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We previously showed that the energized mitochondrion and extracellular ATP are essential for the candi-
dacidal activity of the N-terminal peptide of human lactoferrin, subsequently referred to as hLF(1-11). The
present study focuses on the involvement of internal thiols and reactive oxygen species (ROS) in the candi-
dacidal activity exerted by hLF(1-11). Our results reveal that hLF(1-11) reduced the internal thiol level of
Candida albicans by 20%. In agreement, N-acetyl-L-cysteine (NAC), which is a precursor of glutathione and an
ROS scavenger, inhibited the candidacidal activity of hLF(1-11). In addition, azodicarboxylic acid bis(N,N-
dimethylamide) (diamide), which oxidizes internal thiols, was candidacidal. Furthermore, hLF(1-11) increased
the level of ROS production by C. albicans in a dose-dependent manner, and a correlation between ROS
production and candidacidal activity was found. 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(trolox), which is an ROS scavenger, partially inhibited the hLF(1-11)-induced, but not the diamide-triggered,
candidacidal activity. It is of interest that hLF(1-11) and diamide acted synergistically in killing C. albicans and
in ROS production. In agreement, oxidized ATP, an irreversible inhibitor of extracellular ATP receptors,
partially blocked the hLF(1-11)-induced, but not the diamide-triggered, candidacidal activity. Finally, the
hLF(1-11)-induced activation of mitochondria was inhibited by NAC, indicating that internal thiols and ROS
affect mitochondrial activity. Therefore, the candidacidal activity of hLF(1-11) involves both generation of ROS
and reduction of internal thiols.

The increasing frequency of Candida albicans systemic in-
fections in immunocompromised patients during recent de-
cades indicates that this yeast is becoming a major human
health threat. Amphotericin B, a polyene antimycotic drug
discovered in 1956 (11), is the “gold standard” for the treat-
ment of most severe invasive fungal infections, including Can-
dida infections. During the past 15 years a number of new
antifungal drugs have been introduced (10), and fluconazole is
nowadays the most widely used agent for the treatment of
Candida infections (31, 35). Due to intensive prophylactic use
of fluconazole in AIDS patients, fluconazole-resistant strains
of C. albicans are emerging (17, 33, 41); even strains that are
cross resistant to this agent and amphotericin B have been
reported (20). In addition, limitations in the spectra of activity,
pharmacokinetic properties, and safety of these antimycotic
drugs point to the pressing need for new classes of antifungal
agents.

Among the different evolving strategies for antifungal ther-
apy (10), those that use antimicrobial proteins and peptides,
such as histatin-derived peptides (8, 13, 21) and peptides de-
rived from the N terminus of human lactoferrin (hLF) (24),
seem promising. Lactoferrin is a 77-kDa protein present in the
specific granules of neutrophils. In response to an inflamma-
tory stimulus, hLF is produced and released by mucosal epi-
thelial cells and neutrophils. This protein exerts antimicrobial
activity, which is partly related to its ability to bind iron (5). In

addition, hLF releases lactoferricin H, a peptide derived from
its N terminus, when it is subjected to pepsinolysis (3). This
peptide, which comprises two cationic domains, exhibits more
effective antibacterial activity than the native protein (14), and
recent studies have indicated that a synthetic peptide repre-
senting the first cationic domain, further referred to as hLF(1-
11), displays more potent bactericidal and candidacidal activ-
ities than the peptide representing the second cationic domain
(24, 28). Moreover, the first two N-terminal arginines (residues
2 and 3) are essential for the candidacidal activity of hLF(1-
11), as demonstrated by using a peptide in which both argi-
nines were replaced by alanines (24). We recently demon-
strated that hLF(1-11) targets energized mitochondria in C.
albicans and the level of extracellular ATP (ATPe) has been
implicated in hLF(1-11)-induced Candida cell death (24), as
has also been described for histatin 5 (12, 13, 21) and human
neutrophil defensin 1 (9). It could be inferred that hLF(1-11)
interacts with the inner mitochondrial membrane, affecting
mitochondrial output (4, 29), e.g., generation of ATP and
reactive oxygen species (ROS), as in the drug-induced cytotox-
icity in rat hepatocytes (27). Moreover, it has recently been
reported that ROS generated by Saccharomyces cerevisiae are
involved in the lipid hydroperoxide-induced death of this yeast
(2). Since internal thiols, such as glutathione and thioredoxin,
protect cells from damage by ROS (32), internal thiol reduc-
tion (6, 19, 42) and ROS production have important conse-
quences for cell viability by promoting programmed cell death
in both multicellular (15) and unicellular (25) eukaryotes. In
view of these data, the present study was undertaken to gain
more insight into the involvement of the internal thiols and
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ROS in the candidacidal activity exerted by the synthetic pep-
tide hLF(1-11).

