.

[11] A. Kozubek, R.A. Demel, The effect of 5-(n-alk(en)yl)resorcinols
from rye on membrane structure, Biochim. Biophys. Acta 642 (1981)
242-251.

[12] G.L. Ellman, D. Coutney, D. Andres, R.M. Fatherstone, A new rapid
colorimetric determination of acetylcholinesterase activity, Biochem.
Pharmacol. 7 (1961) 88-95.

[13] S.V. Rudenko, E.E. Nipot, Protection by chlorpromazine, albumin and
bivalent cations against haemolysis induced by mellitin, [Ala-14]
melittin and whole bee venom, Biochem. J. 317 (1996) 747—-754.

[14] I.B. Zavodnik, T.P. Piltetskaya, Acid induced lysis of human
erythrocytes, Biochim. Biofiz. Acta 42 (1997) 1106—1112.

[15] C.L. Bashford, L. Rodrigues, C.A. Pasternak, Protection of cells

against membrane damage by haemolytic agents: divalent cations and

protons act at the extracellular side of the plasma membrane, Biochim.

Biophys. Acta 983 (1989) 56—64.

M. Kaszuba, G.R. Hunt, Protection against membrane damage: a 'H-

NMR investigation of the effect of Zn?" and Ca>* on the permeability

of phospholipid vesicles, J. Inorg. Biochem. 40 (1990) 217-225.

[17] C.A. Pasternak, G.M. Alder, C.L. Bashford, Y.E. Korchev, C.
Pederzolli, T.K. Rostovtseva, Membrane damage: common mecha-
nisms of induction and prevention, FEMS Microbiol. Immunol. 5
(1992) 83-92.

[18] S. Cauci, R. Monte, F. Quadrifoglio, M. Ropele, G. Menestrina, lonic
factors regulating the interaction of Gardiaerlla vaginalis hemolysin
with red blood cells, Biochim. Biophys. Acta 1153 (1993) 53—58.

[19] J.H. Han, J.H. Lee, Y.H. Choi, J.H. Park, T.J. Choi, J.S. Kong,
Purification, characterization and molecular cloning of Vibrio fluvialis
hemolysin, Biochim. Biophys. Acta 1599 (2002) 106—114.

[20] M. Stasiuk, A. Kozubek, Modulation of hemolytic properties of
resorcinolic lipids by divalent cations, Cell. Mol. Biol. Lett. 1 (1996)
189-198.

[21] M. Stasiuk, A. Kozubek, Modulation of 5-n-alkylresorcinol hemolytic
properties by divalent cations. Dependence of the effect of cations on
alkylresorcinol structure, Cell. Mol. Biol. Lett. 2 (1997) 77-87.

[22] A. Kozubek, B. Nietubyc, A.F. Sikorski, Modulation of the
activities of membrane enzymes by cereal grain resorcinolic lipids,
Z. Naturforsch. 47¢ (1992) 41-46.

[23] R.N. Farias, Membrane cooperative enzymes as a tool for the
investigation of membrane structure and related, Adv. Lipid Res. 17
(1980) 251-282.

[24] E. Kamber, L. Kopeikina-Tsiboukidou, Alterations in the activities of
rabbit erythrocyte membrane-bound enzymes induced by cholesterol
enrichment and depletion procedures, Z. Naturforsch. 41c (1986)
301-309.

[25] R.R. Brenner, Effect of unsaturated acids on membrane structure and
enzyme kinetics, Prog. Lipid Res. 23 (1984) 69—-96.

[26] A. Kozubek, The effect of resorcinolic lipids on phospholipid
hydrolysis by phospholipase A,, Z. Naturforsch. 47¢ (1992) 608—612.

[27] J. George, R. Kuttan, Mutagenic, carcinogenic and cocarcino-
genic activity of cashew nut shell liquid, Cancer Lett. 112
(1997) 11-16.

[28] M. Toyomizu, K. Okamoto, T. Ishibashi, Z. Chen, T. Nakatsu,
Uncoupling effect of anacardic acids from cashew nut shell oil on
oxidative phosphorylation of rat liver mitochondria, Life Sci. 66
(2000) 229-234.

[29] B. Ahlemeyer, D. Selke, C. Schaper, S. Klumpp, J. Krieglstein,
Ginkgolic acids induce neuronal death and activate protein phospha-
tase type-2C, Eur. J. Pharmacol. 430 (2001) 1-7.

[30] N. Masuoka, I. Kubo, Characterization of xanthine oxidase inhibition
by anacardic acids, Biochim. Biophys. Acta 1688 (2004) 245-249.

[317 A. Kozubek, J.H.P. Tyman, Resorcinolic lipids, the natural non-
isoprenoic amphiphiles and their biological activity, Chem. Rev. 99
(1999) 1-26.

[16

[}



	The effect of merulinic acid on biomembranes
	Introduction
	Materials and methods
	Materials
	Haemolytic activity of merulinic acid
	Haemolytic activity of liposomal form of merulinic acid
	The effect of merulinic acid on hypoosmotically induced haemolysis
	The effect of external merulinic acid on liposomal membrane permeability
	The effect of merulinic acid on liposomal surface charge and mobility of lipids
	The effect of merulinic acid on acetylcholinesterase activity

	Results and discussion
	References


