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Abstract

Commercial plant extracts containing anthraquinones are being increasingly used for cosmetics, food and pharmaceuticals due to their

wide therapeutic and pharmacological properties. In this work, the interaction with model membranes of two representative 1,8-

dihydroxyanthraquinones, barbaloin (Aloe) and emodin (Rheum, Polygonum), has been studied in order to explain their effects in

biological membranes. Emodin showed a higher affinity for phospholipid membranes than barbaloin did, and was more effective in

weakening hydrophobic interactions between hydrocarbon chains in phospholipid bilayers. Whereas emodin induced the formation of

hexagonal-HII phase, barbaloin stabilized lamellar structures. Barbaloin promoted the formation of gel–fluid intermediate structures in

phosphatidylglycerol membranes at physiological pH and ionic strength values. It is proposed that emodin’s chromophore group is located

at the upper half of the membrane, whereas barbaloin’s one is in a deeper position but having its glucopyranosyl moiety near the

phospholipid/water interface. Moreover, membrane disruption by emodin or barbaloin showed specificity for the two major phospholipids

present in bacterial membranes, phosphatidylethanolamine and phosphatidylglycerol. In order to relate their strong effects on membranes

to their biological activity, the capacity of these compounds to inhibit the infectivity of the viral haemorrhagic septicaemia rhabdovirus

(VHSV), a negative RNA enveloped virus, or the growth of Escherichia coli was tested. Anthraquinone-loaded liposomes showed a strong

antimicrobial activity whereas these compounds in their free form did not. Both anthraquinones showed antiviral activity but only emodin

was a virucidal agent. In conclusion, a molecular mechanism based on the effect of these compounds on the structure of biological

membranes is proposed to account for their multiple biological activities. Anthraquinone-loaded liposomes may suppose an alternative for

antimicrobial, pharmaceutical or cosmetic applications.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Anthraquinone-containing extracts from different plant

sources have been widely used since ancient times due to

their laxative and cathartic properties [1]. Besides, this

class of compounds have shown a wide variety of phar-

macological activities such as anti-inflammatory, wound

healing, analgesic, antipyretic, antimicrobial and antitu-

mor activities [2]. Anthraquinones are present in the roots,

bark or leaves of numerous plants such as senna, cascara,

aloe, frangula and rhubarb.

Barbaloin (10-glucopyranosyl-1,8-dihydroxy-3-(hydro-

xymethyl)-9(10H)-anthracenone: aloin A) (Fig. 1) is the

major anthraquinone of Aloe vera exudates and gels

(Asphodelaceae) [3], which are widely used to manufac-

ture several types of beverages, food products, cosmetics

and pharmaceuticals. These preparations have shown sev-

eral pharmacological activities, being laxative the main

one [4]. It has been pointed out that cleavage of the

glycoside moiety of barbaloin by intestinal flora results

in the formation of its aglycon derivate, aloe-emodin, which
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possesses a stronger laxative effect [5]. Its mechanism is

believed to take place through water accumulation in the

intestine via active Naþ transport [6] or by water secretion

due to a prostaglandin-dependent mechanism [7]. Aloe vera

gels and aloins have also dermatological applications based

on their capacity to inhibit the activity of microbial and

human collagenases and metalloproteases [8,9].

Emodin (1,3,8-trihydroxy-6-methylanthraquinone) (Fig. 1)

is the active principle of herbal medicines deriving from

genus Rheum and Polygonum (Polygonaceae), Rhamnus

(Rhamnaceae) and Senna (Cassieae). This anthraquinone

has been reported to exhibit anti-inflammatory properties by

reduction of cytokine production in human T-lymphocytes

and endothelial cells [10,11]. Emodin have also demon-

strated antiproliferative effects in several cancer cell lines by

promoting apoptosis via caspase-dependent pathways

[12,13] or by inhibition of tyrosine protein kinases [14].

Emodin has been recently found to inhibit to protein kinase

CK2 [15,16], feature which is suspected to be related to its

anticarcinogenic and antiviral activities [17].

1,8-Dihydroxy-anthraquinones have also shown a wide

antimicrobial activity. Antibacterial effects of emodin in

Escherichia coli were proposed to be mediated through

inhibition of respiration-driven solute transport in mem-

branes [18]. Other anthraquinones deriving from A. vera

such as aloe-emodin have also shown effective antibacter-

ial activity at micromolar concentrations, specially for

gram-positive bacteria [19,20]. Several anthraquinones,

emodin among them, have shown antiviral and/or virucidal

activity against enveloped viruses [21–23]. Glycerin Aloe

extracts and isolated aloe-emodin showed virucidal effects

on enveloped viruses such as herpes simplex virus, var-

icella-zoster virus, pseudorabies virus and influenza virus,

most probably by disruption of the virus envelope [23]. In

contrast, aloe-emodin was not virucidal against non-envel-

oped viruses such as adenovirus and rhinovirus. In addition,

crysophanic acid (1,8-dihydroxy-3-methylanthraquinone)

has demonstrated to inhibit early stages of the replication

cycle of non-enveloped viruses such as poliovirus (Picor-

naviridae) [24]. Other anthraquinones such as rhein, emo-

din, alizarin and quinalizarin exhibited non-virucidal

antiviral activity against human cytomegalovirus [25].

Nevertheless, the molecular mechanism of their wide

antimicrobial activity is still unknown.

Only in a few cases, anthraquinones pharmacological

effects have been directly related to particular cellular

events. The multiple biological activities of anthraqui-

nones and their amphiphilic character led us to consider

that these compounds may promote complex cellular

effects in which perturbation of membrane physical prop-

erties might be involved as first events responsible for the

subsequent modulation of several enzymes activity. In this

work, the molecular interaction of two amphiphilic anthra-

quinones, emodin and barbaloin, with phospholipids and

their effects in the phase behavior of model membranes

composed of neutral or negatively charged phospholipids

have been studied in order to contribute to the knowledge

of their wide biological activity. We have also shown for

the first time the use of liposomes as a vehicle to enhance

the antimicrobial activity of anthraquinones. In conclusion,

this study demonstrates the antimicrobial efficacy of 1,8-

dihydroxy-anthraquinones when administered into lipo-

somes as a vehicle system and proposes a membrane-

related mechanism to be responsible for their wide biolo-

gical activity.