MATERIALS AND METHODS

Source of C. albicans strain. Fluconazole-resistant C. albicans strain Y01-19
was purchased from Pfizer Inc. (Groton, Conn.). The yeast was identified by the
Candiselect system (Sanofi Pasteur, Paris, France) and was confirmed by dem-
onstration of a typical C. albicans pattern of sugar utilization (API ID 32C;
bioMerieux, Marcy l’Etoile, France). Fluconazole resistance (MIC, �256 �g/ml)
was evaluated by the E-test (Oxoid Unipath Ltd., Basingstoke, United King-
dom). Yeasts were cultured overnight in Sabouraud broth (Oxoid) at 37°C and
were subcultured for 2.5 h on a rotary wheel at 37°C.

Lactoferrin peptides. The synthetic peptide corresponding to residues 1 to 11
(GRRRRSVQWCA; Mr, 1,494 Da) of hLF [hLF(1-11)] was prepared and pu-
rified as described previously (7). Synthetically prepared hLF(1-11) with alanines
instead of arginines at positions 2 and 3, further referred to as hLF(1-11)2A/3A,
was included as a negative control (24). The purities of both peptides exceeded
88%, as determined by reverse-phase high-performance liquid chromatography.
Stocks of peptides at a concentration of 1 mg/ml of 0.01% acetic acid (pH 3.7)
were stored at �20°C and were dried in a Speed-Vac vacuum apparatus (Savant
Instruments Inc., Farmingdale, N.Y.) immediately before use.

Chemicals. N-Acetyl-L-cysteine (NAC), azodicarboxylic acid bis(N,N-dimeth-
ylamide), further referred to as diamide, and periodate-oxidized ATP (oATP)
were purchased from Sigma Chemical Co. (St. Louis, Mo). 6-Hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (trolox) was purchased from Calbiochem-
Novabiochem Corp. (La Jolla, Calif.). Stocks of diamide (1 M) and oATP (100
mM) were prepared in phosphate-buffered saline (pH 7.4) and were stored at
�20°C until use. A stock of trolox (100 mM) was prepared in methanol and was
stored at �20°C until use. NAC was freshly prepared in 10 mM of sodium
phosphate buffer (NaPB; pH 7.4).

Treatment of C. albicans with NAC, diamide, trolox, or oATP. C. albicans cells
were preincubated with trolox (5 mM) or oATP (0.3 mM) for 30 min at 37°C or
with various concentrations of diamide for 10 min at 37°C prior to addition of the
stimulus. NAC (20 mM) was added simultaneously with the stimulus to C.
albicans cells.

Assay for candidacidal activity of hLF(1-11). An in vitro assay (24) was used
to assess the candidacidal activity of hLF(1-11). Briefly, yeast cells were har-
vested in the mid-log phase by centrifugation (1,500 � g, 10 min), washed twice
in NaPB, and diluted to a concentration of 106 CFU/ml of NaPB supplemented
with 2% (vol/vol) Sabouraud broth. Equal volumes of this suspension and various
concentrations of hLF(1-11) were mixed in Eppendorf vials. After incubation for
2 h at 37°C with hLF(1-11), the vials were transferred to ice and the number of
viable blastoconidia was determined by plating serial dilutions of each sample on
Sabouraud agar. Results are expressed as the number of CFU of C. albicans per
milliliter. Preliminary experiments indicated that the candidacidal activity of
hLF(1-11) was stopped at 4°C.

