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BMAP-28, a bovine antimicrobial peptide of the cathelicidin family, induces membrane permeabilization
and death in human tumor cell lines and in activated, but not resting, human lymphocytes. In addition, we
found that BMAP-28 causes depolarization of the inner mitochondrial membrane in single cells and in isolated
mitochondria. The effect of the peptide was synergistic with that of Ca2� and inhibited by cyclosporine,
suggesting that depolarization depends on opening of the mitochondrial permeability transition pore. The
occurrence of a permeability transition was investigated on the basis of mitochondrial permeabilization to
calcein and cytochrome c release. We show that BMAP-28 permeabilizes mitochondria to entrapped calcein in
a cyclosporine-sensitive manner and that it releases cytochrome c in situ. Our results demonstrate that
BMAP-28 is an inducer of the mitochondrial permeability transition pore and that its cytotoxic potential
depends on its effects on mitochondrial permeability.

Mitochondria are the focus of intense research as major
integrators and regulators of cell death pathways (7, 8, 10, 15).
Release of death-promoting factors by mitochondria has been
reported as a regulatory event in apoptotic death mediated by
different signals (20, 35, 37, 39). Mitochondrial dysfunction
may also cause necrotic death, and the role played by mito-
chondria has been well documented in several experimental
systems (1, 21, 23, 40). The central role of mitochondria as
integrators of the death effector mechanisms is suggested by
the fact that several signals derived either from external stimuli
or from the cytosol or nucleus converge on mitochondria to
trigger cell death (8).

The human antimicrobial peptide hystatin 5 was recently
added to the number of toxic agents that act through mito-
chondria. This molecule is cytotoxic to Candida albicans in a
manner dependent on functionally active mitochondria, as in-
hibition of respiration protects the cells from its toxicity (16).
Likewise, de-energized human cell lines are protected from the
cytotoxic effects of other antimicrobial peptides such as the
human defensins (25, 26) and the bovine BMAP-28, a cationic
peptide of the cathelicidin family (34, 36, 45). The latter agent
causes membrane permeabilization and death of activated hu-
man lymphocytes and tumor cells (34). The cytotoxic activity
has been related to the structural features of the peptide,
which consists of a cationic N-terminal sequence predicted to
assume an amphipathic �-helical conformation (residues 1 to
18) and a C-terminal hydrophobic tail (residues 19 to 27). The
C-terminal sequence seems to be crucial for the cytotoxic ac-

tivity, as a great reduction of this effect is observed with the
synthetic analogue BMAP-28(1-18) comprising the 18 N-ter-
minal residues (36). A second requirement for cytotoxicity is
an active metabolism of the target cells, as BMAP-28 is inef-
fective in nonrespiring cells (34).

In view of these observations, we have investigated whether
mitochondria are targets of the peptide itself and/or mediators
of its cytotoxic effect. We show that BMAP-28 dramatically
affects mitochondrial membrane permeability. Indeed, the
peptide caused mitochondrial depolarization, permeabilization
to calcein, and in situ cytochrome c release. These effects were
detected at micromolar or even submicromolar concentrations
of the full-length peptide but not detected in BMAP-28(1-18),
were potentiated by Ca2� ions, and were inhibited by cyclo-
sporine (CsA), an inhibitor of the mitochondrial permeability
transition pore (PTP) (4, 28). We conclude that perturbation
of mitochondrial function and cytochrome c release are key
events in the cytotoxicity of BMAP-28.

MATERIALS AND METHODS

Cell culture and reagents. The U937 (promonocytic) and K562 (erythroid) cell
lines were obtained from the American Type Culture Collection (Rockville, Md.)
and were cultured in RPMI 1640 culture medium (Gibco Life Technologies,
Paisley, United Kingdom) supplemented with 10% fetal calf serum (FCS)
(Gibco), 50 IU of penicillin/ml, 50 �g of streptomycin/ml, and 2 mM L-glutamine
(Gibco). The cell lines were periodically tested for mycoplasma contamination.

Mononuclear cells were isolated by Ficoll-Hypaque (Pharmacia Biotech, Upp-
sala, Sweden) density gradient centrifugation from peripheral blood of healthy
donors. The cells were resuspended in RPMI 1640 medium supplemented with
10% FCS, 50 IU of penicillin/ml, 50 �g of streptomycin/ml, and 2 mM L-
glutamine and were activated with 10 �g of phytohemagglutinin-P (PHA-P)/ml.
After 2 days of culture in 25-cm2 cell culture flasks at 37°C in a CO2 incubator,
the blasts were washed and seeded in 24-well plates at 6 � 105 cells/ml in culture
medium containing 100 U of human recombinant interleukin-2 (hrIL-2; Gen-
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zyme, Cambridge, Mass.)/ml, and autologous adherent leukocytes were used as
feeder cells.

Unless otherwise specified, all reagents and chemicals were from Sigma (St.
Louis, Mo.). Safranin O, JC-1 (5,5�,6,6�-tetrachloro-1,1�,3,3�-tetraethyl-benzimi-
dazolcarbocyanine iodide), BAPTA-AM [1,2-bis (2-aminophenoxy) ethane-
N,N,N�,N�-tetraacetic acetoxymethyl ester], and calcein-AM were purchased
from Molecular Probes (Eugene, Oreg.), dissolved, and stored according to the
manufacturer’s instructions. 9-Fluorenylmethoxy carbonyl, amino acids, and re-
agents for peptide synthesis were obtained from PerSeptive Biosystems (Fra-
mingham, Mass.) and Novabiochem (Laufelflingen, Switzerland). Reagents for
high-performance liquid chromatography purification of the peptides were from
LabScan (Dublin, Ireland).

