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Abstract

Leaf, fruit, stem, bark and root of Zanthoxylum americanum were investigated for antifungal activity with 11 strains
of fungi representing diverse opportunistic and systemic pathogens, including Candida albicans, Cryptococcus

neoformans and Aspergillus fumigatus. All extracts demonstrated a broad spectrum of antifungal activity and inhibited
at least eight fungal species in a disk diffusion assay (600 mg/disk). Antifungal activity was light-dependent, with
fruit and leaf extracts most active in general. The presence of light-mediated compounds, such as psoralen, 8-
methoxypsoralen and imperatorin in extracts of different organs was confirmed by RP-HPLC. A high furanocoumarin
content was detected in fruit and leaf and low furanocoumarin levels were found in bark and wood. A high positive
correlation was observed between total furanocoumarin content and fungal inhibition zones (r2 ¼ 0.902, po0.001).
The results provide a phytochemical basis for the very widespread use of Z. americanum in indigenous North American
ethnomedical tradition for conditions that may be related to fungal infections.
r 2004 Elsevier GmbH. All rights reserved.
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Introduction

Northern prickly ash, Zanthoxylum americanum Mill.,
is a well known member of the Rutaceae, and prominent
in the Canadian First Nations’ and Native Americans’
pharmacopoeia. This woody shrub is common in rocky
woods and thickets and along streams from Virginia to
Mississippi and northward to Ontario and Quebec in
eastern North America (Erichsen-Brown, 1979; Felter
and Lloyd, 1983). Traditional ethnomedicinal prepara-
tions of Northern prickly ash utilize all parts of the plant,
e front matter r 2004 Elsevier GmbH. All rights reserved.
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with the roots, wood, bark and berries used predomi-
nately to treat rheumatic conditions, toothaches, sore
throats and burns, and as a tonic for various ailments
(Moerman, 1998). Notably, Z. americanum preparations
have been used by both traditional healers (Table 1) and
herbalists for the treatment of upper respiratory, skin and
urogenital infections that may be associated with fungal
infections (Erichsen-Brown, 1979; Moerman, 1998).

Despite the extensive and widespread use by First
Nation and Native Americans of prickly ash, which
ranks among the most important phytomedicines
utilized by indigenous traditional healers, there have
been only limited attempts to explore its pharmacolo-
gical properties in relation to its medicinal uses. Saqib
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Table 1. Traditional medicinal preparations from Z. americanum plant parts by First Nations groups to remedy afflictions

potentially involving fungal pathogens

Condition Preparation and part used Form of administrationa Group

Bronchial disease/congestion Infusion of ripe berries E: sprayed on chest/throat Menominee; Ojibwa

Burns Pulverized root E: root powder applied to area Comanche

Cough Decoction of bark amd berries I: taken as a syrup Meskwaki

Infusion of bark I: drunk as tea Chippewa

Itchy skin Decoction of bark E: wash for itchy area Alabama

Infusion of inner bark E: rubbed on itchy area Alabama

Pulmonary trouble Infusion of the bark I: taken orally Chippewa

Ulcerated throat Decoction of root I: gargle/drunk Chippewa

Infusion of berries I: drunk as tea Ojibwa

Inner bark I: placed in throat Comanche

Wounds/skin sores Infusion of ripe berries E: sprayed onto sore Menominee

Data compiled from Erichsen-Brown (1979) and Moerman (1998).
aE, external use; I, internal use.
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et al. (1990) demonstrated that extracts from the aromatic
fresh berries of Z. americanum showed significant toxicity
to brine shrimp larvae and were cytotoxic to human
tumor cells. Using bioassay-guided toxicity assays, these
researchers identified five furanocoumarins in the berries:
isoimperatorin, cnidilin, imperatorin, psoralen and
xanthotoxin. More recently, four pyranocoumarins and
two lignans from the stem and root bark were shown to
inhibit DNA synthesis in human HL-60 leukemia cells
(Ju et al., 2001). Nonetheless, antifungal activities in Z.

