
2–4% more acidic phospholipids in their outer leaflet, and together
with O-glycosylated mucines [high molecular weight glycoproteins
consisting of a backbone protein to which oligosaccharides are at-
tached via the hydroxylic groups of serine or threonine (46)] they
create the additional negative charge. Nevertheless, we cannot rule out
the possibility that the higher negative potential inside cancer cells,
compared with noncancer cells, also contributes to the selective lytic
activity of amphipathic-D.
Although a necrotic rather than an apoptotic mechanism of killing

is suggested, the details by which amphipathic-D kills prostate carci-
noma cells is still not fully understood. Among the hundreds of
antimicrobial peptides isolated thus far, only a few were investigated
for their mode of action on cancer cells (27).3 Most of these studies
included many biophysical techniques conducted mainly with model
phospholipid membranes (29, 47). To better understand the killing
mechanism, we used predominantly living cells and evaluated the data
from killing curves, binding studies, fluorescent dye efflux, and mem-
brane potential experiments. All of these experiments were conducted
under identical experimental conditions. We observed a necrotic proc-
ess that involves four major steps in the following order: (a) am-
phipathic-D binds initially to distinct sites on the cytoplasmic mem-
brane of the cell, probably due to the nonhomogeneous distribution of

anionic phospholipids or other acidic components in its outer leaflet
(29, 48), and then it reaches a threshold concentration; (b) the peptide
induces marked membrane depolarization; (c) the kinetics of mem-
brane permeation is fast followed by an equal distribution of the
peptide in the cytoplasm; and (d) the cells die. These steps are similar
to those observed with the cytolytic perforin produced by killer
lymphocytes, which kill its target cells by puncturing their membranes
(49).
Finally, we show that amphipathic-D acts synergistically with doxo-

rubicin toward all types of cells including androgen-independent and
androgen-dependent, and, therefore, the status of hormone-depen-
dency does not seem to affect this synergism. This is in contrast to
other chemotherapeutics, such as the proapoptotic tumor necrosis
factor-related apoptosis-inducing ligand that acts synergistically with
the proteasome inhibitor bortezomib on LNCaP prostate carcinoma
but has an antagonistic effect on CL1 prostate carcinoma. The mech-
anism of the synergism by amphipathic-D still remains largely un-
known. Nevertheless, one possibility is its ability to increase the
permeability of the cell to other chemotherapeutics.
In summary, this study shows that amphipathic-D, but not its

parental amphipathic-L peptide, can be administered intratumorally,
and it dramatically reduces the tumor growth of various human
prostate carcinoma xenografts. Note, however, that membrane-active
peptides are known to be toxic when injected i.v. at high doses. Here,3 See a partial list at http://aps.unmc.edu/AP/main.html.

Fig. 3. Reduction in 22RV1 tumor weight in CD1 nude mice after intratumor administration of amphipathic-D and amphipathic-L. A, the dorsal side of mice injected with 22RV1
tumor cells and intratumorally treated with amphipathic-D (middle panel), amphipathic-L (right panel), or vehicle control (left panel). Note the necrotic skin area in the mice (right panel)
after treatment with amphipathic-L. B, 22RV1 tumors of mice treated with amphipathic-D, amphipathic-L, or vehicle control. The peptides at 1 mg/kg (50 !l of 0.1 mM) were
intratumorally administered to animals that were inoculated s.c. with human 22RV1 prostate carcinoma cells in Matrigel. C, histological evaluation of 22RV1 tumors after treatment
with amphipathic-D (middle panel), amphipathic-L (right panel), or vehicle control (left panel). At 4 weeks, tumors were collected for histological examination. Serial 4-!m sections
were prepared after the samples had been embedded in Paraplast. The sections were stained with hematoxylin and eosin.
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