Peptide synthesis and purification. BMAP-28, a 28-residue peptide whose
C-terminal glycine is removed to give a 27-residue amidated peptide (36), was
synthesized as a C-terminal amide of 27 amino acids (GGLRSLGRKILRAWK
KYGPIIVPIIRI-am). Solid-phase synthesis of this molecule, of the analogue
BMAP-28(1-18) (GGLRSLGRKILRAWKKYG-am), and of the fragment cor-
responding to the fibronectin region (CS-5) (GEEIQIGHIPREDVDYHLYP)
was carried out on a Milligen 9050 synthesizer (Bedford, Mass.). After cleavage
from the resin, the peptides were purified by reverse-phase high-performance
liquid chromatography on a C18 Delta-pack column (Waters, Bedford, Mass.).
Analytical assays and determination of the concentration were performed as
described in reference 36.

Determinations of changes of mitochondrial membrane potential in intact
cells. U937 cells in complete medium (2 � 106 cells/ml) were stained with 5 �M
JC-1 for 20 min at room temperature in the dark (9, 12), then washed in ice-cold
phosphate-buffered saline solution (PBS), and incubated at a cell density of 4 �
106 cells/ml for 15 min at 37°C in PBS–5 mM glucose with the peptides or with
FCCP [carbonylcyanide-p-(trifluoromethoxy)phenylhydrazone] for 45 min. Cells
were analyzed immediately with a flow cytometer equipped with the Cell Quest
software by using a 488-nm argon ion laser as the excitation source (FACScan;
Becton Dickinson, Mansfield, Mass.). In a parallel experiment, the cells were
treated with the peptides as described above and then stained with propidium
iodide (10 �g/ml) and analyzed with the cytofluorimeter. The same procedure
was used for K562 cells and activated lymphocytes, with the exception that the
treatment of lymphocytes with BMAP-28 or FCCP was carried out in RPMI–
10% FCS.

When indicated, 10 �M BAPTA-AM was added to the cell suspensions
throughout the staining with JC-1 and the incubation with the peptides. In the
experiments with CsA, the cells were stained with JC-1 as described above, then
incubated with 10 �M CsA for 40 min at 37°C in RPMI–10% FCS, washed in
PBS, and treated with BMAP-28 or with FCCP in the presence of CsA.

After 30 min of incubation, the peptide caused necrotic death and disruption
of 30 to 35% of the cells, as determined by cytofluorimetric analysis of physical
parameters (forward and side light scattering) and lactate dehydrogenase release
assay of the cell culture supernatants (34). We therefore monitored the changes
in ��m after a shorter incubation time (15 min), and we gated out dead cells and
debris (25 to 30% of all cells) by analyzing the cells stained with propidium iodide
on FSC (forward scatter) versus FL3 (propidium fluorescence). A gate set on the
FSC-FL3 dot plot for each sample was used to include only viable cells in the
analysis of the parallel cell population stained with JC-1. Cells (10,000 per
sample) were examined on an FL-1 (530 nm) versus FL-2 (585 nm) dot plot, and
the data were analyzed with the Cell Quest software.

The functional assay for multidrug resistance pumps in U937 cells was per-
formed by using the probe rhodamine 123 as described in references 2 and 43.
Briefly, cells (5 � 105 cells/ml) were stained with 0.1 �M rhodamine 123 for 15
min at 37°C in complete medium, then were centrifuged, resuspended in rho-
damine-free medium, and cultured at 37°C. At the indicated time points, 5 � 105

cells were analyzed by flow cytometry.
Preparation of mitochondria and measurement of the membrane potential.

Mouse liver mitochondria from male BALB/c mice (6 to 8 weeks old) were
isolated by standard centrifugation techniques. All of the steps were carried out
at 4°C. Briefly, mouse livers, placed in ice-cold homogenization solution (250
mM sucrose, 1 mM EGTA, 5 mM Tris-HEPES, pH 7.4), were chopped into
small pieces and transferred to a precooled glass Potter-Elvejhem homogenizer
containing cold homogenization medium. After homogenization, the suspension
was filtered through two gauze layers and centrifuged at 1,000 � g for 10 min at
4°C. The supernatant was centrifuged at 10,000 � g for 10 min at 4°C, and the
mitochondrial pellet was resuspended in homogenization solution, centrifuged
once more, and finally resuspended in 1 ml of suspension buffer (250 mM
sucrose, 0.1% fatty acid-free bovine serum albumin [BSA], 5 mM Tris-HEPES,
pH 7.4) and kept on ice. The mitochondrial protein was determined by means of
the Bradford reagent.