Measurement of ROS production. 2�,7�-Dichlorofluorescein diacetate
(DCFH-DA; Eastman Kodak Company, Rochester, N.Y.) was used to measure
the level of ROS production by Candida. C. albicans cells were harvested in the
mid-log phase, washed twice as described above, and then diluted to a concen-
tration of 2 � 106 CFU/ml of NaPB. Next, the Candida cells were preincubated
for 15 min at 37°C with 100 �M DCFH-DA and were then treated for 15 min at
37°C with various concentrations of hLF(1-11). Immediately before use,
DCFH-DA (100 mM) was dissolved in dimethyl sulfoxide and was further diluted
in NaPB. The fluorescence of DCF was measured on a fluorescence-activated
cell sorter (FACS; FACScan; Becton Dickinson and Co., San Jose, Calif.).
Results are expressed as median fluorescence intensities.

Measurement of intracellular thiol levels. A stock (100 mM) of monochloro-
bimane (MCB; Molecular Probes, Eugene, Oreg.) was prepared in dimethyl
sulfoxide and was stored at 4°C until use. To measure the levels of intracellular
thiols, the cells were incubated with MCB, a membrane-permeant nonfluores-
cent compound that becomes fluorescent after reaction with sulfhydryl groups
(34), by the method described by Staal et al. (38), with minor modifications. In
short, mid-log-phase C. albicans cells were diluted to a concentration of 2 � 106

CFU/ml of NaPB. Next, the cells were incubated for 30 min at 37°C with various
concentrations of hLF(1-11). The reaction was stopped by transferring the tubes
onto ice for 5 min and then exposing the cells for 20 min at 4°C to MCB at a final
concentration of 40 �M. The amount of free sulfhydryl groups in the cells was
analyzed by flow cytometry. The results are expressed as the median fluorescence
intensities.

Assay for mitochondrial activity. A stock (100 mM) of the fluorescent probe
rhodamine 123 (Molecular Probes) was prepared in methanol and stored at 4°C

until use. The mitochondrial activity of C. albicans was investigated by using
rhodamine 123 (24), which is a positively charged probe that accumulates in
mitochondria, depending on the mitochondrial transmembrane potential (18).
Briefly, C. albicans cells in the mid-log phase were washed in potassium phos-
phate buffer (PPB; 1 mM [pH 7.0]) and were resuspended at a concentration of
2 � 106 CFU/ml in PPB. They were then incubated for 10 min at 37°C with 10
�M rhodamine 123 in PPB. After washes with PPB, the cells were mixed with 17
�M hLF(1-11) and were immediately prepared for microscopic inspection of the
distribution of rhodamine 123 fluorescence with a fluorescent microscope (Axi-
olab; Zeiss, Württenburg, Germany).

ATP bioluminescence assay. ATP levels in cultures of C. albicans were mea-
sured as described previously (24). Briefly, mid-log-phase yeast cells were diluted
to a concentration of 108 CFU/ml of NaPB. Equal volumes of this suspension and
various concentrations of hLF(1-11) were mixed. After incubation at 37°C for
various intervals the reaction was stopped by transferring the tubes onto ice for
5 min and then centrifuging them (10,000 � g, 10 min) at 4°C. The supernatants
were collected, and the cells were resuspended in an equal volume of phosphate-
buffered saline. The cell suspensions were boiled for an additional 3 min. Extra-
cellular and intracellular ATP levels were measured by luminometry with an
ATP determination kit (Molecular Probes), according to the instructions of the
manufacturer. Briefly, a luciferin-luciferase assay mixture (180 �l) was added to
20 �l of cell lysates or supernatants; 150 �l of each sample was transferred to a
96-well microtiter plate, and light emission was monitored with a 1420 Multilabel
Counter-Wallac Victor 2 luminometer (EG&G Wallac, Turku, Finland). The
light emitted from the samples was measured as bioluminescence relative light
units, and ATP concentrations were calculated by using a standard curve con-
structed for various concentrations of ATP.

Statistical analysis. The results are presented as the means plus standard
deviations of at least three independent experiments. Differences between the
values were analyzed by the Mann-Whitney U test. The correlation between
candidacidal activity and ROS production induced upon the addition of hLF(1-
11) was analyzed by the Spearman rank test. The level of significance was set at
a P value of �0.05.