americanum extracts have yet to be investigated.
Research on plants used traditionally for the treat-

ment of systemic and topical infections has shown that
many inhibit the growth of a wide range of microorgan-
isms. Such plants may contain antiparasitic, antifungal,
antibacterial and/or antihistamine compounds (Jones et
al., 2000; Omar et al., 2000; Islam et al., 2001; Ficker et
al., 2003). Some of these traditionally used plants may
lead to development of new antifungal agents which are
in increasing demand due to resistance to conventional
drugs (White et al., 1998; Alexander and Perfect, 1997).
It is also important to document the phytochemical and
pharmacological bases of traditional treatments to
evaluate their efficacy and safety and to document the
biological activity of the species. This study investigated
whether Z. americanum plant extracts have the potential
to inhibit the growth of a broad range of clinical
pathogenic fungi. The hypothesis that the level of
antifungal activity of Z. americanum plant parts and
extracts is dependent on phytochemical content, quan-
tified by HPLC in different plant parts, was also tested.

Materials and methods

Plant material and extract preparation

Plant samples of Z. americanum were harvested
during the summers of 2000 and 2001 from several wild
shrubs growing in eastern and northern Ontario,
Canada. Voucher specimens are retained at the Uni-
versity of Ottawa Herbarium, Ottawa, Canada. Fresh
leaves and fruit were separated and ground in a blender
with 95% ethanol. Wood, bark, root, husk and seed
were dried at room temperature and milled to o1mm in
Thomas–Wiley Laboratory Mill (model 4, Arthur H.
Thomas Co., PA, USA) prior to extraction with 95%
ethanol. Plant material to solvent ratio was approxi-
mately 1 g (DW) to 9ml ethanol. Following sonication
and vacuum filtration of the suspension through a
Buchner funnel and Whatman filter paper #1 (Maid-
stone, UK), the crude alcohol extract was rotoevapo-
rated at 50 1C to near dryness and stored at 7 1C until
use in disk diffusion bioassays. Bioassays were also
carried out with fractionated extracts for selected plant
parts. Each plant part was extracted sequentially with
solvents of increasing polarity, from hexane through
ethyl acetate and methanol to water, and rotoevapo-
rated as described above.
Fungal cultures

Saccharomyces cerevisiae strain S288C (Ontario Can-
cer Institute, Toronto, ON) was used to validate
antifungal bioassays, to evaluate the antifungal activity
of extracts from different plant parts and to determine
Minimum Inhibitory Concentrations (MICs) of selected
furanocoumarins. Additional fungal strains used are
all opportunistic pathogens of humans, and were
selected to represent diverse fungal taxonomic
groups and growth forms (Table 2). Unless otherwise
noted, all fungi were grown on Sabouraud’s dextrose
agar medium (Difco, Detroit MI) at 30 1C. Manipula-
tion of fungal cultures was done in a biohazard
level II laminar flow hood (BioKlone 2, Microzone,
Ottawa, ON).
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Table 2. Clinical fungal isolates used to evaluate the antifungal activity of Z. americanum extracts

Growth form/fungal species Phylum Sourcea Infection typesb

Filamentous

Alternaria alternata (Fries) Keissler Ascomycota OMH-FR9884 Sinusitis, cutaneous and

subcutaneous infections

Aspergillus fumigatus Fresenius Ascomycota OMH-FR2837 Opportunistic, mucosal, respiratory,

subcutaneous infections

Fusarium oxysporum Schechtendahl Ascomycota OMH-FR6448 Opportunistic, keratomycosis and

subcutaneous infection

Microsporum gypseum (Bodin)

Guiart et Grigorakis

Ascomycota OMH-FR2385 Cutaneous, Tinea pedis (athletes

foot), Tinea corporis (smooth skin)

Pseudallescheria boydii (Shear)

McGinnis et al.

Ascomycota OMH-FR2625 Sinusitis, CNS colonizer, infections

of the respiratory tract

Rhizopus sp. Zygomycota OMH-FR2874 Opportunistic, invasion of tissue and

surrounding vessels

Trichophyton mentagrophytes

McGinnis (Robin) Blanchard

Ascomycota OMH-T2379 Tinea pedis (athletes foot), Tinea

corporis (trunk, arms, legs)

Yeast-like

Candida albicans (Robin) Berkhout Ascomycota OGH-308-1329 Opportunistic, cutaneous,

mucocutaneous or systemic infections

Cryptococcus neoformans (Sanfelice)

