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Abstract:

The effects of 14 �-carbolines on human platelet aggregability were comparatively studied, and the effects on lipid membranes were

determined. Several �-carbolines inhibited platelet aggregation induced by collagen, epinephrine, adenosine 5’-diphosphate,

platelet-activating factor and thrombin. This activity was structure-dependent. Of all the compounds examined, 1-methyl-1,2,3,4-

tetrahydro-�-carboline was the most potent. Treatment with 15–177 µM 1-methyl-1,2,3,4-tetrahydro-�-carboline inhibited the ag-

gregation responses to different stimulants by up to 50%. Its potency was comparable to or greater than that of the antiplatelet refer-

ence, aspirin. The next most effective compound was 1-methyl-3,4-dihydro-�-carboline. The structure-antiplatelet activity

relationship indicated that this activity is reduced by oxidation to 1-methyl-�-carboline, by demethylation to 1,2,3,4-tetrahy-

dro-�-carboline and by 6-hydroxylation, 7-hydroxylation and 3-carboxylation. Active 1-methyl-1,2,3,4-tetrahydro-�-carboline flui-

dized biomimetic membranes at 25–250 µM which corresponded to the antiaggregatory concentrations, although relatively inactive

6-hydroxy-1-methyl-1,2,3,4-tetrahydro-�-carboline showed no significant effects on the membranes. �-Carbolines are considered

to be effective antiplatelet agents that inhibit human platelet aggregation by interacting with lipid membranes to modify fluidity.
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Abbreviations: ADP – adenosine 5’-diphosphate, ANS – 1-

anilinonaphthalene-8-sulfonic acid, AUC – area under curve of

aggregation response, DMSO – dimethyl sulfoxide, IC�� – 50%

inhibitory concentration, PAF – platelet-activating factor, PNA

– N-phenyl-1-naphthylamine, POPC – 1-palmitoyl-2-oleoyl-

phosphatidylcholine, PPP – platelet-poor plasma, PRP – platelet-

rich plasma, % T – percent light transmission, Tmax – maximal

% T of aggregation response

Introduction

Indoleamines and indole amino acids condense with

aldehydes or �-keto acids by the so-called Pictet-

Spengler reaction to produce a series of �-carbolines

with the common tricyclic pyrido[3,4-b]indole struc-

ture. �-Carbolines were originally isolated from Peganum

harmala, which is currently used as a traditional

herbal drug [2]. P. harmala plant has been presumed

to be used for ancient entheogen preparations because

of the neuropsychoactive properties of its harmala

�-carboline alkaloids. Plants containing �-carboline

alkaloids were also used as hallucinogenic beverages

or snuffs. Ayahuasca, a tea made from Banisteriopsis

caapi and Psychotria viridis, has been used by indige-

nous people in Brazil, Ecuador and Peru for medicinal,

spiritual and cultural purposes since pre-Columbian

times. The globalization of the use of such a hallu-

cinogenic ayahuasca containing �-carboline ingredi-

ents has occurred over recent decades [25]. From the

historical and ethnopharmacological backgrounds,

previous studies of �-carbolines have been exclu-
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sively focused on their effects on nervous systems to-

gether with the pathogenic relevance to neurological

diseases like tremor, addiction and Parkinson’s disease

[2, 6]. A variety of �-carbolines structure-dependently

show high affinities for benzodiazepine, dopamine,

serotonin and imidazoline receptors, the inhibition of

serotonin reuptake, the inhibition of monoamineoxi-

dase, etc. [2, 14, 15]. In contrast to these neurophar-

macological activities, their effects on the peripheral

system, especially the vascular system, have not been

fully investigated.

The significant affections on platelet aggregability

are known in peripheral benzodiazepine ligands and

monoamineoxidase inhibitors, which are structurally

related to �-carbolines [5]. �-Carbolines also interact

with enzymes and receptors closely associated with

platelet functions. Since different compounds belong-

ing to the �-carboline class are not only exogenously

supplied through food and beverage consumption but

also endogenously produced under physiological con-

ditions, they are detected in human platelets in sub-

stantial amounts [16], suggesting their influential

roles on platelet functions. The potential effects of

�-carbolines on platelet aggregation have received re-

cent attention [11].