2. Materials and methods

2.1. Reagents

1,2-Dimiristoyl-sn-glycero-3-phosphocholine (DMPC),

1,2-dielaidoyl-sn-glycero-3-phosphoethanolamine (DEPE),

1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]

(DMPG), E. coli total lipid extract, L-a-phosphatidylcho-

line (egg, chicken) (PC), L-a-phosphatidylethanolamine

transphosphatidylated (egg, chicken) (PE) and L-a-phos-

phatidylglycerol (egg, chicken-sodium salt) (PG) were

obtained from Avanti Polar Lipids. Stock solutions of these

lipids were prepared in chloroform/methanol (1:1) and

stored at �20 8C. Phospholipid concentration was deter-

mined by the method previously described elsewhere [26].

Spin labels 5-doxyl-stearic acid (5-NS) and 16-doxyl-

stearic acid (16-NS), were purchased from Molecular

Probes, Inc. Cell culture medium RPMI 1640 Dutch

modification was purchased to GIBCO (Invitrogen Cor-

poration). Foetal calf serum (FCS) was obtained from

LINUS (Cultek S.L.) and GIEMSA from Sigma-Aldrich

Corp. Barbaloin, emodin and 5(6)-carboxyfluorescein (CF)

were obtained from Sigma-Aldrich Corp. Anthraquinones

stocks were prepared in ethanol and their concentrations

were determined using their respective molar absorptivities

[emodin: UV (EtOH) lmax 437 nm (log e 4.1); barbaloin:

UV (MeOH) lmax 360 nm (log e 4.03)].

2.2. Determination of the anthraquinones partition

into model membranes

The partition coefficients, Kp, of anthraquinones were

calculated from the fluorescence increase of the com-

Fig. 1. Chemical structures of the anthraquinones emodin and barbaloin

(aloin A).
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pounds upon their incorporation into large unilamellar

vesicles (LUVs) composed of DMPC, compared with that

in the aqueous phase at 30 8C. The phospholipid/water

partition coefficient was defined as [27]:

Kp ¼ nL=VL

nW=VW

(1)

where nW stands for moles of compound in the aqueous

phase (W) and nL stands for moles of compound in the lipid

phase (L), and V for the volume of each phase. To quantify

the phospholipid/water partition coefficient, Kp, the fol-

lowing equation was used:

DI ¼ DImax½L�
1=ðKpgÞ þ ½L�0

(2)

where DI (DI ¼ I � I0) stands for the difference between

the fluorescence intensity of emodin and barbaloin mea-

sured in the presence (I) and absence of the phospholipid

vesicles (I0); DImax (DImax ¼ I1 � I0) is the maximum

value of this difference once the limiting value is reached

(I1) upon increasing the phospholipid concentration [L],

and g is the molar volume of the phospholipid (for DMPC

in the fluid phase the value of g is 0.737 M�1 [28]).

The concentration of anthraquinones was kept constant

(2.6 mM for emodin and 20 mM for barbaloin) and phos-

pholipid concentration was varied. Fluorescence spectra

and quenching measurements of anthraquinones were

recorded with the SLM-8000C spectrofluorimeter fitted

with Glan-Thompson polarizers. Emodin was excited at

430 nm and barbaloin at 395 nm.

2.3. Differential scanning calorimetry

Experiments were performed with a MicroCal MC-2

differential scanning calorimeter interfaced to a computer

equipped with a Data Translation DT-2801 A/D converter

board for instrument control and automatic data collection.

Samples were heated at a constant scan rate of 60 8C/h and

held under a constant external pressure of 1 bar. Differ-

ences in the heat capacity between the reference and

sample cell were obtained by raising the temperature at

a constant rate of 1 8C/min over the range from 8 to 37 8C
for samples containing DMPC and DMPG and from 20 to

75 8C for samples containing DEPE. Three consecutive

scans of the samples were obtained and the second one of

the series was analyzed using the software package Origin

(Microcal Software, Inc.). Onset (Tc) and completion

transition temperatures for the phospholipids were deter-

mined as described previously [29].

Samples containing 2.6 mmol of phospholipids (DMPC,

DMPG or DEPE) dissolved in chloroform/methanol (1:1)

with the corresponding anthraquinones were dried in gas-

eous N2 free of oxygen to obtain a film of lipids in a glass

tube. To eliminate the last traces of solvent in the samples,

they were maintained for 3 h under high vacuum. Multi-

lamellar vesicles (MLVs) were obtained by suspension of

the lipid in buffer (10 mM HEPES, 100 mM NaCl, 0.1 mM

EDTA, pH 7.4) by vigorous vortexing at a temperature

above gel to liquid-crystalline phase transition for DMPC

and DMPG (23 8C), but below the temperature of lamellar

liquid-crystalline to hexagonal-HII (63 8C) for DEPE. To

assure reproducibility in the MLVs preparation samples

were frozen and thawed out for three cycles.

2.4. Fluorescence quenching experiments

Fluorescence quenching experiments were carried out

using LUVs of DMPC at lipid saturation conditions

obtained from the partition curves, by adding aliquots

from 1 mM stocks of quenchers in ethanol, at a constant

temperature of 30 8C. Differential quenching data using 5-

NS and 16-NS were analyzed by Stern–Volmer plot of I0/I

versus [Q]L, where I0 and I stand for the fluorescence

intensity in the absence and in the presence of the quencher

respectively; [Q]L is the spin label quencher concentration

given by Eq. (3):

½Q�L ¼ KpQVT

VW þ VLKpQ

½Q�
T

(3)

where KpQ ¼ [Q]L/[Q]W is the partition coefficient of the

quencher between the phospholipid phase and aqueous

phase, respectively, [Q]T is the concentration of the

quencher in the total volume (VT ¼ VL þ VW), where

VL and VW are the volume of lipid and aqueous phases.