To evaluate ��m changes, mitochondria were added at a final concentration
of 0.1 mg/ml to the assay buffer (250 mM sucrose, 5 mM Tris-HEPES [pH 7.4],
0.1% BSA, 5 mM MgCl2, 2 mM KPi, and 5 �M safranin O), and fluorescence
changes were measured with a Perkin-Elmer spectrofluorimeter (model LS 50
B). The excitation and emission wavelengths were 495 and 586 nm, respectively,
with a 10-nm slit width for both emission and excitation (42). Unless otherwise

FIG. 1. BMAP-28-induced decrease of mitochondrial membrane
potential in situ. Cytofluorimetric analysis and three-dimensional rep-
resentation of U937 cells stained with 5 �M JC-1 and incubated in
PBS–5 mM glucose are shown in the upper panel. (A) The CS-5
fragment of fibronectin at a 3 �M concentration; (B) 3 �M BMAP-28;
(C) 3 �M BMAP-28(1-18); (D) 10 �M FCCP. FL1 (green fluores-
cence) and FL2 (red fluorescence) are represented in the abscissas and
ordinates of the plots, respectively (arbitrary units, 4 log decade scale).
The distribution of the cells in the green and red fluorescence channels
is represented by the z axis. The figures close to each panel indicate the
percentage of the cell population positive for green and red fluores-
cence assessed by setting a gate on the control cell population, where
the majority of the cells had green and red fluorescence intensities
above 400 and 120 channels, respectively. One representative experi-
ment out of six is shown. The effects of BMAP-28 on ��m in K562 cells
and in activated human lymphocytes are shown in the lower panel.
K562 cells were loaded with JC-1 and then treated with 3 �M Cs-5,
BMAP-28, or 10 �M FCCP as described above. Lymphocytes from
normal human peripheral blood after 8 days of in vitro activation with
PHA-P and hrIL-2 were loaded with JC-1 and then incubated with the
peptides or FCCP and examined with the cytofluorimeter as described
in Materials and Methods. Bars represent the percentage of red fluo-
rescent cells exposed to the indicated treatments, and data are from
one representative experiment out of two.
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specified, incubations were carried out at 25°C in the presence of 5 mM succinate
as the respiratory substrate. When indicated, 100 �M EGTA was added to the
suspension and to the assay buffers to ensure chelation of contaminant Ca2�.
CsA was dissolved in ethanol and added to the mitochondria 5 min prior to the
addition of other reagents.

The Ca2� concentrations in the assay and suspension buffers containing mi-
tochondria were 100 to 700 nM, as estimated with the Ca2� calibration buffer kit
(Molecular Probes) based on the relationship of Ca2� levels to the fura-2 fluo-
rescence intensity ratios at 340 and 380 nm.

Calcein release from mitochondria and intact cells. Mitochondria isolated
from mouse livers were incubated at 25°C for 30 min in suspension buffer
containing 2 �M calcein AM and then washed and resuspended in the same
buffer (31). To assess calcein release, mitochondria (0.1 mg/ml) were added to
the assay buffer (250 mM sucrose, 0.1% BSA, 10 �M CoCl2, 5 mM Tris-HEPES,
pH 7.4) and fluorescence variations were measured with the spectrofluorimeter.
The excitation and emission wavelengths were 488 and 515 nm, respectively, with
a 5-nm slit width for both emission and excitation. Note that the assay buffer
contained 10 �M CoCl2 to quench the fluorescence of calcein released from
mitochondria.

To investigate mitochondrial permeabilization to calcein in intact cells (31),
U937 cells were incubated at 37°C for 15 min in Hanks’ buffered salt solution
with 2 �M calcein-AM and 0.5 mM CoCl2, then washed with PBS, and resus-
pended in PBS–5 mM glucose supplemented with 3 �M BMAP-28 for 10 min at
37°C in the dark. When indicated, after the incubation with calcein-AM, the cells
were washed and treated with 10 �M CsA for 40 min at 37°C and then incubated
with the peptide. To verify that calcein localized to the mitochondria, calcein
loading of the cells was followed by exposure to 0.1 �M tetramethyl-rhodamine
methyl ester (TMRM) and the cells were examined with a Zeiss axioplan 2
epifluorescence microscope equipped with a photocamera and an image analyzer
with the following filter settings: calcein, 450 to 490 nm excitation and 515 to 565
nm emission; and TMRM, 546 � 12 nm excitation and 590 nm emission (31).
The cells showing an intact morphology, as assessed by inspection under visible
light in phase contrast, were examined under the xenon light source to detect
green and red fluorescence. The emissions were collected simultaneously, result-
ing in a green-orange punctate fluorescence. The green and red components of
the images were then analyzed separately (see Fig. 7). Calcein-AM-loaded cells
were also analyzed with the cytofluorimeter, gating out dead cells and debris as
described above.

Cytochrome c release in situ. In situ cytochrome c release was studied as
described in detail in reference 30. Briefly, cells were incubated with BMAP-28
in PBS–5 mM glucose, then washed with the same medium, spun down onto
slides, and fixed for 30 min at room temperature with 3.7% (vol/vol) ice-cold
formaldehyde. Following permeabilization for 20 min with 0.01% (vol/vol) ice-
cold Nonidet P-40, incubation was continued for 15 min with a 0.5% solution of
BSA and then for 15 min at 37°C with the anti-cytochrome c antibody and with
an affinity-purified rabbit antibody against the rat bc1 complex (a generous gift of
Roberto Bisson, Padua, Italy). Cells were then sequentially incubated for 15 min
at 37°C with tetramethyl rhodamine isothiocyanate-conjugated goat anti-mouse
immunoglobulin G and with fluorescein isothiocyanate-conjugated goat anti-
rabbit immunoglobulin G. For cytochrome c and bc1 complex detection, red and
green channel images were acquired simultaneously by using two separate color
channels on the detector assembly of a Nikon Eclipse E600 microscope equipped
with a Bio-Rad MRC-1024 laser scanning confocal imaging system, 488 nm
excitation and 522 � 25 nm emission band-pass and 568 nm excitation and 605
nm emission long-pass filter settings, and a 60�, 1.4 numerical aperture oil
immersion objective (Nikon). Twenty randomly chosen fields in each slide were
stored for subsequent analysis, which was carried out exactly as described in
reference 30. The localization index, computed on a single-cell basis, is defined
as the ratio of the standard deviation (SD) of the fluorescence intensity divided
by the total fluorescence (¥) for each channel: (SD/¥)red/(SD/¥)green. A punctate
(i.e., mitochondrial) distribution results in a higher SD, while normalization
allows correction for different fluorescence intensities in the two channels. A
localization index of 1 indicates that cytochrome c and the bc1 complex have the