We comparatively studied the inhibitory effects of

14 �-carbolines (see Fig. 1 for their structures) on the

aggregability of human platelets to discuss the structure-

antiplatelet activity relationship. Consequently, structur-

ally definite compounds were found to inhibit platelet

aggregation responses to diverse stimulants, regard-

less of the different mode of aggregation induction,

raising the possibility that a common mechanism(s)

might underlie all of the antiplatelet effects. There-

fore, we addressed one possible antiplatelet mechanism

in light of the interaction with a lipid membranous sys-

tem by comparing the membrane effects of antiplate-

let representatives.

Materials and Methods

Chemicals

�-Carbolines: 1, 2, 4–7 and 3, 8–14 (Fig. 1) were syn-

thesized as reported previously [22, 23] and pur-

chased from Funakoshi (Tokyo, Japan) or Sigma (St.

Louis, MO, USA), respectively. The structure and pu-

rity of the synthetic compounds (1, 2, 4–7) were con-

firmed by mass spectrometric and high-performance

liquid chromatographic analyses [19, 21]. Collagen (MC

Medical, Tokyo, Japan), adenosine 5’-diphosphate (ADP;

MC Medical), epinephrine (Daiichi-Seiyaku, Tokyo,

Japan), platelet-activating factor (PAF; Funakoshi)

and thrombin (Sigma) were used for inducing platelet

aggregation. Aspirin and cholesterol, 1-palmitoyl-2-

oleoylphosphatidylcholine (POPC), and 1-anilino-

naphthalene-8-sulfonic acid (ANS) and N-phenyl-1-

naphthylamine (PNA) were obtained from Wako Pure

Chemicals (Osaka, Japan), Avanti Polar Lipids (Ala-

baster, AL, USA) and Molecular Probes (Eugene, OR,

USA), respectively. Dimethyl sulfoxide (DMSO) of

spectroscopic grade (Kishida, Osaka, Japan) was used

for preparing sample solutions. All other reagents were

of the highest grade commercially available.
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In vitro platelet aggregation assay

The experiments were designed and performed ac-

cording to the guidelines of the Japanese Pharma-

cological Society. Human platelet-rich plasma (PRP)

and platelet-poor plasma (PPP) were prepared with

citrated blood, which was obtained from healthy adult

donors who had not taken any drugs for at least one

month prior, according to the previous method [27].

The platelet count of PRP was adjusted to be 300,000

platelets/µl by diluting PRP with PPP. Both PRP and

PPP were used within 3 h after preparation.

Platelet aggregation was analyzed by a HEMA

Tracer 601 aggregometer (Niko Bioscience, Tokyo,

Japan), which monitored aggregation responses by an

increase of percent light transmission (% T) at 660 nm

as a function of time. PPP and unstimulated PRP were

defined as 100% T and 0% T, respectively. �-Carbo-

lines and aspirin (as an antiplatelet reference) were

dissolved in and diluted with either DMSO or water.