Vuillemin

Basidiomycota OMH-FR2704 Opportunistic, systemic

Wangiella dermatitidis (Kano)

McGinnis

Ascomycota OMH-FR2236 Can act as a dermotropic and

neurotropic pathogen

aOMH, Ontario Ministry of Health, Toronto, ON; OGH, Ottawa General Hospital, Ottawa, ON.
bLaskin and Lechevalier, 1973; Ficker, 2001.
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Assay for antifungal activity

Disk diffusion assays were performed as described by
Ficker et al. (2003) with minor modifications. For yeast-like
fungi, overnight cultures grown in Sabouraud’s dextrose
liquid medium were adjusted to an optical density of �0.6
at 600nm for inoculation of agar plates. For filamentous
fungi, inoculum was prepared by excision of a circular plug
(7mm diameter) containing actively growing mycelium
which was transferred to 10ml of sterile, deionized water
and fragmented for three 30 s cycles in a water-cooled
Waring blender. A volume of 100ml of the fungal cell
suspension was pipetted onto Sabouraud’s dextrose agar
plates and allotted uniformly using a sterile bent glass rod.

Extract solutions were prepared by dissolving 120mg
of dried extract in 10ml of 95% ethanol. Sterile filter
disks (7mm diameter, Whatman #1) were impregnated
with 600mg extract (50ml of extract solution) and allowed
to air dry, prior to being placed on the inoculated Petri
plates (4 disks per plate). For dark treatments, Petri
dishes were sealed with parafilm, wrapped in aluminum
foil and incubated at 30 1C. Because rutaceous plants
often produce pro-oxidant or phototoxic phytochemicals
(Asthana et al., 1993), the contribution of phototoxicity
was examined. To determine ultraviolet light effects,
plates were irradiated with near-UV light (10W/m2 from
four 20W black light blue tubes, 320–400 nm range) for
2 h, then wrapped in aluminum foil and incubated at
30 1C in the dark before examination. As a positive
control, four filter disks were each impregnated with
600mg of the photosensitizing agent 8-methoxypsoralen
(8-MOP) (Sigma-Aldrich, St. Louis, MO, USA) and
evaluated with and without UV exposure. Similarly, a
negative (vehicle) control was made by applying 50ml of
95% ethanol to disks and allowing evaporation of solvent
prior to placement on inoculated plates.

Following an incubation period of 48h, plates were re-
moved from the incubator and antifungal activity was
evaluated according to the method of Binns et al. (2000) by
quantifying zones of inhibition of fungal growth. Clear
zones within which fungal growth was absent were meas-
ured in millimeters as the shortest distance from the outer
edge of the filter disk to the edge of visible fungal growth.
Minimum inhibitory concentration (MIC)

determinations

MIC values for 8-MOP, 5-MOP, psoralen, and
imperatorin were determined using standard methods
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(Rex et al., 2001) with S. cerevisiae S288C. Mid-log
cultures were diluted to �1000 cells/ml in YPD medium
(1% Bacto-yeast extract, 2% Bacto-peptone, 2%
dextrose) and 100 ml were added to each well of a 96-
well microtiter plate (Corning, Acton, MA, USA). A
5.0mM stock of each furanocoumarin was prepared in
absolute ethanol and used to establish a dilution series
across the microtiter plates, with the highest concentra-
tion set at 40 mM. Microtiter plates were parafilmed and
incubated stationary for 24 h at 30 1C. MICs were
recorded as the concentration at which there was �80%
reduction in fungal growth in comparison to wells with
no inhibitor present, as determined by optical density
readings of cell suspensions (OD600, Spectra Max
340PC, Molecular Devices, Sunnyvale CA).
High-performance liquid chromatography

In order to test whether antifungal activity of Z.