FIG. 2. Effect of Ca2� and CsA on BMAP-28-induced decrease of
mitochondrial membrane potential in situ and rhodamine efflux anal-
ysis. Results are shown in the top panel for U937 cells preincubated
with or without 5 �M BAPTA-AM and stained with JC-1 as described
in the legend to Fig. 1 that were treated for 15 min with the 3 �M CS-5
control peptide or with 3 �M BMAP-28 in PBS–5 mM glucose with or
without the addition of 2 mM CaCl2. The percentage of cells positive
for red fluorescence was then assessed by cytofluorimetric analysis.
Closed bar, CS-5 peptide; open bar, 3 �M BMAP-28 with no Ca2�

added; dark shaded bar, 3 �M BMAP-28 with Ca2� added; light
shaded bar, 3 �M BMAP-28 plus BAPTA-AM. The mean values � SD
of three independent experiments are shown. The middle panel shows
results for U937 cells (after loading with JC-1) that were incubated for
40 min at 37°C with 10 �M CsA or with vehicle and then treated with
3 �M BMAP-28 with 10 �M FCCP or with no agent for 15 min at

37°C, as indicated. The bars represent the percentages of cells positive
for red fluorescence. One experiment representative of three separate
assays is shown. The lower panel shows results for U937 cells that were
incubated with rhodamine 123 as described in Materials and Methods,
washed, and incubated in rhodamine-free culture medium for 14 h. At
the indicated times, samples of the cell population were analyzed by
flow cytometry. One experiment out of three separate assays is shown.
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same distribution, which is expected in normal cells, while an index lower than 1
means that the distribution of cytochrome c is more homogeneous than that of
the bc1 complex. For further details, see reference 30.

Analysis of DNA fragmentation. To assess nuclear degradation, after 15 min of
treatment with BMAP-28, U937 cells were incubated in peptide-free culture
medium for 18 h. DNA fragmentation was analyzed at 6 and 18 h by agarose gel
electrophoresis as described in reference 34. Briefly, cells were lysed with 0.5%
Sarkosyl in 50 mM Tris-HCl and 10 mM EDTA (pH 8.0) in the presence of 0.5
mg of proteinase K/ml. After 1 h of incubation at 50°C, RNase A (0.15 mg/ml)
was added to each sample. The lysates were analyzed by electrophoresis on 1.2%
agarose gels containing 0.5 �g of ethidium bromide/ml.

RESULTS

Effects of BMAP-28 on mitochondrial membrane potential
in situ. In order to investigate possible variations of mitochon-
drial membrane potential (��m) caused by BMAP-28, we used
the U937 cell line, which proved to be one of the most suscep-

tible targets of peptide cytotoxicity (34). U937 cells were
loaded with the potentiometric probe JC-1, and changes of
��m were evaluated by the shift from the red and green to
green fluorescence emission after treatment with 3 �M
BMAP-28 for 15 min. The short time of incubation with the
peptide enabled us to analyze a cell population where the
majority of the cells (65 to 75%, compared to untreated cells)
were viable, as shown by the parallel analysis of physical pa-
rameters and determination of propidium iodide uptake. The
results illustrated in Fig. 1, upper panel, show that cells treated
with the fibronectin peptide CS-5 (used here as a negative
control) were positive for both red (FL2) and green (FL1)
fluorescence (Fig. 1, plot A) while a remarkable decline in the
red fluorescence was observed after a 15-min incubation with 3
�M BMAP-28 (Fig. 1, plot B). No fluorescence variation was
detectable when 3 �M BMAP-28(1-18), the analogue peptide
lacking the hydrophobic sequence (residues 19 to 27), was used
(Fig. 1, plot C) while the expected, dramatic decrease of FL2
fluorescent cells followed the treatment with the protonophore
FCCP, used as a positive control (Fig. 1, plot D). Similar
results were obtained when K562 cells were used as the target
cells (Fig. 1, lower panel). We extended our analysis to normal
human lymphocytes, which become sensitive to microbicidal
doses of BMAP-28 upon in vitro activation (34). After activa-
tion by PHA-P and hrIL-2 for 8 days, the lymphoblasts were
loaded with JC-1 and treated with CS-5, BMAP-28, or FCCP
as described above for U937 cells. As shown in Fig. 1, lower
panel, BMAP-28 and FCCP induced a decrease in the percent-
age of red fluorescent cells. Taken together, these data indicate
that BMAP-28 induces an early decrease of mitochondrial
membrane potential in both transformed and normal cells and
that this event precedes cell death (see below).