After adjustment of % T to 0, 20 µl of the sample so-

lutions was added to 170 µl of PRP. Vehicle alone was

added to controls. When the sample solutions were

prepared with DMSO, the volume of DMSO was kept

at less than 0.1–1.0% (v/v) of the total volume so as

not to affect platelet aggregability and aggregation in-

ducers. After the treatment of PRP with �-carbolines

for 1 min, platelet aggregation was induced by adding

10 µl of aqueous collagen (50 µg/ml), epinephrine

(40 µg/ml), ADP (60 µM), PAF (5 µM) or thrombin

(5 units/ml). The time at which the inducer was added

was defined as 0 min. A maximal % T of aggregation

response (Tmax), an area under curve of aggregation

response (AUC, from 0 to 5 min) and a single slope of

aggregation response were measured in platelet ag-

gregation induced by collagen, ADP, PAF and throm-

bin [7]. For epinephrine producing the biphasic aggre-

gation responses, first Tmax (at 1 min) and second

Tmax (at 5 min), first AUC (from 0 to 1.5 min) and

second AUC (from 1.5 to 5 min), and first slope (% T

at 45 s) and second slope (% T at 4 min) were meas-

ured. The tested compounds, including aspirin, were

assayed at various concentrations (1–1000 µM). Their

% inhibitions were plotted against their concentra-

tions to prepare concentration-inhibition curves, from

which 50% inhibitory concentration (IC50) values

were calculated [13]. The effects of 8 on aggregation

responses to epinephrine and thrombin were not de-

termined because its vehicle, which consisted of

DMSO, affected both platelet stimulant activities.

Lipid membrane fluidity determination

Biomimetic membranes of the lipid bilayer structure

were prepared with cholesterol (20 mol%) and POPC

(80 mol%) to reflect the major lipids composition of

human platelets by the sonication method [20]. �-Car-

bolines 4 and 5, dissolved in DMSO, were added to

the membrane preparations to give final concentra-

tions of 25–500 µM, followed by incubation at 37°C

for 30 min. DMSO was always less than 0.5% (v/v) of

the total volume so as not to affect the membrane

properties. The membrane effects of 4 and 5 were

compared using the induced changes in membrane

fluidity, which were determined by labeling the mem-

branes with ANS and PNA, and then measuring fluo-

rescence polarization under conditions as reported

previously [20]. The measurements were made with

an RF-540 spectrofluorometer (Shimadzu, Kyoto, Japan)

equipped with a polarizer and a thermo-controlled cell

block set at 37°C. Compared with control values

(treated with vehicle DMSO), the decreases in ANS

and PNA polarization values indicate the increased

fluidity (fluidization) in the hydrophilic outer region

and the hydrophobic inner region of membrane lipid

bilayers, respectively.

Statistical analysis

Results are expressed as the means ± SE, n = 6–8. In

the membrane experiment, data were statistically ana-

lyzed by a one-way ANOVA, followed by a post hoc

Fisher’s PLSD test using the computer statistics pack-

age StatView 5.0 (SAS Institute, Cary, NC, USA);

p values of less than 0.05 were considered statistically

significant.

Results

In vitro antiplatelet activity

�-Carbolines inhibited human platelet aggregation,

with the potency depending on their structures. They

decreased the Tmax and AUC of the aggregation re-

sponses to collagen (Fig. 2) and the first phase aggre-

gation responses to epinephrine (Fig. 3) as well as the

reference, aspirin. Antiplatelet �-carbolines also in-

hibited second phase aggregation induced by epineph-

rine in the same order of relative inhibitory potency as
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the first phase aggregation, but with slightly smaller

IC50 values (data not shown).

�-Carbolines were effective in inhibiting ADP-

(Fig. 4), PAF- (Fig. 5) and thrombin-induced aggrega-

tion (Fig. 6), as shown by the IC50s for Tmax and

AUC. However, aspirin showed no significant effects

at the tested concentrations.

Of all the tested �-carbolines, 4 showed the strong-

est inhibitory effect on human platelet aggregation by

five different inducers, followed by 9, 10, 8, 1, 13 and

14, and its IC50s ranged from 15 to 177 µM. It pro-

duced some decrease in Tmax and AUC for all aggre-

gation responses at 10 µM levels. The parent struc-

tures 4, 8 and 12 were more potent than their respec-

tive derivatives. On the whole, �-carbolines with

a methyl group at the 1-position showed the greatest

relative potency, with the order being 4 > 9 > 10 > 13

> 14 � 8 � 6 � 5 > 12 > 7. Those without a methyl

group showed the following order: 1> 3 > 2 > 11. The

antiaggregatory effects of 4 were remarkably reduced

by hydroxylation as in 5 and 6.