The KpQ for 5-NS and 16-NS are 89,000 and 9730,

respectively [30].

2.5. Leakage of intraliposomal carboxyfluorescein

The dried lipids were resuspended in carboxyfluorescein

at a concentration of 40 mM in buffer (10 mM Hepes,

100 mM NaCl, 0.1 mM EDTA, pH 7.4). Liposomes

(LUVs) were prepared as previously described [31,32].

These were composed of a total lipid extract from E. coli.

Several mixtures composed of different ratios of phospho-

lipids deriving from egg yolk and having the same acyl

chain composition were also used, i.e. PC/PG (1:1), PC/PE

(1:1) and PC/PE/PG (4:3:3). CF was encapsulated into

liposomes as previously described [33] to monitor the

leakage caused by different concentrations of the anthra-

quinones.

2.6. 908 Light scattering measurements

The measurements of light scattering were done at

280 nm and at temperatures ranging 10–40 8C, in a

SLM 8000 spectrofluorometer, interfaced with a Haake

water bath. After achieving the desired temperature, the

sample was left for at least 5 min at each temperature

before the measurement was done. Final lipid concentra-

tion in the cuvette was 3 mM.
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2.7. Determination of antimicrobial susceptibility

Bacterial growth inhibition was determined using a

standard microtiter dilution method in LB no-salt medium

(10 g of tryptone and 5 g of yeast extract per liter). Briefly,

cells were grown overnight at 37 8C in LB and diluted in

the same medium. MICs were determined in triplicate by

serial dilutions of anthraquinones-carrying liposomes

which were added to the microtiter plates in a volume

of 100 ml/well followed by 10 ml of bacteria to give a final

inoculum of 5 
 105 CFU/ml. The MIC50 was defined as

the minimum concentration of anthraquinones that yielded

50% of cell growth inhibition after 26 h incubation. Bac-

terial growth was determined in a microtiter plate reader by

monitoring the OD at 600 nm and was compared to con-

trols in the absence of anthraquinones (100%). To prepare

liposomes for antimicrobial activity, anthraquinones were

dried together with EYPC from organic solutions and

MLVs were prepared as described in Section 2.3. The

effect of EYPC liposomes on the antibacterial assay was

also determined as a control.

2.8. EPC cell cultures and VHSV

Epithelioma papulosum cyprini (EPC) cell cultures were

maintained as previously reported [34]. The virus used to

infect fish cells was viral haemorrhagic septicaemia virus

VHSV-07.71 [35]. Supernatants from VHSV-07.71

infected EPC cell cultures were clarified by centrifugation

at 1000 
 g for 20 min and kept in aliquots at �70 8C.

Viruses from clarified supernatants were concentrated to

1011 foci forming units (ffu)/ml by ultracentrifugation at

100,000 
 g for 45 min [34].

2.9. Virus infectivity assays

To test the influence of 1,8-dihydroxy-anthraquinones

on VHSV infectivity, a previously developed immunos-

taining focus assay was used [36,37]. Briefly, barbaloin or

emodin in aqueous solution or incorporated into EYPC

multilamellar vesicles (MLVs) at different molar percen-

tages were incubated with VHSV during 2 h at 4 8C in

RPMI-1640 cell culture medium supplemented with 2%

fetal calf serum (FCS), 1 mM sodium piruvate, 2 mM L-

glutamine, 500 mg/ml gentamicin and 25 mg/ml amphoter-

icin B. The final concentration of phospholipid per well

was 0.25 mM. After incubation, the mixtures were added

to EPC cell monolayers (200 ffu/well). Alternative treat-

ments were performed consisting of the addition of anthra-

quinone-loaded liposomes at the infection time or at

different times post-infection. Then, the plates were incu-

bated during 24 h at 14 8C. After incubation, cell mono-

layers were fixed for 10 min in cold methanol and air-dried.

Monoclonal antibody (MAb) 2C9 directed towards the N

protein of VHSV diluted 1000-fold in dilution buffer

(0.24 mM merthiolate, 5 g of Tween 20/l, 50 mg of phenol

red/l in PBS pH 6.8) were added to the wells (100 ml/well)

and incubated for 90 min at room temperature. After being

washed with distilled water, 100 ml of peroxidase-labelled

rabbit anti-IgG mouse antibody (Ab) (Nordic) were added

per well, and incubation was continued for 45 min. After

three washings by immersion in distilled water, 50 ml of

1 mg/ml per well of diaminobenzidine (DAB) (Sigma) in

PBS containing H2O2 [36,38] were added, and the reaction

allowed to proceed until brown foci were detected with an

inverted microscope. Once washed with water and air-

dried, brown foci (DAB-stained foci) of 15–20 DAB-

stained cells or brown cells (DAB-stained single cells)

were counted with an inverted microscope (Leica Ltd.)

with a 10
 ocular eye grid [36]. VHSV titers were

expressed as foci forming units per well. Percentage of

virus infectivity was calculated by the formula: [(number

of foci in the presence of compounds/total number of foci

in the absence of compounds) 
 100]. Citotoxicity controls

were performed by incubating non-infected EPC cells with

anthraquinones-carrying liposomes. The effect of EYPC

liposomes on the viral infection was also determined as a

control.