americanum extracts was quantitatively related to furano-
coumarin content, HPLC analyses of extracts used in the
antifungal assay were conducted in duplicate. The
respective extracts (3–7mg) were reconstituted into 1ml
of 80% ethanol, filtered (Chromospec 0.2mm PTFE), and
700ml of the filtrate removed and added to 700ml of 80%
ethanol. Determination of furanocoumarins in extracts
was accomplished by injecting 5-ml samples on a reversed-
phase C-18 column (LiChrospher 125� 4-mm internal
diameter, 5-mm particle size) fitted with a guard column
(4� 4-mm i.d., 5-mm particle size). Separation was
achieved using a solvent system of H2O, sodium dihydro-
gen ortho-phosphate monobasic buffer (NaH2PO4 �H2O)
and acetonitrile (MeCN), at a flow rate of 1.0ml/min. A
linear gradient of 20–50% MeCN over 20min, 50–55%
for the following 10min with buffer held constant at 10%
throughout the 30-min run time. Compounds were
monitored simultaneously at 200–400, 310, 335nm and
identified by comparison with reference standards at
225nm. The furanocoumarins used as standards in this
study were obtained from the following sources: 8-MOP,
5-MOP and psoralen, (Sigma-Aldrich, St. Louis, MO,
USA), angelicin, isopimpinellin and imperatorin (Indofine
Chemical Company, Inc., NJ, USA).
Statistical design and analyses

Mean zone of inhibition radius (n ¼ 4) along with
standard deviation was calculated for each fungal strain
and Z. americanum extract combination. In the event
that ANOVA results showed significant differences
among extracts tested against the same fungal organism,
a matrix of pairwise comparison probabilities based on
the Bonferroni Adjustment method was used to conduct
multiple comparisons and determine where differences
existed. The relationship between total furanocoumarin
content in plant extracts and toxicity to fungi was
examined using a linear regression. The zone of
clearance (measured as the distance from the outer edge
of the filter disk to the edge of visible fungal growth) is
more accurately described as an area of inhibition,
calculated as pr2; where r is the zone of inhibition plus
the radius of the filter disk (3.5mm). Recognizing this,
the log-transformed area of inhibition was regressed on
the log transformed total furanocoumarin content. All
statistical analyses were performed using SYSTAT 10.1
(SPSS Corp., Chicago, IL, USA).
Results

Results of antifungal assays

Table 3 summarizes the inhibitory activity of extracts
from Z. americanum plant parts and 8-MOP (600 mg/
disk) against strains representing 10 fungal species. Plant
extracts are arranged in the table with those having the
highest (top) to lowest (bottom) antifungal activity,
based on the number of species inhibited and the mean
size of the inhibition zones across all fungal species.
Extracts from each of the six plant parts tested
demonstrated antifungal activity with at least eight of
the 11 fungal strains tested. Husk and fruit extracts were
the most effective inhibitors of fungal growth, consis-
tently resulting in large zones of clearance that were
superior or equal to that of 600 mg/disk of 8-MOP.
Fruit, husk and leaf extracts demonstrated the broadest
spectrum of antifungal activity, inhibiting all fungal
strains tested. Inhibition zones were evident up to at
least 48 h, when the experiments were terminated, for all
strains except the Rhizopus sp. Although all extracts
produced zones of inhibition with the Rhizopus sp.
strain after 24 h, the inhibition zones were not evident at
48 h, establishing this species as the most resilient to
growth inhibition by Z. americanum extracts. The fast
growth rate of Rhizopus species may account for the
ability of this strain to overcome the tested extracts.
Interestingly, the Aspergillus fumigatus strain examined
was the most susceptible to inhibition by fruit, leaf and
husk extracts. This robust strain was previously found
to be resistant to antifungal agents in extracts from a
wide variety of tropical and temperate plant species
(Ficker et al., 2003). A. fumigatus causes a number of
diseases in humans, including pneumonia and brain
abscesses, aspergilloma (colonization of existing pul-
monary cavities), allergic bronchopulmonary and sinus
and postoperative infections in immunocompetent
patients (Singleton and Sainsbury, 1987).

In all trials, significant inhibition of fungi occurred
following near-UV exposure. The only cases of conven-
tional antifungal activity (i.e., without UV irradiation)
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Table 3. Growth inhibition of fungi by extracts following UV light exposure in disk diffusion assays—Mean radiusa (mm7S.D.,

n ¼ 4) of growth inhibition zones for fungal speciesb

Extract Yeast-like fungi Filamentous fungi

C.a. C.n. S.c. W.d. A.a. A.f. F.o. M.g. P.b. R.sp.