RESULTS

Effect of hLF(1-11) on production of ROS by C. albicans.
Since ROS may be implicated in the candidacidal activity of
hLF(1-11), the production of ROS by C. albicans upon expo-
sure to this peptide was measured. FACS analysis demon-
strated that within the first 15 min hLF(1-11) increased (P �
0.05) the level of cellular ROS in C. albicans in a dose-depen-
dent manner (Fig. 1). In agreement, in the presence of high
concentrations (67 �M) of the peptide hLF(1-11)2A/3A, which
was not candidacidal (24), no ROS production could be de-
tected in C. albicans (Fig. 1).

Effect of hLF(1-11) on levels of thiols in C. albicans. Since
internal thiols, the major one being glutathione (�-glutamyl-
cysteinylglycine [GSH]), buffer the toxic effects of ROS in cells
(26), the effect of hLF(1-11) on the levels of thiols in Candida
was investigated. FACS analysis revealed a 20% 	 3% de-
crease (P � 0.05; n 
 5) in intracellular thiol levels upon
exposure to the hLF(1-11) peptide (Fig. 2).

Effect of NAC on hLF(1-11)-induced candidacidal activity
and ROS production. Next, the effect of NAC, which is a
precursor of GSH and a scavenger for ROS, on hLF(1-11)-
induced candidacidal activity was determined. The results re-
vealed that 20 mM NAC rescued (P � 0.05) the cells from the
candidacidal activity of this peptide (Fig. 1). NAC at this con-
centration did not affect the viability of C. albicans. In addition,
NAC blocked ROS production (P � 0.05) by Candida upon
exposure to hLF(1-11) (Fig. 1).

Effects of diamide on viability of and ROS production by C.
albicans. In order to investigate whether reduction of the levels
of internal thiols is sufficient to kill Candida, the effects of
various concentrations (5 to 20 mM) of diamide, which non-
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enzymatically converts GSH to the oxidized dimer glutamyl-
cysteine GS-SG (22), on Candida viability was measured. The
results revealed that diamide displays a candidacidal effect in a
dose-dependent manner (Fig. 3). The candidacidal activity of

diamide was almost completely inhibited (P � 0.05) by NAC,
indicating that its toxic effect can be attributed to its effect on
internal thiols. Diamide did not induce ROS production by
Candida (Fig. 1).

To further investigate the role of free sulfhydryl groups on
the candidacidal activity of hLF(1-11), the effect of a noncan-
didacidal concentration of diamide (5 mM) in combination
with suboptimal concentrations of hLF(1-11) on the viability of
Candida was determined. The results revealed that hLF(1-11)
had significantly (P � 0.05) increased candidacidal activity in
the presence of diamide (Fig. 1), indicating synergism between
these compounds. It is of interest that this combination of
diamide (2 mM) and hLF(1-11) induced an increase in the
level of ROS production by C. albicans (Fig. 1).

Relationship between ROS production and candidacidal ac-
tivity of hLF(1-11). To further investigate the role of ROS in
the candidacidal activity of hLF(1-11), the effect of trolox, a
scavenger of ROS, on the candidacidal activity of hLF(1-11)
was measured. The results revealed that the candidacidal ac-
tivity induced by 67 �M hLF(1-11), but not lower concentra-
tions of this peptide, was significantly (P � 0.05) inhibited by
trolox (Fig. 1). Furthermore, trolox did not inhibit the diamide-
induced candidacidal activity (data not shown). In addition, a
significant (P � 0.001; r 
 �0.798) correlation was found
between candidacidal activity and the level of ROS production.

Effect of oATP on candidacidal activities of hLF(1-11), dia-
mide, and the combination of noncandidacidal concentrations

