
Our results also suggest that RGD-tachyplesin up-regulates apo-
ptosis related to both the mitochondrial and the death receptor path-
ways. The involvement of the mitochondrial pathway was suggested
by the facts that staining with JC-1 indicated the membrane potential
of mitochondria was decreased (Fig. 2, B and C) and that the caspase
9 was activated (Fig. 3) in cells treated with RGD-tachyplesin. Pre-
sumably, this resulted from the release of cytochrome c, which, in
turn, bound to Apaf-1 and activated caspase 9 and then caspase 3,
caspase 7, and caspase 6 (13, 15–17). This is the mechanism by which
the peptide described by Ellerby et al. (10) induced apoptosis. In
addition, we found that members of the death receptor pathway (Fas
ligand, FADD, and caspase 8) were also up-regulated. Thus, RGD-
tachyplesin may have multiple effects on the target cells. It is difficult
at this point to determine what initial event is responsible for the
RGD-tachyplesin-induced activation of apoptosis.
There appears to be considerable cross-talk between the mitochon-

drial apoptotic pathway and Fas-dependent pathway. The caspase 6
activated by the mitochondrial pathway (cytochrome c3Apaf-
13caspase 93caspase 3) could act on FADD and then on caspase-8,
which triggered the Fas-dependent pathway. On the other hand, the
caspase 8-activated Fas-FADD pathway could act on BID that stim-
ulates the mitochondrial pathway (15–17). This cross-talk creates
positive feedback and enhances the apoptosis cascade.
RDG-tachyplesin also appeared to be relatively nontoxic to cells

not associated with tumors. When RGD-tachyplesin was administered

at a concentration that inhibited tumor growth, there was no notable
side effects on either the chicken embryos or mice with regard to
animal body weight and activity at the end of each experiment. In
addition, studies on cultured cells indicated that the sensitivity to
RGD-tachyplesin varied depending on cell type. In comparison to
tumor cells and proliferating endothelial cells, immortalized cells such
as Cos-7 (green monkey kidney cells) and NIH-3T3 (fibroblast cells)
were less sensitive to RGD-tachyplesin. Taken together, these results
suggest that RGD-tachyplesin is a well-tolerated peptide.
RGD-tachyplesin also appears to be more potent than similar cat-

ionic peptides. The unique cyclic structure of tachyplesin maintained
by two disulfide bonds may make it more effective in targeting
membranes than the linear antimicrobial peptides, such as KLAK-
LAKKLAKLAK (a proapoptotic peptide; Ref. 10), which is sug-
gested by its lower minimal inhibition concentration on both Esche-
richia coli and Staphylococcus aureus of 2 versus 6 !M (18, 19).
Furthermore, tachyplesin interacts not only with anionic phospholip-
ids of bacterial and mitochondria but also with neutral lipids of
eukaryotic plasma membrane (4, 5, 18). Ellerby et al. (10) reported
that their proapoptotic peptide inhibited proliferation with an EC50 of
about 100 !g/ml for endothelial cells, whereas our results indicated
that RGD-tachyplesin had a much stronger efficacy on proliferating

Fig. 2. The effect of RGD-tachyplesin on the function of TSU cells. TSU cells were
treated overnight with 50 !g/ml control peptide or RGD-tachyplesin and then stained with
different membrane probes. A, staining with annexin V and propidium iodide for apoptotic
cells. The percentage of cells that were positive for FITC-annexin V and negative for
propidium iodide was analyzed by flow cytometry. The RGD-tachyplesin-treated cells had
a high percentage of apoptotic cells (P ! 0.01). B and C, staining with JC-1 for
mitochondrial membrane potential. The cells treated with the control peptide (B) and
RGD-tachyplesin (C) were stained with 10 !g/ml JC-1 for 10 min and then analyzed by
flow cytometry. The RGD-tachyplesin shifted the spectrum of the cells from high red (B,
healthy) to high green and low red (C, loss mitochondrial potential). D, staining with
YO-PRO-1 for integrity of nuclei membrane. The peptide-treated cells were stained with
0.1 !g/ml YO-PRO-1 dye, an indicator for damaged nuclei membranes (the first peak
represents the dye-stained G0-G1-phase cells; the second peak represents the dye-stained
S-M-phase cells). The RGD-tachyplesin treated cells shift from right to left, indicating the
loss of integrity of the nuclei membrane. E, staining with FITC-dextran for integrity of
plasma membrane. The peptide-treated cells were incubated with 50 !g/ml FITC-dextran
(Mr 40,000) for 30 min and analyzed with flow cytometry. A higher proportion of
RGD-tachyplesin-treated cells allowed FITC-dextran to pass through their plasma mem-
brane as compared to the control.

Fig. 3. Effect of RGD-tachyplesin on molecules involved in the apoptosis cascade.
Twenty !g of lysate from TSU and ABAE cells treated with 100 !g/ml control peptide
or RGD-tachyplesin were loaded onto a 4–12% BT NuPAGE gel, electrophoresed, and
transferred to a nitrocellulose membrane. The loading and transfer of equal amounts of
protein were confirmed by staining with a Ponceau S solution. After blocking with 5%
nonfat milk, the membranes were incubated for 1 h with 1 !g/ml antibodies to caspase 9,
Fas ligand, FADD, caspase 8, caspase 3, caspase 7, and caspase 6 followed by horseradish
peroxidase-conjugated antirabbit IgG and enhanced chemiluminescence substrate and
finally exposed to Hyperfilm MP.
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