Husk 4.570.6a 3.870.5a 2.870.5bc 5.870.5a 6.870.5a 13.571.3a 6.571.0a 9.071.2a 7.570.6a 2.070.8a

Fruit 2.570.6b 4.070.8a 2.570.6bc 5.570.6a 6.371.0ab 12.570.6a 4.870.5b 7.071.4ab 6.570.6ab 0.870.5ab

Leaf 2.370.5b 2.370.5b 5.570.6a 4.370.5b 4.570.6bc 9.371.0b 3.070.8c 4.870.5cd 5.370.5bc 1.070.8ab

Seed 2.370.5b 0c 3.870.5ab 3.370.5bc 4.870.5bc 5.870.5c 3.570.6bc 4.870.5cd 4.570.6cd 1.070.8ab

Wood 0.871.0c 0.570.6c 1.871.3c 2.570.5c 3.370.5c 0d 2.870.5c 3.570.6d 3.870.5d 0.370.5b

Stem7bark 0c 0.870.5c 0d 3.570.6bc 2.870.5c 0d 0.570.6d 4.870.5cd 3.870.5d 0.370.5b

8-MOP 2.570.6b 2.370.5b 4.570.6a 3.070.0c 5.870.5ab 10.370.5b 4.870.5b 6.371.0bc 5.570.6bc 1.070.8ab

aRadius taken at 48 h after inoculation as distance from edge of filter disk to fungal growth. For R. sp. inhibition was determined at 24 h

(obliterated after 48 h). Within fungal strain comparisons, values followed by different letters, a, b, c or d, are significantly different.
bAbbreviations for fungi: C.a. ¼ Candida albicans; C.n. ¼ Cryptococcus neoformans; S.c. ¼ Saccharomyces cerevisiae; W.d. ¼ Wangiella

dermatitidis; A.a. ¼ Alternaria alternata; A.f. ¼ Aspergillus fumigatus; F.o. ¼ Fusarium oxysporum; M.g. ¼ Microsporum gypseum;

P.b. ¼ Pseudallescheria boydii; R. sp. ¼ Rhizopus sp.
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were small inhibition zones observed with wood and
husk extracts against T. mentagrophytes (data not
shown). However, under near UV irradiation, antifun-
gal activity of these extracts was still significantly
enhanced against T. mentagrophytes (Bonferroni’s t-test,
po0.001). The light-mediated antifungal activity of the
extracts is consistent with the involvement of furano-
coumarins, which usually have greatest biological
activity in the presence of UV light (Reitz and Trumble,
1997).

To test the relationship between antifungal activity
and furanocoumarins, HPLC was used to determine the
furanocoumarin content of crude ethanolic extracts
from plant parts collected in North Gower, Sault St.
Marie and Bellville, Ontario. Disk diffusion assays using
S. cerevisiae were also carried out using these same
extracts. Fig. 1 shows that there is a significant positive
correlation between total furanocoumarin content and
inhibitory activity of Z. americanum extracts.

The major furanocoumarins in the Z. americanum

extracts examined were psoralen, 8-MOP and imper-
atorin (Fig. 2). To further examine the relationship
between furanocoumarin content and antifungal activ-
ity, HPLC analyses were coupled with S. cerevisiae disk
diffusion assays on fractionated extracts from Z.

americanum plant parts (Table 4). By successively
extracting husk, leaf, wood and seed parts collected
from plants in the Belleville area in organic solvents of
increasing polarities, hexane, ethyl acetate, methanol
and water, it was possible to selectively partition
different classes of compounds into specific solvent
fractions. Among the fractionated extracts, growth
inhibition of S. cerevisiae occurred only after UV-light
exposure and was most pronounced in the hexane, ethyl
acetate and/or methanol fractions, irrespective of the
plant part considered. These observations are consistent
with the hypotheses that furanocoumarins are the major
antifungal component in Z. americanum since, in
addition to being phototoxic, furanocoumarins are
non-polar compounds and are most soluble in aprotic
solvents.