FIG. 1. Effects of NAC, diamide, and trolox on the dose-dependent killing of fluconazole-resistant C. albicans by hLF-derived peptide
hLF(1-11). Cells were incubated with various concentrations of hLF(1-11) in the presence of 20 mM NAC (hatched bars), 5 mM diamide (vertically
hatched bars), or 5 mM trolox (closed bars) or were left untreated (dotted bars). After incubation at 37°C for 2 h, the number of viable Candida
cells was determined microbiologically. The results are the means plus standard deviations of at least three independent experiments. In addition,
the effects of these compounds on hLF(1-11)-triggered ROS production by C. albicans were assessed by FACS analysis. Cells were preincubated
for 15 min at 37°C with 100 �M DCFH-DA and were then treated for 15 min at 37°C with various concentrations of hLF(1-11) in the presence
of 20 mM NAC (hatched bars), 2 mM diamide (vertically hatched bars), or 5 mM of trolox (closed bars) or were left untreated (dotted bars). The
results are expressed as the median fluorescence intensities, and the values are the means plus standard deviations of at least three independent
experiments. no, no peptide. The peptide in which the first and second arginines were replaced by alanines, hLF(1-11)2A/3A (open bars), was used
as the negative control.

FIG. 2. Effect of hLF(1-11) on the levels of internal thiols. Cells
were incubated for 30 min at 37°C with various concentrations of
hLF(1-11). The reaction was stopped by transferring the vials to ice,
and then the cells were incubated for 20 min at 4°C with 40 �M MCB.
The amount of free sulfhydryl groups in the cells was analyzed by flow
cytometry. no, no peptide. The results are expressed as median fluo-
rescence intensities, and the values are the means plus standard devi-
ations of at least three independent experiments.
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of these agents. Since preincubation with oATP, which irre-
versibly blocks the interaction between ATPe and its receptors
(23), is known to inhibit the candidacidal activity of hLF(1-11)
(24), we investigated the effect of oATP on the killing of C.
albicans upon exposure to diamide and the combination of
hLF(1-11) and diamide. No effect of oATP on the candidacidal
activity of optimal concentrations of diamide was observed
(Fig. 3), indicating that this activity was not dependent on
ATPe. The protective effect (P � 0.05) of oATP against the
candidacidal effect of the combination of hLF(1-11) and dia-
mide amounted to 1 log (Fig. 3), which was similar to the effect
of oATP on the hLF(1-11)-induced candidacidal activity. Our
observation that oATP significantly (P � 0.05) inhibited
hLF(1-11)-induced ROS production indicates that ATPe is
essential for ROS production.

Effects of NAC and diamide on hLF(1-11)-stimulated mito-
chondrial activity and increase in ATPe level. Next, the in-
volvement of intracellular thiols and ROS production in the
energizing effect of hLF(1-11) on the mitochondria of C. albi-
cans was investigated by using C. albicans cells preloaded with
the fluorescent probe rhodamine 123 (24). The results revealed
that NAC blocked the energizing activity of hLF(1-11) in vir-
tually all C. albicans cells, as indicated by a lack of mitochon-
drial staining (data not shown). In addition, diamide in com-
bination with hLF(1-11) energized mitochondria to a lesser
extent than hLF(1-11) alone. In agreement with these obser-

vations, we found that the hLF(1-11)-induced increase (P �
0.05) in the ATPe level was completely blocked by NAC and
was significantly (P � 0.05) reduced by diamide (Fig. 4). In
addition, diamide itself did not affect the ATPe level.

DISCUSSION

The main conclusion from the present results is that reduced
internal thiols and the production of ROS are involved in the
candidacidal activity of hLF(1-11). This conclusion is based on
the following findings. First, a 20% reduction in the levels of
internal thiols after addition of hLF(1-11) was found. NAC,
which increases the levels of internal thiols, significantly de-
creased the hLF(1-11)-induced candidacidal activity. Diamide,
which rapidly consumes intracellular GSH by nonenzymati-
cally converting it to the dimer GS-SG (22), was candidacidal,
and NAC blocked this activity completely. Second, it is known
that because of its antioxidant properties, GSH, which consti-
tutes the largest component of the internal thiol buffer (6, 36),
protects cells from oxidative damage. Indeed, hLF(1-11) in-
duced ROS production by C. albicans in a dose-dependent
manner, and a significant correlation was found between the
hLF(1-11)-induced level of ROS and its candidacidal activity.
Trolox, which scavenges ROS, reduced the level of hLF(1-11)-
induced candidacidal activity. In agreement, in the presence of
hLF(1-11)2A/3A, which showed no candidacidal activity, no
ROS production could be detected in C. albicans.