Antiplatelet �-carbolines also decreased the slopes

of the aggregation responses to collagen and epineph-

rine, although their IC50 values were much larger than

those recorded in both Tmax and AUC (data not

shown). However, antiplatelet �-carbolines showed

no significant effects on ADP-, PAF- and thrombin-

induced aggregation slopes at 500–1000 µM.

Lipid membrane fluidity

Antiplatelet 4 and relatively inactive 5 interacted differ-

ently with biomimetic membranes (Fig. 7). The former

significantly fluidized the membranes at 25–250 µM

by acting on superficial and deeper regions of lipid bi-

layers, as shown by ANS and PNA polarization de-

creases. However, the latter was either not effective at

all or much less effective in decreasing the membrane

fluidity.

Discussion

A series of �-carbolines have been shown to affect the

aggregation responses of human platelets to five dif-

ferent stimulants with a structure-dependent potency.

The basic structure of 1,2,3,4-tetrahydro-�-carboline

is more potent than that of �-carboline. When com-

paring 1-methylated structures without any substitu-

ents at the 2-, 3-, 6- or 7-position, 1-methyl-1,2,3,4-

tetrahydro-�-carboline (4) is most inhibitory against

all aggregation responses, followed by 1-methyl-3,4-

dihydro-�-carboline (8) and 1-methyl-�-carboline (12).

Reduction of the pyridine moiety and methylation at

the 1-position are considered as the determinants for

the antiaggregatory effects of �-carbolines. The anti-

platelet activities of �-carbolines meeting such structural

requirements are significantly reduced by 6-hydroxylation

(5), 7-hydroxylation (6) and 3-carboxylation (7).

Although the rank order of aggregation inhibition

is consistent with previous studies, the antiaggrega-

tory characteristics obtained and relative potencies of

the �-carbolines are different from those reported by

Im et al. [11]. In comparison to the antiplatelet effects

of six �-carbolines (9, 10, 11, 12, 13 and 14) from P.

harmala, the authors found that three of them, namely

12, 14 and 13, inhibited only collagen-induced plate-

let aggregation with an IC50 of 114 µM, 133 µM and

200 µM, respectively; however, the other three (9, 10

and 11) were not effective at 200 µM. However, such

active compounds did not inhibit thrombin-induced

platelet aggregation. Based on these findings, they

concluded that �-carbolines selectively inhibit the

collagen-induced signaling transduction of platelets.

The discrepancy in comparative antiaggregatory ef-

fects is attributable to differences in experimental sys-

tems and platelet preparations, which were prepared

from humans in this study but from rabbits in the

study of Im et al. [11].

The antiplatelet activities of �-carbolines, espe-

cially of 4 and 9, have been revealed to be almost

comparable to, or slightly less than, that of the refer-

ence aspirin in terms of aggregation responses to col-

lagen and epinephrine. �-Carbolines 4, 8 and 9 are more

effective in inhibiting ADP-, PAF- and thrombin-induced

platelet aggregation, which were not effectively inhib-

ited by aspirin similarly to previous studies [9, 13].

The �-carboline structure appears to act as an anti-

platelet agent with pharmacological spectra and

mechanisms different from those of aspirin.

With respect to the antiplatelet mechanism, Im et

al. [11] speculated that the effects of �-carbolines

might be mediated by the inhibition of phospholipase

C�2 and protein tyrosine phosphorylation with the se-

quential suppression of cytosolic calcium mobiliza-

tion and arachidonic acid liberation. However, their

mechanism seems to be confined to the collagen-

induced platelet aggregation system. In this study, an-
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tiplatelet �-carbolines affected all aggregation re-