Further phytochemical analyses of fractionated ex-
tracts by HPLC suggested that the three major
furanocoumarins in Z. americanum all contribute to
antifungal activity (Table 4). Correlations of log-
transformed data were used to test for relationships
between antifungal activity and each of 8-MOP,
psoralen and imperatorin and total furanocoumarins.
The area of the inhibition zone was significantly
positively correlated to quantities in extracts of 8-
MOP (0.74, po0.01), total furanocoumarin (0.71,
p ¼ 0.01), imperatorin (0.64, po0.02) and psoralen
(0.53, p ¼ 0.06). Thus all three linear furanocoumarins
appear to be phototoxic to fungi but, based on these
correlations, 8-MOP is the most potent inhibitor of S.

cerevisiae. The significant correlation between 8-MOP
and antifungal activity of extracts could be due to the
relatively large quantities of 8-MOP in the Z. american-

um extracts (Table 4) or to a greater specific toxicity of
the compound to fungi.

We examined the inhibitory effects of the three major
furanocoumarins in Z. americanum using MIC assays
with S. cerevisiae. Although we found little or no
evidence for 5-MOP in the Z. americanum extracts, we
included this additional furanocoumarin into the
analysis for comparative purposes. MIC values
(mean7s.e.m., n ¼ 3) for psoralen, 8-MOP, 5-MOP
and imperatorin were 8.171.4, 8.071.1, 12.675.4,
23.576.5 mM, respectively. The pronounced toxicity
and high concentrations of 8-MOP in all plant parts,
suggests that it is the major antifungal compound in Z.

americanum. In contrast, Ngane et al. (2000) showed
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that antifungal activities of ethanolic extracts of
Zanthoxylum leprieurii and Zanthoxylum xanthoxyloides

were attributable to non-furanocoumarin constituents.
Although there are no published studies on the
antifungal properties of Z. americanum plants, the
findings in this study are consistent with others on
Rutaceous shrubs that have demonstrated a correlation
between the variation in the phototoxic antimicrobial
activity and furanocoumarin content of extracts
(McCloud et al., 1992; Asthana et al., 1993).

We found that furanocoumarins are not equally
allocated among different Z. americanum tissues. Of
the parts tested, the major sites of furanocoumarin
accumulation were in the husk portion of the berries and
the leaves. This pattern of deposition may be of
ecological significance. The optimal defense theory
(Rhoades, 1979; Fox, 1981) predicts that plant organs
are defended with respect to their relative reproductive
value and susceptibility to attack. Given the light-
mediated toxicity of furanocoumarins, their deposition
toward the external regions of the plant, especially in the
outer portions of the fruit, suggests a general protective
role for the compounds. Furanocoumarins are regarded
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as potent plant defense compounds and as being
important in plant–herbivore interactions (Nitao and
Zangerl, 1987; Diawara et al., 1993; Zangerl and
Berenbaum, 1993).
Discussion

The primary mode of phototoxicity by furanocou-
marins is well known to be through covalent binding to
DNA (Towers, 1994; Bethea et al., 1999). In brief,
furanocoumarins appear to act by intercalating into
DNA and on subsequent irradiation reacting with the
bases to form mono- or bi-adducts. The effect is most
pronounced in A/T-rich sequences where a cyclobutane
ring is formed between the 5,6 double bond of thymine
and the 40,50 double bond of the furan-side, or the 3,4
double bond of the lactone ring of the furanocoumarin
molecule.

Given their reactivity towards nucleic acids, any
therapeutic applications of furanocoumarin-containing
plants, such as Z. americanum, must be carefully
weighed to offset the potential pathological effects on
non-target organisms or cells (Song and Tapley, 1979).
In spite of these potential risks, furanocoumarin-
containing plants such as Z. americanum, the legume
Psorelea coryfolia and the Umbelliferous plant Ammi

majus, have been used for medicinal purposes in Native
American, North African, Hindu and Chinese civiliza-
tions since ancient times (Diawara et al., 1997, 2000).
This may be due to the high level of efficacy of these
plants and the fact that they are tolerated by patients
relatively well in short-term therapy using topical
application at appropriate doses. Furanocoumarins
themselves have been used in conventional medicine in
cancer and psoriasis treatments, but only on a limited or
experimental basis. In light of these considerations, the
development of a commercial phytomedicine to success-
fully control emerging fungal pathogens must effectively
address potential pathological effects resulting from
furanocoumarin, and would certainly undergo consider-
able regulatory scrutiny.