In a detailed study of the effects of BMAP-28 on U937 cells,
we observed that the percentage of cells showing a decline of
the red fluorescence after incubation with BMAP-28 was in-
creased by adding 2 mM Ca2� to the incubation buffer and was
lowered by loading the cells with BAPTA-AM, a Ca2� chelator

FIG. 3. Effects of BMAP-28 and BMAP-28(1-18) on the mitochon-
drial membrane potential of mouse liver mitochondria. Mitochondria
(0.1 mg/ml) were incubated in 250 mM sucrose, 5 mM Tris-HEPES
(pH 7.4), 0.1% BSA, 2 mM Pi, 5 mM MgCl2, and 5 �M safranin O at
25°C, and the fluorescence emission was determined as described in
Materials and Methods. After 3 to 5 min, 5 mM succinate was added.
When the fluorescence emission was constant, the peptide BMAP-28
or the analogue BMAP-28(1-18) was added (arrows). The upper panel
shows results for the addition of BMAP-28 at 100 nM (A), 250 nM (B),
500 nM (C), 2 �M (D), and 3 �M (E). In trace A, further ��m loss
caused by the addition of 1 �M FCCP is shown. The lower panel shows
results for the addition of BMAP-28(1-18) at 500 nM (A), 1 �M (B),
2 �M (C), and 3 �M (D). In traces C and D, the effects of the addition
of 1 �M FCCP are also shown. A representative experiment out of
three is shown.

FIG. 4. Effects of CsA on BMAP-28-dependent mitochondrial de-
polarization. Mitochondria (0.1 mg/ml) were incubated as described in
the legend to Fig. 3, and BMAP-28 was added where indicated at a
concentration of 500 nM. CsA was absent (A) or present in the incu-
bation mixture from the beginning of the assay at 50 nM (B), 75 nM
(C), and 100 nM (D), respectively. Results representative of three
separate experiments are shown.
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(Fig. 2, top panel). Furthermore, when the cells were pre-
treated with 10 �M CsA, an inhibitor of the PTP, the effect of
BMAP-28 was remarkably reduced while, as expected, FCCP
was still effective (Fig. 2, middle panel). It should be noted that
the activity of the multidrug-resistant P glycoprotein is very low
in U937 cells, according to Bailly et al. (2) and our own exper-
iments based on rhodamine 123 efflux (Fig. 2, bottom panel).
Thus, the effects of CsA on probe retention by mitochondria
cannot be explained by inhibition of the multidrug-resistant
pumps by CsA (7).

Since the mitochondrial depolarization induced by BMAP-28
was favored by Ca2� ions, which are physiological effectors of
the mitochondrial permeability transition (3, 4), and inhibited
by the PTP inhibitor CsA, we further tested whether the cyto-
toxic effects of BMAP-28 were due, directly or indirectly, to
opening the mitochondrial PTP.

Effects of BMAP-28 on isolated mitochondria. To evaluate
whether BMAP-28 affected mitochondrial function directly,
��m variations were followed as fluorescence changes of mi-
tochondrial suspensions in the presence of safranin O. The
addition of succinate caused a fast quenching of probe fluo-
rescence, due to safranin O uptake by the mitochondria (46).
The probe was released by the addition of BMAP-28, and the
release rate increased with the concentration of the peptide
(Fig. 3, upper panel). It should be noted that the effect was
obtained at peptide concentrations between 0.25 and 0.5 �M
(2.5 to 5 nmol of mitochondrial protein/mg), which are signif-
icantly lower than those required to observe a cytotoxic re-
sponse (3 to 6 �M) (34). At concentrations of 2 to 3 �M, the
peptide caused complete dissipation of ��m within a few sec-
onds (Fig. 3, upper panel). BMAP-28(1-18), the truncated
analogue, proved to be ineffective at concentrations up to 1
�M (Fig. 3, lower panel), and even with higher peptide con-
centrations, depolarization was only partial (Fig. 3, lower pan-
el).

The mitochondrial depolarization caused by BMAP-28
could be due to a direct effect of the peptide or to activation of
an endogenous conductance. In order to assess the possible
contribution on the voltage-gated PTP (5) to membrane per-
meabilization by BMAP-28, we tested the effects of CsA and
Ca2� ions. As shown in Fig. 4, CsA was able to significantly
delay the depolarization caused by 0.5 �M BMAP-28. On the
other hand, the depolarization caused by micromolar doses of
both native and truncated peptides was insensitive to CsA
(data not shown).

In order to study a possible synergistic effect of Ca2� on
BMAP-28-induced depolarization, we resuspended the or-
ganelles in assay buffer containing 100 �M EGTA and then we
added Ca2� at different concentrations to the incubation mix-
ture before the addition of BMAP-28. In the absence of Ca2�,
depolarization required a higher concentration of peptide (1
�M), and under these conditions the effect of the peptide was
prevented by 1 �M CsA (Fig. 5, upper panel). When 200 �M

FIG. 5. Effect of Ca2� on BMAP-28-dependent mitochondrial de-
polarization. Mitochondria (0.1 mg/ml) were incubated as described in
the legend to Fig. 3, except that 100 �M EGTA was present in both the
suspension buffer and the assay buffer as described in Materials and
Methods. The upper panel shows results for BMAP-28 at concentra-
tions of 500 nM (A) and 1 �M (B). Trace C shows results for 1 �M
BMAP-28 and 1 �M CsA that was present in the assay medium from
the beginning of the incubation. After the addition of 5 mM succinate,
different concentrations of CaCl2 and then 500 nM BMAP-28 were
added (lower panel). The trace depicts the transient depolarization
caused by Ca2� uptake and the subsequent ��m decrease mediated by
BMAP-28 addition. The inset shows the rate of depolarization by
BMAP-28 as a function of the Ca2� concentration as determined from
the mean rate of fluorescence emission increase computed in the
steepest portion of the traces by the Win Lab software (Perkin-Elmer).
The data from a representative experiment out of three are shown.