Another important conclusion pertains to the roles of inter-
nal thiols in the hLF(1-11)-induced energization of mitochon-
dria and in the increased level of ATPe. NAC blocked the
hLF(1-11)-induced increase in ATPe levels and inhibited the
energizing effect of hLF(1-11) on mitochondria, indicating that
ROS and internal thiols are essential for the stimulation of
mitochondrial activities by hLF(1-11). Diamide, which did not
influence mitochondria or the ATPe level, reduced the level of

FIG. 3. Effects of oATP on the candidacidal activity of hLF(1-11),
diamide, and the combination of diamide and hLF(1-11). Cells were
preincubated in the presence of 0.3 mM oATP (closed bars) or without
this agent (open bars) for 30 min before addition of various concen-
trations of hLF(1-11), diamide, or the combination of noncandidacidal
concentrations of these agents. After incubation at 37°C for 2 h, the
number of viable Candida cells was determined microbiologically. no,
no peptide. The results are the means plus standard deviations of at
least three independent experiments.

FIG. 4. Effects of NAC and diamide on the hLF(1-11)-induced
increase in ATPe levels. C. albicans cells were incubated with 8 �M
hLF(1-11) (closed symbols) or without the peptide (open symbols).
Cells were either preincubated with 8 mM diamide (triangles) or in-
cubated with 20 mM NAC (circles) or without these compounds
(squares). The ATPe level was measured at various intervals with an
ATP determination kit. The results are expressed as the means plus
standard deviations of at least three independent experiments.
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hLF(1-11)-induced energization of mitochondria as well as
increased the ATPe level, suggesting that it deenergizes mito-
chondria. In agreement with data published by Zorov et al.
(44), these deenergized mitochondria may produce signifi-
cantly elevated levels of ROS. In this connection, it is of inter-
est that diamide, which at a noncandidacidal concentration did
not induce a significant increase in the level of ROS, signifi-
cantly increased the level of hLF(1-11)-induced ROS produc-
tion by C. albicans and the candidacidal activity. Furthermore,
an irreversible inhibitor of ATPe receptors, oATP, which in-
hibits the hLF(1-11)-induced candidacidal activity (24), was
partly able to inhibit the hLF(1-11)-induced ROS production,
suggesting that ROS production is partly ATPe dependent.
The candidacidal activity of diamide was neither inhibited by
oATP nor increased by the addition of the ATP analogue
benzoyl-benzoyl-ATP (data not shown).

Another finding of this investigation is that oATP induced a
1-log reduction in the candidacidal activity exerted by hLF(1-
11) alone or the combination of hLF(1-11) and diamide. These
data together suggest an alternative candidacidal mechanism
of diamide, perhaps through reduction of internal thiols. As
expected, the candidacidal effect of diamide was not inhibited
by trolox.

The present and previous data (24) together indicate that
the candidacidal activity exerted by hLF(1-11) involves the
energized mitochondrion, reduction of internal thiols, and pro-
duction of ROS and ATP. The results of experiments with
inhibitors and/or activators of these biochemical changes in
Candida underscore their possible role in the candidacidal
activity of this peptide (Fig. 5). If we assume that such a

relationship exists, the main question that remains is how the
ROS and internal thiols are involved in the candidacidal ac-
tivity of hLF(1-11). It could well be that they mediate some
form of programmed cell death, as described for aging S.
cerevisiae cells (37) or after expose of this yeast to hydrogen
peroxide (25). It has been shown that the reduction-oxidation
(redox) state of the cell, which is a consequence of the balance
between the internal thiol and ROS levels, modulates the
DNA-binding affinities of several mammalian transcription
factors, such as c-Fos and c-Jun (1), NF-�B (39), p53 (40), and
c-Myb (26). However, studies with anucleate cells (16) and
cell-free systems consisting of purified mitochondria indicate
that a soluble factor(s) released from mitochondria undergoing
changes in permeability induces chromatin condensation in
isolated nuclei (43). Since programmed cell death is a common
cell behavior, it would be interesting to clarify whether the
candidacidal activity of hLF(1-11) is mediated by an effect on
the binding affinity of DNA transcription factors, as described
for yeasts (30), or by the release of a soluble factor(s) from
mitochondria into the cytoplasm of C. albicans.
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