The use of water extracts and the predominant use of
Z. americanum root and bark tissues, which do not
contain significant amounts of furanocoumarins, may
O O O
O

O

O

otoxin Imperatorin

arins present in Z. americanum extracts.
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Table 4. Inhibition of S. cerevisiae associated with furanocoumarin concentrations in fractionated Z. americanum extracts

Plant part extract Fractiona Extract composition (mg/mg) Inhibitionb (mm7S.D.)

Psoralen Imperatorin 8-MOP Furanocoumarins

Husk EtOH 64.33 8.08 130.76 203.18 6.070.0

C6H14 34.50 11.63 19.88 66.01 9.2570.5

EtoAc 84.48 9.94 397.51 491.93 10.070.0

MeOH 36.80 0.98 55.48 93.25 8.2570.5

H2O 3.10 0.00 6.17 9.27 3.070.0

Leaf EtOH 14.98 2.64 35.39 53.00 5.2570.5

C6H14 6.03 5.54 45.06 56.63 7.7570.5

EtoAc 39.66 11.27 129.31 180.23 9.070.0

MeOH 7.32 1.14 17.70 26.16 7.070.0

H2O 0.00 0.00 0.96 0.96 0.070.0

Seed EtOH 2.87 0.00 9.45 12.31 3.570.6

C6H14 0.00 0.00 1.33 1.33 1.2571.5

EtoAc 1.07 0.71 13.57 15.35 7.2570.5

MeOH 9.00 0.00 15.69 24.69 7.2570.5

H2O 0.00 0.00 0.37 0.37 0.070.0

Wood EtOH 3.89 0.89 6.30 11.08 4.070.0

C6H14 1.95 1.51 6.46 9.91 4.070.0

EtoAc 9.75 1.69 20.47 31.92 7.070.0

MeOH 2.14 0.57 6.65 9.36 5.570.6

H2O 0.00 0.00 0.00 0.00 nt

Correlationc 0.53 0.64 0.74 0.71

aCrude ethanol (EtOH) extracts were included as control. Extracts were sequentially fractionated into hexane (C6H14), ethyl acetate (EtOAc),

methanol (MeOH) and then water (H2O), wood H2O fraction was not tested (nt).
bInhibition zone taken as distance from disk edge to fungal growth (n ¼ 4) after 48 h.
cPearson correlation between each of psoralen, imperatorin, 8-MOP and total furanocoumarin content and area of inhibition zone associated with

each extract.

N.F.A. Bafi-Yeboa et al. / Phytomedicine 12 (2005) 370–377376
imply recognition of the general toxicity of furanocou-
marins by Native American healers. That is to suggest
that by preferentially using parts of the plant containing
the lowest amounts of furanocoumarins and mitigating
some of its bioactivity through preparation in polar
solvents, mild antimicrobial effects could be realized
with a relatively low risk of health hazard to the host.
Alternatively, the pharmacological basis for using plant
parts low in furanocoumarins may be due to other
compounds present, especially compounds with light-
independent activities and other biological activities
related to dermatitis, such as antiviral or antiinflamma-
tory activity.

The results of the present study clearly provide
pharmacological basis for the traditional use of Z.

americanum extracts for infectious diseases and topical
conditions, especially in phototherapeutic applications
against fungal infections. Husk, fruit and leaf extracts
from Z. americanum were remarkable in their inhibition
of all fungal species tested. These fungi represent
different growth forms (yeast-like and filamentous)
and diverse taxonomic groups, including Ascomycete,
Basidiomycete and Zygomycete species. Furthermore,
the clinical isolates of W. dermatitides, A. fumigatus,
F. oxysporum, M. gypseum, P. boydii, Rhizopus sp. and
T. mentagrophytes used in this study are resistant to
the antifungals ketoconazole and/or amphotericin B
(Ficker et al., 2003). Therefore, the mode of action of
furanocoumarins is distinct from that of the commonly
used azole antifungals and amphotericin B, which target
ergosterol in fungal cell membranes.

Further phytochemical and pharmacological investi-
gations of the root, bark or wood extracts should be
undertaken, given their diverse and extensive traditional
uses and potential ethical therapeutic applications.
Because of their very low furanocoumarin content and
the presence of other types of secondary compounds,
these other tissues of Z. americanum may prove to have
additional interesting biological activities.
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