3. Results

3.1. Anthraquinones membrane affinity

Because of the hydrophobicity of 1,8-dihydroxy-anthra-

quinones, their interaction with biological membranes may

play an important role in order to explain their biological

activity. Therefore, the ability of emodin and barbaloin to

partition into phospholipid bilayers was tested through the

determination of their respective phospholipid/water parti-

tion coefficient, Kp, using model membranes. This para-

meter has higher physiological significance than the

regular octanol–water partition coefficient. The increase

of the anthraquinones fluorescence intensity observed in

the presence of phospholipid vesicles, as compared to that

in the aqueous phase, was used to quantify their phospho-

lipid/water partition coefficient, Kp, (Eq. (2)) [27,39] from

experiments where phospholipid concentration was varied

while anthraquinones concentration was kept constant. The

two parameters (DImax and Kp) fitting procedure was

performed, as described in Section 2, on the experimental

data obtained from the enhancement of the anthraquinones

fluorescence emission (emodin 560 nm; barbaloin 580 nm)

upon addition of LUVs composed of DMPC at 30 8C. Kp

values of (13.93 � 2.24) 
 103 and (1.49 � 0.26) 
 103

were obtained for emodin and barbaloin, respectively,

which are expected considering that barbaloin is less

hydrophobic than emodin due to its glucopyranosyl moi-

ety. However, these values correspond to molecules exhi-

biting high affinity for phospholipid membranes. Lipid-

saturating conditions for fluorescence experiments, i.e.

anthraquinones levels associated to membranes �92%,
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were achieved using millimolar concentrations of lipid

versus micromolar concentrations of anthraquinones.

3.2. Effect of anthraquinones on membranes’

thermotropic behavior

In order to study the effect of anthraquinones on the

thermotropic behavior of phospholipid membranes the

technique of differential scanning calorimetry was used.

Fig. 2 shows the DSC profiles of DMPC dispersions

containing either emodin (Fig. 2A) or barbaloin

(Fig. 2B). The presence of increasing amounts of emodin

shifted the pretransition of DMPC to lower temperatures.

The gel to liquid-crystalline transition (Lb ! La) phase

was also gradually shifted to lower temperatures and its

enthalpy decreased as emodin concentration increased

from 1 to 5 mol%. At concentrations of 5 mol% of emodin,

the onset temperature of the main transition (Tc) was

considerably shifted and this transition started to broaden

drastically, indicating a strong effect of emodin on the

hydrophobic interactions which take place between the

hydrocarbon chains of the phospholipids. At concentra-

tions of 15 mol% emodin, the gel to liquid-crystalline

phase transition was completely abolished. In contrast,

the incorporation of barbaloin into DMPC bilayers had

a lighter effect on their thermotropic behavior (Fig. 2B)

than that one observed for emodin. The pretransition was

slightly shifted to lower temperatures as the concentration

of barbaloin increased until 10 mol%, concentration at

which this transition disappeared. The main gel to

liquid-crystalline phase transition maintained its Tc and

enthalpy with no significant changes until 15 mol% bar-

baloin. Starting at 20 mol%, a decrease of the main transi-

tion enthalpy and a broadening was observed but the main

transition was still maintained fairly sharp at the highest

concentration of barbaloin studied, i.e. 30 mol%.

The effect of the anthraquinones on model membranes

composed of DEPE was also studied by DSC (Fig. 3).

Aqueous dispersions of DEPE undergo a gel to liquid-

crystalline (Lb! La) phase transition in the lamellar phase

(�37 8C) and, in addition, a lamellar liquid-crystalline to

hexagonal-HII (La ! HII) transition (�65 8C) [40]. Emo-

din exhibited a stronger effect than barbaloin on the

thermotropic properties of DEPE as it happened to DMPC.

The incorporation of emodin into DEPE vesicles started to

broaden the gel to liquid-crystalline phase transition at

concentrations as low as 1 mol% (Fig. 3A). At concentra-

tions of 2 mol% emodin, a gradual shift of the liquid-

crystalline to hexagonal-HII transition to lower tempera-

tures was observed concomitant to the broadening of the

main gel to liquid crystalline phase transition. This beha-

vior was maintained up to the highest emodin concentra-

tion studied (20 mol%). In addition a new small transition

appeared at temperatures below the (Lb ! La) phase

transition, located at approximately 26 8C. In contrast,

the incorporation of barbaloin to DEPE dispersions

affected the thermotropic behavior of this phospholipid

in a less extent. The addition of increasing amounts of

barbaloin up to 5 mol% into DEPE (Fig. 3B) slightly

affected the gel to liquid-crystalline phase transition and

induced a shift of the liquid-crystalline to hexagonal-HII

phase to higher temperatures. At concentrations of

Fig. 2. Differential scanning calorimetry heating thermograms for DMPC lipid dispersions containing emodin (A) or barbaloin (B) at different molar

percentages. The concentration of the anthraquinones (molar percentage of total) is indicated on the curves.
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10 mol%, the liquid-crystalline to hexagonal-HII phase

transition was eliminated and the main phase transition

was faintly broadened.

3.3. Formation of gel–fluid phases in

phosphatidylglycerol membranes by barbaloin

After studying the effect of emodin or barbaloin on

zwiterionic phospholipids such as DMPC or DEPE, the

effect on phosphatidylglycerol, a negatively charged phos-

pholipid at physiological pH, was studied. Thermograms

corresponding to multilamellar vesicles composed of

DMPG and several percentages of the anthraquinones

are shown in Fig. 4. The incorporation of emodin to DMPG

phospholipid vesicles induced dramatic changes on its

thermotropic behavior (Fig. 4A). Concentrations of emo-

din as low as 1 mol% eliminated the pretransition and

induced the formation of a complex DSC profile, showing a

Fig. 3. Differential scanning calorimetry heating thermograms for DEPE lipid dispersions containing emodin (A) or barbaloin (B) at different molar

percentages. The concentration of the anthraquinones (molar percentage of total) is indicated on the curves.