sponses to collagen, epinephrine, ADP, PAF and

thrombin. The diversity in platelet stimulants raises

the possibility that a common mechanism may un-

derlie the antiaggregatory effects in addition to the

modes of action on specific receptors and enzymes of

platelets. Membrane fluidity modulates platelet ag-

gregability [26]. Membrane-active agents are known

to inhibit platelet aggregation by altering the physico-

chemical properties of platelet plasma membranes [4,

17]. Therefore, representative �-carbolines (4 and 5)

with different antiplatelet activity were compared re-

garding their membrane effects, in order to identify

the underlying mechanism. For this purpose, liposo-

mal membranes were used to avoid the influence of

membranous proteins and focus on the interaction

with lipid bilayers. Since human platelets consist of

cholesterol and phospholipids containing 1-saturated

and 2-unsaturated fatty acid side-chains, biomimetic

membranes were prepared with 20 mol% cholesterol

and 80 mol% POPC. Active 4 was proved to interact

with biomembranes and increase fluidity at 25–250 µM,

which corresponds to antiaggregatory concentrations.

In contrast, the relatively inactive 5 induced no sig-

nificant membrane fluidization. The difference in

membrane interactivity between 4 and 5 reflects their

relative levels of antiaggregatory activity. Midazolam

and ketamine inhibit collagen- and thrombin-induced

platelet aggregation by directly acting on platelet

membranes to change fluidity [3, 17]. Physicochemi-

cal property changes in platelet membranes lead to the

inhibition of membrane-bound or membrane-embedded

enzymes and receptors. As in membrane-acting anti-

platelet drugs, the interaction with lipid membranes to

modify fluidity is considered to be responsible for the

antiaggregatory effects of �-carbolines. Such a non-

specific mechanism would cooperate with the specific

action on platelet enzymes and receptors.

A variety of �-carbolines widely occur in edible

plants, plant foods and plant-derived foodstuffs [10].

They are present at high concentrations in alcoholic

beverages, fermented products, cooked foods and to-

bacco smoke because their production is promoted by

fermentation, storage and processing conditions [14].

The concentrations of representative �-carbolines,

which have been shown to reduce platelet aggregabil-

ity, were previously determined in foods, beverages

and seasonings and were as follows: ~280 µM or ~4.7

nmol/g for 4, ~4.8 µM or ~1.3 nmol/g for 1, ~1.8 µM or

~56 nmol/g for 12 and ~8.5 µM or ~9.2 nmol/g for 13

[10]. Tobacco smoke is an important source of �-carb-

olines, which are contained in the mainstream of ciga-

rette smoke (~25.0 nmol/cigarette for 12 and ~12.1

nmol/cigarette for 13), as well as in the sidestream

(~53.5 nmol/cigarette for 12 and ~16.5 nmol/cigarette

for 13) [14]. �-Carbolines are easily distributed in

body fluids and tissues after dietary ingestion, smok-

ing and experimental administration, and their in vivo

concentrations are elevated through eating, drinking

and smoking behaviors [1, 24]. The plasma levels of

�-carbolines are remarkably increased by tobacco

smoking and their concentrations in platelets are

70–90 times higher than those in plasma, indicating

that �-carbolines are concentrated in platelets [1, 18].

While �-carbolines increasingly change in the human

body when individuals drink alcoholic beverages or

smoke cigarettes, alcoholism and smoking behavior

are associated with abnormal platelet function. Plate-

let aggregability to collagen, epinephrine, ADP and

thrombin is reduced in alcoholics and by alcohol in-

gestion [12]. Habitual smoking reduces platelet ag-

gregability [8]. These phenomena may epidemiologi-

cally support the antiplatelet effects of �-carbolines,

which potentially cause the hypoaggregability of

platelets.

In conclusion, �-carbolines are able to decrease the

platelet aggregation responses to different stimulants.

The structure-activity relationship indicates that the

1-methyl-1,2,3,4-tetrahydro structure leads to the po-

tent antiaggregatory effect, which is comparable to or

greater than that of aspirin. The interaction with plate-

let plasma membranes to modify fluidity appears to

be involved in the antiplatelet mechanism.
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