FIG. 6. Effect of BMAP-28 on calcein release from mitochondria.
The fluorescence of mitochondria loaded with 2 �M calcein-AM was
recorded as described in Materials and Methods. When the emission
fluorescence by mitochondria was stable, 10 �M CoCl2 and 1 �M
BMAP-28 were added. When indicated, 1 �M CsA was added to the
mitochondrial suspension from the beginning of the assay. A typical
experiment out of three is shown.
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Ca2� was added, BMAP-28 was again effective at a submicro-
molar concentration (0.5 �M), as shown by fast safranin de-
quenching (Fig. 5, lower panel). This effect was further en-
hanced by adding Ca2� at higher concentrations (Fig. 5, lower
panel, inset).

We next studied whether BMAP-28 was able to induce per-
meation of solutes with a relatively low molecular mass. We
loaded mitochondria with the membrane-permeable calcein-
AM, which is rapidly converted to the fluorescent calcein (mo-
lecular mass, 622 Da) by mitochondrial esterases, and we then
resuspended the organelles in an isosmotic medium in the
presence of 10 �M CoCl2. Since fluorescence emission by
calcein is quenched by external Co2� (31), this method allows
us to monitor calcein release from mitochondria as the fluo-
rescence decrease of the organelles. Calcein-loaded mitochon-
dria were treated with the peptide, and Fig. 6 shows that a fast

decrease of mitochondrial fluorescence followed the addition
of 1 �M BMAP-28. This fluorescence decrease was due to the
PTP opening because it was reduced in both rate and extent
when CsA was present in the mitochondrial suspensions. A
slower, CsA-sensitive decrease of calcein fluorescence was ob-
served at lower concentrations of the BMAP-28 peptide (re-
sults not shown).

Effects of BMAP-28 on PTP opening in situ. It is possible to
monitor openings of PTP in intact cells by changes in mito-
chondrial calcein fluorescence after quenching of the cytosolic
signal with Co2� (31). To unequivocally test the occurrence of
PTP openings as a consequence of BMAP-28 addition to intact
cells, U937 cells were treated with calcein-AM, which resulted
in cellular loading as demonstrated by a bright, diffuse fluo-
rescence (Fig. 7A). As expected (31), cells coloaded with cal-
cein-AM and CoCl2 instead displayed a punctate fluorescence

FIG. 7. Effect of BMAP-28 on mitochondrial calcein fluorescence in situ. U937 cells loaded with calcein-AM were analyzed under the
epifluorescence microscope as described in Materials and Methods. The cells were stained with 2 �M calcein-AM alone (A) or coloaded with 2
�M calcein-AM and 0.5 mM CoCl2 (B) followed by 0.1 �M TMRM (C). In panel D, cells loaded with calcein and CoCl2 (as in panel B) were
washed and then treated with 3 �M BMAP-28 for 10 min at 37°C. Only a few fluorescent spots, and some of them very dim, are detectable in cells
treated with the peptide.
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pattern, which is consistent with a mitochondrial distribution
(Fig. 7B) as confirmed by the colocalization of TMRM (Fig.
7C). These events were detectable in the cytofluorimetric anal-
ysis since the fluorescence intensity of U937 cells loaded with
calcein-AM in the presence of CoCl2 was about eightfold lower
than that of cells loaded with calcein-AM alone, with the flu-
orescence peak channel being 41 versus 315 and mean fluo-
rescence at 47 versus 400, respectively (Fig. 8, left panel). Thus,
the PTP opening can be followed in cell populations by fluo-
rescence-activated cell sorter analysis of cells loaded with cal-
cein-AM in the presence of Co2�. Figure 8, right panel, indeed
shows that 3 �M BMAP-28 caused a remarkable attenuation
of the calcein fluorescence, which was evident also under the
microscope, where part of the cell population showed dim or
no fluorescence (Fig. 7D). The addition of CsA largely pre-
vented the loss of green fluorescence otherwise caused by
BMAP-28, maintaining the fraction of fluorescent cells and the
fluorescence intensity at values comparable to those of control
cell populations. When treated with BMAP-28 in the presence
of CsA, the cells were 87% fluorescent (peak channel, 38) and
the control cell population exposed to CsA included 92% of
fluorescent cells (peak channel, 39).

We next investigated whether PTP opening by BMAP-28
was followed by cytochrome c release in situ with the sensitive
double-labeling protocol that was recently developed in one of
our laboratories (30). The experimental results shown in Fig. 9,
top and middle panels, show that after the addition of 3 to 6
�M BMAP-28 the distribution of cytochrome c no longer
matched that of the bc1 complex, as shown by the time-depen-
dent decrease of the localization index, which indicates that the
distribution of cytochrome c is more diffuse than that of the bc1

complex (see reference 30 for details). The PTP was at least
partly involved in cytochrome c release because CsA delayed
this process. Indeed, at 30 min CsA failed to affect cytochrome
c release mediated by BMAP-28. However, CsA inhibited the

release in cells treated with 3 or 6 �M BMAP-28 for 15 min,
since the colocalization index (0, 97) was similar to the one
observed in the control cell population (1, 01).