Fig. 4. Differential scanning calorimetry heating thermograms for DMPG lipid dispersions containing emodin (A) or barbaloin (B) at different molar

percentages. The concentration of the anthraquinones (mol% of total) is indicated on the curves.
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broad gel to liquid-crystalline phase transition with the

presence of at least three transition peaks and indicating a

lipid phase separation phenomenon. This broad transition

decreased its Tc and was observed through 1–7.5 mol%

emodin. Starting at 10 mol% emodin, the transition

became very broad, fact that was maintained up to

15 mol%, concentration at which the transition was nearly

abolished.

On the other hand, barbaloin induced different kind of

changes in the thermotropic behavior of DMPG (Fig. 4B).

A broad shoulder emerged at temperatures above the gel to

liquid-crystalline (Lb ! La) phase transition meanwhile a

sharp transition corresponding to pure phospholipid was

concomitant to the broad transition at concentrations of

barbaloin as low as 2.5%. This broad transition became

broader depending on the increase of barbaloin percentage.

The onset temperature of the gel to liquid-crystalline (Lb

! La) phase transition of DMPG was also shifted to lower

temperatures as concentration of barbaloin increased. An

identical behavior for DMPG has previously been shown to

take place at very low ionic strength [41,42]. Under low

salt conditions, DMPG undergoes two phase transitions:

one corresponding to the main gel–fluid transition, and a

second broad one, called post-transition. Between these

two temperatures, structures characterized by low turbid-

ity, high viscosity and high curvature, i.e. extended bilayer

networks or gel–fluid intermediates, are postulated [41,43].

This phenomenon is abolished by increasing NaCl or lipid

concentrations and osmotically active polymers [41,44].

This particular DSC profile was maintained up to 20 mol%

barbaloin. At the highest concentration studied, i.e.

30 mol%, the transition became very broad including

several transition peaks.

DMPG gel–fluid phases have also been previously

observed through light scattering measurements [42],

therefore this technique was used to confirm their presence

in DMPG bilayers containing barbaloin. As shown by this

technique, DMPG in the presence of 100 mM NaCl under-

goes a single sharp transition at 22 8C (Fig. 5A), which

corresponds to the gel to liquid-crystalline phase transition.

In contrast, at low ionic strength, a sharp decrease of the

light scattered at y ¼ 908 occurs at the gel to liquid crystal-

line phase transition, and an increase in the scattering is

observed at approximately 30–35 8C corresponding to the

post-transition [41,45] (Fig. 5A). The incorporation of

barbaloin in DMPG vesicles promoted a light scattering

profile more similar to that one shown by this phospholipid

at low ionic strength where two transitions were present

(Fig. 5B). These profiles exhibited two transitions: one of

them corresponding to the onset temperature of the first

sharp transition observed by DSC and another transition to

higher scattering values matching the broad transition in

the DSC profiles, transition that became more intense as

barbaloin concentration increased. In contrast, the incor-

poration of emodin in DMPG bilayers produced a gradual

decrease of the light scattered as the temperature was

raised, which corresponds to the transition from gel to

liquid-crystalline phase (Fig. 5C).

3.4. Location of anthraquinones in membranes by

fluorescence spectroscopy

The transverse penetration of the anthraquinones into

the lipid bilayer was investigated by monitoring the relative

quenching of its fluorescence by the lipophilic spin probes

5-NS and 16-NS when incorporated into the fluid phase of

DMPC vesicles. The Stern–Volmer plots of the fluores-

cence intensity changes for both anthraquinones are shown

in Fig. 6A and B. The probe 5-NS, which has its nitroxide

group at carbon-5 region [46], quenched emodin fluores-

cence more efficiently than 16-NS (Fig. 6A), whereas

Fig. 5. Effect of barbaloin or emodin on the phase behavior of DMPG

membranes. (A) Temperature dependence plots of 908 light scattering

(l ¼ 280 nm) for pure DMPG dispersions in 100 mM NaCl–HEPES buffer

(*) or pure DMPG in the absence of salt (*). (B and C) Differential

scanning calorimetry heating thermograms superposed to the temperature

dependence plots of 908 light scattering (l ¼ 280 nm) corresponding to

DMPG dispersions containing different amounts of barbaloin or emodin in

100 mM NaCl–HEPES buffer: 5 mol% barbaloin (&), 10 mol% barbaloin

(&), 20 mol% barbaloin (~) or 7.5 mol% emodin (~). Light scattering

curves are the average of three independent measurements.
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barbaloin seemed to be almost equally quenched by both

spin probes (Fig. 6B). These results are compatible with

emodin having its cromophore group at the upper part of

the phospholipid acyl chains. In contrast, barbaloin’s fluor-

escence was almost equally quenched by both probes, even

with a little higher efficacy by 16-NS compared to 5-NS.

This result indicates that barbaloin’s cromophore group

seems to be located in an intermediate position between

carbons 5 and 16 at the phospholipid palisade.

3.5. Leakage of liposomes by anthraquinones

In order to detect the capacity of anthraquinones to affect

the integrity of phospholipid vesicles through the perturba-

tion of the bilayer, a leakage assay using CF-loaded LUVs

composed of synthetic phospholipids bearing identical

acyl chain composition (0.8 saturated/unsaturated ratio)

and having different head groups was used [39]. Fig. 7A

and B show the leakage levels obtained when either

emodin or barbaloin were added to phospholipid vesicles

composed of PC/PG (1:1), PC/PE (1:1) or PC/PG/PE

(4:3:3). Leakage was noticeable at concentrations of

emodin > 15 mol% only when PC-model membranes con-

tained PE at a high percentage (50%), and no leakage was

observed for vesicles containing PC/PG or a PE content of

33% (Fig. 7A). In contrast, higher levels of leakage were

obtained when barbaloin was used (Fig. 7B). Barbaloin

promoted a dose-dependent leakage from vesicles com-

posed of PC/PE (1:1), which was significant at low con-

centrations of this anthraquinone, i.e. 5 mol%. When PC/

PG (1:1) model membranes were used, leakage was not

noticeable until 15 mol% barbaloin, but starting at this

concentration leakage increased steadily to reach a 22%

leakage at 30 mol% barbaloin indicating drastic changes in

membrane structure. Barbaloin also promoted leakage in

model membranes composed of PC/PG/PE (4:3:3). In

addition, leakage experiments performed using a total lipid

extract from E. coli (75% phosphatidylethanolamine, 20%

phosphatidylglycerol and 1–5% cardiolipin) were used to

detect the perturbation of bacterial membranes by the

anthraquinones. As Fig. 7C shows, similar levels of leak-

age were obtained when anthraquinones concentration was

raised to 10 mol%. At concentrations higher than

10 mol%, leakage reached a higher extent in the presence

of barbaloin than that one observed when emodin was

added.

