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Abstract—Three dibenzotetraaza[l4]Jannulenes non-covalently interacted with double-stranded DNA and RNA by mixed minor
groove and/or intercalative binding mode. Observed interactions were strongly dependent on the steric exposure of positive charges
and the length of the linkers of studied compounds as well as on the secondary structure and basepair composition of DNA/RNA.
Compound 2 showed pronounced selectivity toward dA—dT-rich sequences and binding mode switch from dominant minor groove
binding to ds-DNA to dominant intercalation into ds-RNA. Antiproliferative effect of studied compounds on human tumor and
normal cell lines was in good agreement with the strength of observed interactions with DNA/RNA.

© 2006 Elsevier Ltd. All rights reserved.

about biological activity of dibenzotetraaza[l4]annu-
lenes and their metal complexes. Lack of data concerning
their DNA/RNA binding properties prompted us to

1. Introduction

Structural similarity to porphyrins, relatively easy syn-

thesis, and rich chemistry! intrigued us to study dibenzo-
tetraaza[14Jannulenes (DBTAA). These tetraaza
macrocycles are known for their ability to accommodate
various substituents on the phenylene and diimine
carbon atoms? and for tendency to adopt various confor-
mations, ranging from planar to saddle shaped.® Fur-
thermore, due to reactivity of their methine (meso)
centers, fine tuning of physicochemical properties can
be easily performed, as well as designing of their supra-
molecular behavior.* In addition, metal complexes of
DBTAA offer a wide variety of coordination modes
and geometries.>> Although biological applications of
porphyrins are most extensively studied,® particularly
their interactions with DNA and RNA,’ little is known
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undertake such studies. Recently we have reported syn-
thesis, crystal structures, and the preliminary evaluation
of the new DBTAA-based DNA/RNA binding agents.®
Three of these novel bis-cationic derivatives were sub-
jected to more detailed study described in this paper
(1-3, Fig. 1).
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Figure 1. Bis-cationic derivatives of dibenzotetraaza[l4]annulene
1-3).
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They contain positive charges at the end two spacers at-
tached at the meso positions of the macrocycle to ensure
approach to negatively charged phosphates of polynu-
cleotide backbone. We have varied the length of linkers
connecting DBTAA framework with cationic substitu-
ents, their chemical characters, and the structure of the
moieties carrying positive charge. Our preliminary re-
sults® showed distinct non-covalent interactions of some
of the novel compounds with ct-DNA. It appeared also
that observed interactions were influenced remarkably
by the bulkiness and rigidity of the pendant meso sub-
stituents. Since steric properties of a small molecule
can control selective or even specific binding to different
ds-DNAs and RNAs’ and sometimes consequently con-
trol their biological activity, here we present more de-
tailed study of interactions of the compounds 1-3 with
various ds-DNAs and ds-RNAs. Their biological activ-
ities were also tested on a panel of human tumor and
normal cell lines.

2. Results and discussion
2.1. Spectroscopic experiments

Spectroscopic properties of 1-3 and stability in aque-
ous solution were determined previously.® Similarly as
observed before for ct-DNA,® addition of any ds-
polynucleotide yielded strong bathochromic and
hypochromic effects in UV/vis spectra of 1 and 2
but only very weak or no changes in the spectrum
of 3 (Table 1).

It should be stressed that in all titrations of 2 with poly-
nucleotides significant deviation from the isosbestic
points was observed (e.g., Fig. 2), pointing toward coex-
istence of at least two different types of 2/polynucleotide
complexes. Titrations of 1 did not show any isosbestic
points (which does not exclude nor prove that more
complexes are formed).

Nice fitting of the UV/vis titration data to the
Scatchard equation!® gave binding constants (K,) and
ratios Nbound compound]/[polynucleotide] for the 1 and 2 (Ta'
ble 2), while for 3 spectroscopic changes were too small
for accurate processing. Calculated binding constants
(logK) and ratios n for 2 (Table 2) can be considered
only as cumulative affinity of 2 toward polynucleotides
since more types of complexes are formed. High values
of ratio n > 0.25 obtained for 1 (Table 2) suggest that,
most likely, 1 does not bind to polynucleotides by
intercalation.'*

The strong affinity of 2 toward all polynucleotides and
strong bathochromic and hypochromic effects could be
caused either by intercalation, minor groove binding
or combination of both binding modes dependent on
the 2/polynucleotide ratio in the solution. From the
titration data it was not possible to assume which bind-
ing mode prevails at UV/vis titration conditions (high
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Figure 2. Changes in UV/vis spectrum of 2 (¢ = 2.06 x 107> mol dm )

upon titration with poly dA—poly dT; and dependence of 2 absorbance

at Anax = 379 nm on ¢(poly dA-poly dT), at pH 7, sodium cacodylate
buffer, = 0.05 mol dm~>.