The release of cytochrome c at 15 min was accompanied by
initiation of a cell death program, since cells pulsed with
BMAP-28 and then cultured in peptide-free medium displayed
DNA laddering already after 6 h, which further increased at
18 h, when extensive degradation prevented visualization of
intact high-molecular-weight DNA fragments (Fig. 9, bottom
panel).

DISCUSSION

In the past years, functions other than microbicidal activity
have been ascribed to antimicrobial peptides (33). For in-
stance, defensins (22) and magainins (29) are cytotoxic to nor-
mal or transformed mammalian cells. Some peptides can mod-
ulate cellular events involved in the inflammatory response
such as syndecan expression (14), chemotaxis (17, 44), or chlo-
ride secretion (24). A hallmark of most antimicrobial peptides
is a membrane-permeabilizing activity, which has also been
investigated in mitochondria, mostly used as model targets.
Antibacterial peptides from insects (melittin and cecropins)
and from mammals (magainins) as well as artificial short
cecropin A-melittin hybrids have been shown to affect mito-
chondrial coupling and respiration (11, 18). Finally, mastopa-
ran, a peptide from the venom of Vespula laevis, has been
shown to be a potent inducer of the PTP even in the absence
of added Ca2� (32). Our data add BMAP-28, a cathelicidin-
derived peptide, to the number of mitochondrially active pep-
tides and provide a novel mechanism for its cytotoxic activity,
which appears to be mediated by early PTP opening and cyto-
chrome c release.

To test this point, we have studied the effects of BMAP-28
on mitochondrial permeability and energy coupling in both

FIG. 8. Cytofluorimetric analysis of the effect of BMAP-28 on mitochondrial calcein fluorescence in situ. Cytofluorimetric analyses of control
cells not loaded with calcein-AM (A) and of cells loaded with 2 �M calcein-AM and 0.5 mM CoCl2 (B) or with 2 �M calcein-AM alone (C) are
shown in the left panel. Note that after treatment with CoCl2, the peak channel of FL1 (green fluorescence) intensity was eightfold lower than that
of cells labeled with calcein-AM alone. The right panel shows results for U937 cells loaded with 2 �M calcein-AM and 0.5 mM CoCl2 (A) that
were incubated with 3 �M BMAP-28 alone (B) or in the presence of 10 �M CsA (D). Histogram C shows the profile of cells treated with CsA
alone. The histograms are derived from the analysis of viable cells as described in Materials and Methods. The percentage given with each
histogram indicates the percentage of cells with an intermediate green fluorescence (as in histogram B in the left panel). In histogram B in the right
panel, the peak of negative or dim cells indicates the very low fluorescence of the cells where calcein, released from mitochondria into the cytosol,
was quenched by CoCl2. Results representative of three separate experiments are shown.
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isolated mitochondria and intact cells. We have established
that, besides plasma membrane permeabilization, BMAP-28
depolarizes mitochondria in situ, suggesting that mitochondrial
dysfunction is the cause rather than the consequence of cell
death and that mitochondrial depolarization is caused by open-
ing of the PTP, as shown by its inhibition by CsA and poten-
tiation by Ca2�. Although the peptide mediates extracellular
Ca2� influx into the cells (34), mitochondrial depolarization
was induced by BMAP-28 even without the synergistic effect of
Ca2� (Fig. 2), suggesting that the intracellular Ca2� rise may
not be the primary, or the only, cause of the ��m decrease. We
would like to stress that these effects were observed in three
BMAP-28-sensitive cell types (two tumor cell lines and acti-
vated normal lymphocytes), suggesting that this mitochondrial
mechanism of cytotoxicity may be of general significance.

The effects of BMAP-28 on mitochondria in situ. Analysis of
mitochondrial function in situ with fluorescent probes is not
trivial, and a key issue is the interpretation of the observed
fluorescence changes. We stress that in the present work we
have carefully considered and experimentally ruled out the
major potential sources of artifacts and misinterpretations.
The four most troublesome aspects are the following. (i) De-
pending on the probe and its concentration, mitochondrial
depolarization may be accompanied by a fluorescence decrease
or increase (27), due to the variable contribution of fluores-
cence quenching by mitochondrial accumulation, which would
subtract from the total cellular signal. We have found that in
our experimental conditions the direction of the fluorescence
change induced by BMAP-28 is the same as that of the prot-
onophore FCCP (Fig. 1), whose depolarizing effects on mito-
chondria have been thoroughly characterized. This in turn
allows us to conclude that the decrease of the red JC-1 fluo-
rescence is indeed due to a mitochondrial depolarization,
which is in line with previous observations (9, 12).

(ii) A second problem is that potentiometric probes are
substrates of the multidrug resistance P glycoprotein, which
like the PTP can be inhibited by CsA (6, 7). In accord with the
literature (2), we have found that the multidrug-resistant P
glycoprotein has a negligible activity in the U937 batch of cells
that we are using, as shown by experiments with rhodamine 123
release. These results indicate that the effects of CsA on the
JC-1 fluorescence changes induced by BMAP-28 are indeed
due to PTP inhibition.

(iii) A third problem is that mitochondrial probe accumula-
tion may be affected by variations of the plasma membrane
potential (6, 7, 27). Although we have not formally investigated
this possibility, which is remote with the slowly redistributing
JC-1, we are confident that the changes that we observe are of
mitochondrial origin because they are inhibited by CsA. Fur-
thermore, independent evidence that BMAP-28 causes PTP
opening was obtained from the experiments with trapped cal-
cein, which does not undergo membrane potential-dependent
redistribution and therefore is not affected by changes of the
plasma membrane potential.