3.6. Antimicrobial activity of anthraquinone-containing

liposomes

Previous studies have demonstrated an antiviral effect of

several anthraquinones only when administered in glycerin

extracts or in DMSO due to its hydrophobic character

[23,24]. Therefore, we studied the efficacy of emodin and

barbaloin for antibacterial and/or antiviral activities when

incorporated into phospholipid membranes and compared

to that one observed in their free form. The antibacterial

(bacteriostatic) capacity of emodin and barbaloin was

tested by measuring their capability to inhibit the growth

of E. coli (DH5a). The MIC50 was calculated as the lowest

anthraquinone concentration at which growth was inhib-

ited at 50% in a broth dilution assay. Anthraquinones were

incorporated into MLVs composed of EYPC at a concen-

tration of 20 mol%. Both anthraquinones showed similar

MIC50 values, 2.2 and 2.8 mM for emodin and barbaloin,

respectively. Free compounds were also tested and no

growth inhibition was observed at the highest concentra-

tion at which both compounds were soluble in culture

media, i.e. 15 mM for emodin or 130 mM for barbaloin, as it

has been previously observed [47]. Molar percentages of

anthraquinones higher than 20% in EYPC MLVs were

tested but no higher inhibition was observed.

We also tested emodin or barbaloin for antiviral activity

against rhabdoviruses using the viral haemorragic septi-

caemia virus as a model, a salmonid rhabdovirus, and in-

fecting epithelioma papulosum cyprini (EPC) cell cultures.

Fig. 6. Stern–Volmer plots for the quenching of emodin or barbaloin fluorescence by spin probes in model membranes. Stern–Volmer plots for the quenching

of emodin (A) or barbaloin (B) fluorescence, at a concentration of 30 mM, by 5-NS (open symbols) or 16-NS (closed symbols) and incorporated into LUVs of

DMPC at 30 8C at lipid-saturating conditions.
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In this case, we did not either detect any capacity for the

inhibition of the virus infectivity when the virus was

preincubated with these anthraquinones in aqueous solu-

tion at concentrations similar to those used in the anti-

bacterial assay. In contrast, EYPC phospholipid vesicles

containing emodin or barbaloin inhibited foci formation

of VHSV under different conditions. Table 1 shows the

percentage of infectivity in VHSV infected EPC cells

calculated 24 h post-infection by using several treatments:

(i) cell cultures infected with virus preincubated during 2 h

with anthraquinone-loaded liposomes, (ii) cells infected

with intact VHSV simultaneously to the liposomes addi-

tion (t ¼ 0), (iii) EPC cells infected with intact VHSV and

treated with liposomes added 2 h post-infection, (iv) EPC

cells infected with intact VHSVand treated with liposomes

added 8 h post-infection (therapeutic effect), and (v) cells

incubated with anthraquinone-loaded liposomes for 2 h

and then VHSV infected. All treatments used decreased

virus microinfectivity in EPC infected cells with a higher

efficacy when emodin was used in EYPC vesicles (0–7.5%

infectivity) than those in which barbaloin was used (44–

92% infectivity), compared to controls of EPC cells treated

with intact VHSV (100% infectivity), meaning that emodin

was a more efficient antiviral agent than barbaloin under

these conditions. Concentrations of the anthraquinones in

liposomes higher than 25% were assayed but no further

inhibition was detected. In addition, aggregation and pre-

cipitation of the liposomes was observed by the micro-

scope at these percentages. No citotoxicity was found for

these compounds when incorporated into liposomes at the

concentrations assayed.

4. Discussion

1,8-Dihydroxyanthraquinones are active compounds to

account for the medicinal and therapeutic properties of

many plant-derived drugs. Among their wide biological

activity, only in a few cases their molecular mechanism has

been elucidated. In this study the interaction of two 1,8-

dihydroxyanthraquinones, emodin and barbaloin, with

model membranes have been investigated in order to

establish the possible role of the effects of these com-

pounds in biological membranes in relation to their

pharmacological and therapeutic activities. Both anthra-

quinones were physically associated to phosphatidylcho-

line membranes, showing emodin a higher affinity than

barbaloin, fact that derives from its higher phospholipid/

water partition coefficient. However, both anthraquinones

presented high level of association to phospholipid mem-

branes in the conditions used in this work, i.e. lipid-

saturating conditions.

Emodin had a much stronger effect than barbaloin on the

thermotropic behavior of saturated PC membranes as seen

by DSC (Fig. 2). This effect was made manifested by a

drastic broadening of the gel to liquid-crystalline phase

transition until its disappearance indicating that emodin

strongly affects Van der waals interactions between hydro-

carbon chains of the phospholipids. A similar effect was

observed, although less intense, on the gel to liquid-crystal-

line phase transition of unsaturated phosphatidylethanola-

mine membranes (Fig. 3). In addition, emodin shifted

the lamellar liquid-crystalline to hexagonal-HII phase

Fig. 7. Leakage of model membranes or E. coli membranes in the

presence of emodin or barbaloin. Anthraquinone-mediated release from

CF-encapsulated liposomes composed of mixtures of egg yolk phospho-

lipids in the presence of increasing concentrations of emodin (A) or

barbaloin (B): PC/PG (1:1) (*), PC/PE (1:1) (&) and PC/PE/PG (4:3:3)

(~). (C) Anthraquinone-mediated release from CF-encapsulated lipo-

somes composed of a lipid mixture extracted from E. coli and containing

different molar percentages of emodin (*) or barbaloin (&) at 25 8C.