Table 1. Changes of 1-3 UV/vis spectra upon titration with ds-DNA and ds-RNA

1 2 (I=0.05) 2 (I=0.15) 3
ct-DNA® °HI% -35 —46 —44 -8
WAl 2 7 7 0
Ay 8 9 9 2
poly dA—poly dT °HI% —48 —44 —47 -5
WAl 2 6 6 0
WAk, 8 11 12 0
poly A—poly U HI% -33 —43 -35 -
WAL 2 8 8 1
WAk, 10 13 13 5
poly G—poly C > H1% -30 -35 —-30 —11
WAL 1 3 1 1
Ay 7 9 7 4

4Shift of the absorbance maximum; A/ = A(complex) — A(1, 2, and 3); Absorbance maxima A, (1:A=383nm, 2:2 =379 nm, 3:1=385nm)

Ay = (1:A =443 nm, 2:1 =427 nm, 3:1 = 448 nm).

b Hypochromic effect; H = (Abs(1,2,3) — Abs(complex))/Abs(1,2,3)) x 100; values Abs(complex) were calculated by Scatchard c:quation10 for 1 and 2

and last experimental values were used for Abs(complex) of 3.
°Reported previously.®
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Table 2. Binding constants (logK; and ratios n ([bound compound]/[polynucleotide phosphate]) calculated from the UV/vis titrations with

ds-polynucleotides at pH 7.0 (buffer sodium cacodylate, I = 0.05 mol dm~3)®

17=0.05 271=0.05 271=0.15 371=0.05
ct-DNAY logkK, 52 4.7 4.24 ©
n* 0.69 0.84 0.54 ¢
poly dA-poly dT logK, 5.3 6.1 4.77 ¢
n* 0.38 0.099 0.27 ¢
poly A—poly U logK, 5.9 5.19 5.4 ¢
n* 0.42 0.45 0.15 N
poly G—poly C logK; 6.1 4.2 — ¢
n* 0.57 1.7 — ¢
# Accuracy of n + 10-30%, consequently logK; values vary in the same order of magnitude.
® Titration data were processed according to the Scatchard equation.'”
“Not possible to calculate by Scatchard equation due to the small spectroscopic changes.
dReported previously.®
excess of polynucleotide binding sites over concentra- 350
tion of 2). However, minor groove binding should de- 1 .
pend more strongly on the electrostatic interactions 3004 A0 Ao o
than intercalation and therefore should be significantly £ fﬂ °
. . . . < 2504
more influenced by the substantial change of the ionic S o o0 11C.=03
strength. Therefore, we have performed titration exper- © o U ° 2 |C§0=3 6
iments with 2 at an order of magnitude higher ionic 5 o s 3 ICSO-O.Z
strength. Comparison of binding constants (logK;) (Ta- = 1504 ﬁ L s
ble 2, I=0.15) for analogous homo-polynucleotides £ ] :
showed that the affinity of 2 toward poly dA—poly dT S 100 % s
is strongly affected by the ionic strength increase, while < 4
affinity of 2 to poly A—poly U virtually does not change. X 50
Former (DNA) homo-polynucleotide is characterized U
: : 11,12 0
by narrow, deep, and hydrophobic minor groove, T A A

which strongly supports minor groove binding of small
molecules. On the other hand, minor groove of the latter
homo-polynucleotide (RNA analogue) is shallow and
broad,!® inapt for the binding of small molecules.’
Aforementioned results suggest that dominant binding
mode of 2 to poly dA—poly dT is minor groove binding,
while 2 binds to poly A-poly U mostly by intercala-
tion.'*!> Such a switch of the binding mode is quite
common for a number of molecules characterized by
structural features that enable binding to the polynucle-
otide by both binding modes.’