FIG. 9. BMAP-28 induces release of cytochrome c from mitochon-
dria in situ and subsequent DNA fragmentation. U937 cells were
incubated with the indicated peptide concentrations in PBS–5 mM
glucose for 15 min (top panel) or 30 min (middle panel) and then fixed
as detailed in Materials and Methods and reference 30. Cells were then
spun onto slides for analysis with the confocal microscope. A localiza-
tion index of 1 indicates that cytochrome c and the bc1 complex have
the same distribution, while an index lower than 1 means that the
distribution of cytochrome c is more homogeneous than that of the bc1
complex, i.e., that cytochrome c has diffused away from the mitochon-
dria. The error bars refer to the SD of 25 individual cells for each
condition. For further details, see reference 30. The bottom panel
reports the analysis of DNA fragmentation in U937 cells pulsed with 3
�M BMAP-28 for 15 min in PBS-glucose and then washed and resus-
pended in peptide-free culture medium at a cell density of 1 � 106

cells/ml. At 6 and 18 h, the overall cell number had decreased to 56 and

53% of the inoculum, respectively. Of these, 40% were viable for both
incubation times (as measured by trypan blue exclusion). After 6 and
18 h, 4 � 105 cells were harvested and processed for analysis of DNA
fragmentation as described in Materials and Methods.
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(iv) Finally, mitochondrial depolarization may represent the
physiological response of healthy mitochondria to an increased
energy demand rather than a sign of mitochondrial dysfunction
(6, 7). This is not the case for BMAP-28-dependent mitochon-
drial depolarization because this was prevented by the PTP
inhibitor CsA but not by the F1F0 inhibitor oligomycin (not
shown).

Thus, taken together our results conclusively demonstrate
that BMAP-28 induces PTP opening in situ and suggest that
this is due to a modulation of the PTP open time by the
peptide. As discussed more in detail below, however, whether
the in situ effects of BMAP-28 on the PTP are direct or indirect
remains an open question.

Interactions of BMAP-28 with mitochondria and cells. We
have documented that in isolated mouse liver mitochondria a
CsA-sensitive mitochondrial permeability transition is caused
by relatively low concentrations (below 1 �M) of BMAP-28 but
not of the truncated BMAP-28(1-18). At higher concentrations
(above 2 �M), the onset of mitochondrial permeabilization is
faster while the sensitivity to CsA tends to disappear. This
finding may suggest that at higher concentrations the peptide
causes direct membrane permeabilization, which is consistent
with a low but measurable permeabilizing activity of the trun-
cated BMAP-28(1-18) peptide in isolated mitochondria. Yet,
two very important points must be borne in mind. (i) With
most PTP inducers, the sensitivity to CsA tends to disappear as
the inducer concentration is raised (4); it is thus likely that the
permeabilizing effects of BMAP-28 in the near-micromolar
(cytotoxic) range are largely if not exclusively due to PTP
opening rather than to a detergent-like effect. (ii) Although a
permeability transition is detected in mitochondrial suspen-
sions treated with peptide concentrations below 1 �M, i.e.,
lower than the cytotoxic concentration, it is reasonable to as-
sume that only a fraction of the peptide added to the cell
suspension may gain access to the mitochondrial inner mem-
brane. In any case, these results document that the mitochon-
drion is a functional target of the cytotoxic effect of BMAP-28.
This may be either due to peptide targeting to the mitochon-
drial inner membrane, possibly through its hydrophobic C-
terminal sequence, or to indirect effects, e.g., on intracellular
Ca2� homeostasis or on other yet unidentified signaling path-
ways to the mitochondrion. Although we currently have no
elements to favor either hypothesis, we note that they are not
mutually exclusive and may well reinforce one another. While
the signaling role of Ca2� to the PTP is out of the question, it
is also true that more than one stimulus is often needed to tip
the balance of the pore open-closed transitions towards the
open state (6, 7).

Mechanism of BMAP-28 cytotoxicity. The early effects of
BMAP-28 on mitochondria (mitochondrial depolarization due
to PTP opening and cytochrome c release) suggest that these
events are determinants of BMAP-28 toxicity. Release of cy-
tochrome c from mitochondria in situ is consistent with a
permeability change caused by BMAP-28 and suggests a mech-
anistic link with the lethal effect of the peptide in intact cells.
This is also consistent with DNA fragmentation, which could
be observed in cells pulsed with BMAP-28 for 15 min and then
incubated in peptide-free culture medium. It should be
stressed, however, that these experiments do not prove that
cytochrome c release is occurring in the same cells undergoing

DNA degradation, an issue that can only be addressed when
the response takes place in the whole cell population. Whether
the DNA degradation is due to direct endonuclease activation
through release of apoptosis-inducing factor (19, 38), to caspases
activated by release of cytochrome c and possibly Smac-Diablo
(13, 41), or to yet different mechanisms remains matter for
future investigation. Our results should not be taken to imply
that mitochondrial permeabilization through a permeability
transition is the only mechanism through which BMAP-28
affects cell function. Indeed, BMAP-28 interaction with the
plasma membrane causes an early rise of cytoplasmic Ca2�

(34), which may be an important additional factor generating
intracellular signals that synergize with PTP opening in causing
cell death.
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