Liposome suspension contained 0.25 mM total phospholipid concentra-

tion.
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transition allowing the formation of hexagonal phase at

lower temperatures compared to pure phospholipid. In

contrast, barbaloin only promoted a slight increase of

the temperature of this transition. A destabilization of

membrane bilayers through the formation of non-bilayer

inverted hexagonal (HII) phases is usually promoted by

molecules having a hydrophobic volume larger than its

polar part (cone-shaped molecules) or molecules which

increase the hydrophobic core of the bilayer due to its

internal localization. These effects have been previously

described for cone-shaped anphipatic molecules such as

diacylglycerols [48], or hydrophobic molecules such as

vitamin E [49], abietic acid [29] and the antibacterial

agents totarol and triclosan [50,51]. Then, the position

at which emodin seems to locate at the membrane would

induce a higher increase of the hydrophobic part versus the

polar region of the membrane therefore promoting non-

lamellar phases, such us inverted hexagonal (HII) phase.

Since emodin exhibited a higher Kp, the stronger effect of

emodin in comparison to barbaloin in phospholipid mem-

branes might be due to its higher effective membrane

concentration. Nevertheless, at the conditions used in

DSC experiments, effective membrane concentrations

were around 94 and 62% for emodin and barbaloin,

respectively. This fact leads us to postulate that emodin

induces more severe effects than barbaloin does, besides its

higher content in membranes.

The results obtained from the fluorescence spectroscopy

measurements point out a different location for barbaloin

and emodin (Fig. 6A and B). Whereas emodin’s chromo-

phore group seems to reside at the upper half of the

phospholipid hydrocarbon chains, barbaloin’s one might

be located at a more internal position, i.e. in a middle-lower

position of the phospholipid palisade, but probably having

its hydrophilic glucoside moiety closer to the phospholi-

pid/water interface. This scene of the molecules localiza-

tion would induce the formation of lipid structures more

asymmetric in the case of emodin than those when barba-

loin is immersed in membranes, which would be respon-

sible for the formation of non-lamellar structures.

We have shown that barbaloin promotes the formation of

gel–fluid intermediate structures in phosphatidylglycerol

membranes by DSC and light scattering measurements

(Fig. 5). Our results indicate that barbaloin is able to

produce an effect identical to that one observed for this

phospholipid at low ionic strength. These conditions facil-

itate the formation of lipid structures with high viscosity

and curvature due to a lack of cations to stabilize their

negatively charged polar groups. This fact leads us to

suggest that barbaloin may establish strong molecular

interactions with phosphatidylglycerol polar head groups,

probably through hydrogen bonding, then shifting Naþ

ions from the membrane surface. This hypothesis is sup-

ported by the fact that the behavior shown by DMPG/

barbaloin dispersions was reversed by high NaCl concen-

trations, i.e. 500 mM NaCl or low pH values (pH 5.5), at

which DMPG phosphate group was protonated (data not

shown), conditions in which gel–fluid structures are also

abolished in DMPG vesicles [44].

Leakage experiments yielded that perturbation of phos-

pholipid membranes by anthraquinones showed specificity

based on its polar head group. Emodin produced leakage

on model membranes composed of phospholipids bearing

the same acyl chain composition only when PE was present

at a high percentage (�50%), probably through its capacity

to destabilize membranes by the formation of inverted

hexagonal-HII phases as it was proven through DSC. This

specificity for producing leakage on phosphatidylethano-

lamine containing membranes has been previously

observed for other antibacterial compounds such as gal-

loylated catechins [39]. Considering that phosphatidy-

lethanolamine is the major lipid of the bacterial

membrane (as high as 70% of the total phospholipid)

[52], the latter effect may account for the antibacterial

activity of emodin at least at the membrane level. Never-

theless, other effects on bacterial metabolism cannot be

discarded since emodin might be able to easily cross

membranes. On the other hand, barbaloin produced a

higher level of leakage on E. coli membranes than emodin

at concentrations of 10 mol% (Fig. 7C). This result was in

agreement with those obtained in Fig. 7B, since barbaloin

yielded an important leakage when PE was present, but it

also produced a significant leakage in the presence of PG,

probably involving the promotion of gel–fluid phases, as

Table 1

VHSV microinfectivity in EPC cell cultures measured 24 h post-infection after different treatments with anthraquinone-loaded EYPC liposomes

Antiviral treatmenta Time of treatment (hours)

Pre-incubation

(t ¼ �2)

Infection

(t ¼ 0)

Post-infection

(t ¼ 2)

Post-infection

(t ¼ 8)

Cells treatment þ
infection (t ¼ 2)

25% Barbaloin/EYPC 55.11 � 3.98 56.95 � 2.26 44.71 � 2.19 75.0 � 9.60 92.0 � 11.01

25% Emodin/EYPC 6.20 � 4.38 7.56 � 4.02 0 0 0

a EYPC liposomes containing emodin or barbaloin, at indicated concentrations, were either pre-incubated with VHSV (200 ffu per well of VHSV in

100 ml of medium at 4 8C) for 2 h prior to infection of EPC cell monolayers, added simultaneously at the time of infection (t ¼ 0), or added 2 or 8 h post-

infection. Alternatively cells were incubated for 2 h and then VHSV-infected. A washing step was included after every treatment. Foci were quantified 24 h

post-infection. Results are presented as the percentage of infectivity in the control calculated by the formula: [(number of foci in the presence of compounds/

total number of foci in the absence of compounds) 
 100]. The data are expressed as the mean � S.E. of three independent experiments performed in

triplicate.
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demonstrated through DSC and light scattering. These

results indicate that it might exist an additive effect of

barbaloin on these two phospholipids to account for its

capability to perturb E. coli membranes. In order to explain

the antibacterial activity of anthraquinones, it must also be

considered that bacterial membranes contain significant

amounts of negatively charged phospholipids such as

phosphatidylglycerol and cardiolipin (up to 40 and 5%,

respectively) [53], then the effect on these phospholipids

could also account for the antibacterial effect of barbaloin,

either affecting membrane stability or through the mod-

ulation of bacterial membrane proteins activity. In fact, the

activity of several membrane-related bacterial enzymes,

i.e. signal peptidases, ion channels and K(þ)-translocating

Kdp kinases is highly dependent on phosphatidylethano-

lamine and negatively charged phospholipids such as

phosphatidylglycerol or cardiolipin [54,55]. The effect

of emodin in DMPG membranes was rather different

(Fig. 4) and consisted in a drastic lipid phase separation

phenomenon. No gel–fluid phases seemed to occur in the

presence of emodin as concluded from light scattering

measurements (Fig. 5). We must state that although the

abovementioned effects of emodin and barbaloin on phos-

phatidylethanolamine or phosphatidylglycerol membranes

have been shown in vitro, these have a biological trans-

cendence since a segregation of these phospholipids into

different domains has been recently proven for E. coli

membranes, showing a proteo-lipid domain being enriched

by phosphatidylethanolamine [56].

One of the main findings of the present work is that both

anthraquinones showed antimicrobial activity (antiviral or

antibacterial) in the studied systems only when they were

incorporated into phospholipid model membranes as a

vehicle. This fact could have its explanation based on their

relative low solubility in aqueous solutions, although bar-

baloin presented higher solubility than emodin. Emodin or

barbaloin, completely solubilized in aqueous solutions at

concentrations of 15 or 130 mM, respectively, did not show

antimicrobial activity, whereas similar concentrations of

these compounds incorporated into liposomes exhibited

important antibacterial or antiviral activities.

Regarding the antiviral activity, the higher efficacy of

these compounds into the liposomal system must be related

to their higher capacity to physically contact viral or cell

membranes. Although emodin and barbaloin showed simi-

lar antibacterial capacity, the antiviral capacity exhibited

by emodin in our system was much higher. In this work it

has been demonstrated that both anthraquinones induce

dramatic changes in phospholipid membranes although

they seem to reside at different locations and exhibit

different affinity for membranes. These membrane effects

may contribute to the antiviral capacity of both compounds

against VHSV through their incorporation into the viral

envelope, as it has been shown for aloe-emodin against

several enveloped viruses [23], promoting disruption of the

viral membrane. Furthermore, the stronger antiviral capa-

city of emodin could also be based on its ability to inhibit

phosphorylation of proteins which are essential for viral

life cycle through CK2 inhibition [17]. This would explain

why emodin was a very effective antiviral in all treatments,

especially when added post-infection or preincubated with

cells (Table 1). This assumption would also explicate the

higher capacity of barbaloin when preincubated with the

virus or in the early stages of the viral cycle (VHSH

replication cycle is approximately 6 h), by directly per-

turbing viral membrane. It might also explicate the lower

antiviral capacity of this compound at 2 or 8 h post-

infection or when cells were preincubated with barbaloin,

because of its lower capacity to be transferred and stay into

the cell membrane after the washing step. The higher

hydrophobicity of emodin would also contribute to its

higher capacity of inhibiting VHSV infectivity through

its accumulation in cell membranes after the washing step

previous to the infection, as it has been shown for other

hydrophobic antivirals [24,57]. Remarkably, emodin must

be considered as a virucidal agent since it showed total

inhibition against VHSV virus infectivity when added 8 h

post-infection (Table 1).

A consideration to take into account regarding the

antimicrobial and therapeutic activities of barbaloin (aloin

A) is related to its bioavailability. It has been well-estab-

lished that barbaloin can be partially metabolized to

aloe-emodin or aloe-emodin anthrone either by intestinal

bacteria [5,58] or in cultured fibroblasts [59]. Therefore,

reasonable doubts may arise about whether the antimicro-

bial activity of barbaloin might be due to the compound

itself or to its conversion into aloe-emodin. In our in vitro

systems no transformation of barbaloin into aloe-emodin

was observed neither in the VHSV-EPC cells system nor in

the E. coli system (data not shown for briefness), therefore

barbaloin antimicrobial activity must be assigned to the

compound itself.

In summary, our results indicated that emodin and

barbaloin affect dramatically phospholipids membranes

and may be responsible for remarkable changes in mem-

brane physical properties. These alterations might consist

in changes of the lipid/water interface in negatively

charged phospholipids (barbaloin) and perturbations of

the core of the bilayer (emodin and barbaloin). Such a

diversity of biological effects attributed to 1,8-dihydrox-

yanthraquinones, i.e. antimicrobial, anticarcinogenic, anti-

inflammatory, laxative, vasorelaxant, etc. may be also

related to their capacity of modulating membrane physical

properties. There are many examples of anthraquinones

affecting the activity of membrane-related enzymes or

processes such as Ca2þ signaling [60], active sodium

transport [6], release of inflammatory mediators [61] or

platelet-activating factor release into intestine mucose

[62]. Furthermore, there are several examples of mem-

brane-related processes regulated by negatively charged

phospholipids such as modulation of G-protein-coupled

receptors [63], autoimmune diseases, atherosclerosis, and
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inflammatory processes [64] or cell signalling, tumorigen-

esis and inflammation mediated by phospholipase A2 [65].

Some compounds or drugs, as those shown in this work,

show a superior therapeutic effect when vehiculized in

liposomes as a delivery system due either to a prolonged

residence time of the substance, or to a release of the

compound at its target site, or to specific interaction

(fusion) with its target [66]. This strategy may suppose

an important alternative to increase the efficacy of natural

anthraquinones for the treatment of microbial infections or

other therapeutic applications.
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