Since 2 and possibly 1 form simultaneously several dif-
ferent complexes with ds-polynucleotides and 3 did not
yield large enough spectroscopic changes to determine
binding constant (K;), mutual comparison of the affinity
of 1-3 toward ds-polynucleotides was inaccurate. There-
fore, as an alternative method for estimation of affinity,
at least as a comparison of ability of studied molecules
to compete for binding with classical intercalator al-
ready bound to DNA,'® we have performed ethidium
bromide (EB) displacement assay (Fig. 3).

The obtained ICs, values (Fig. 3) show that more than
one order of magnitude of 1 and 3 was needed to dis-
place 50% of EB from ct-DNA than in the case of 2.
This finding does not directly correspond to the results
of spectrophotometric titrations, which suggest compa-
rable affinity of 1 and 2 to the most of the polynucleo-
tides (Table 2). However, it should be taken into
account that displacement of classical intercalator like
EB does not necessarily mirror the cumulative affinity

c(EB) / c(compound)

Figure 3. Ethidium bromide (EB) displacement assay: to ct-DNA
solution (¢=5x10""moldm™>) ethidium bromide (¢=5x10"°
mol dm~>) was added (r ((EB)/ [ct-DNA]=0.1), and quenching of
the EB/DNA complex fluorescence emission (Aex = 520 nm,
Jem = 601 nm) was monitored as function of ¢(EB)/c(compound).
The given ICsy values present ratio c(EB)/c(compound) = [Int(EB/
DNA) — Int(EBy)]/2, where Int(EB/DNA) is fluorescence intensity of
EB/DNA complex and Int(EBy..) is fluorescence intensity of the free
ethidium bromide before DNA is added.

of compounds, which bind to the polynucleotides by
mixed binding modes, as it was the case for 1 and 2.
In addition, titrations (Table 2) were done at high poly-
nucleotide over compound excess, while ethidium bro-
mide (EB) displacement assays were done in
conditions close to the saturation of polynucleotide with
compound.

Thus, to check results of ethidium bromide displacement
assay under conditions close to the saturation of polynu-
cleotide with compound, we have preformed thermal
melting experiments (Table 3). Thermal stabilization ef-
fects of 1-3 on ds-polynucleotides (Table 3) agree well
with the results of ethidium bromide displacement assayj;
both, AT,, and ICs, values are following the tendency
2> 1> 3. This tendency could be directly correlated
with the bulkiness of peripheral substituents carrying
positive charge as well as with the length, rigidity, and
chemical character of the linkers. Thus, 2 having no sub-
stituent on the charged pyridinium ring and possessing
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Table 3. ATy, values® (°C) of studied ds-polynucleotides upon addition
of different ratios®r of 1-3 at pH 7.0 (buffer sodium cacodylate,
1=0.05 mol dm™)

P 1 2 3
ct-DNA® 0.1 1.4 33 0
0.2 1.5 5.0 0
0.3 2.1 7.2 0
poly dA-poly dT 0.1 0.9 25.5 0.5
0.2 5.9 29.0 3.0
0.3 9.0 30.0 8.0
poly dAdT-poly dAdT 0.1 — — 0.9
0.2 — — 1.3
0.3 — — 2.4
poly A-poly U 0.1 1.0 10.0 0
0.2 1.0 14.3 0
0.3 1.1 16.9 0.8

2 Error in ATy,: £0.5°C.
®p = [compound]/[polynucleotide].
°Reported previously.®

the shortest and most flexible spacer is giving by far
highest AT, and ICsy values, 1 equipped with more
bulky N-methylpyridinium groups linked via longer,
more rigid, and significantly more polar spacers contain-
ing ester moiety is yielding significantly lower AT, and
ICsp values than 2. Finally 3 having the most sterically
demanding bipyridinium substituents did not stabilize
ct-DNA and poly A-poly U at all, gave almost four
times lower AT}, values for poly dA—poly dT compared
to 2, and yielded lowest ICs, value.

Only compound 2 yielded significant stabilization of the
RNA homo-polynucleotide poly A-poly U, strongly
supporting intercalation as the dominant binding
mode.” Opposite to 2, addition of 1 only weakly stabi-
lized poly A-poly U suggesting prevalence of other
binding modes than intercalation, possibly aggregation
of the molecules in major groove of ds-RNA.

Compounds 1-3 induced significantly stronger thermal
stabilization of poly dA—poly dT if compared with other
polynucleotides. This observation could be correlated
with peculiar secondary structure of poly dA—poly dT
differing from structures of other ds-polynucleotides by
specific narrow and deep minor groove.'''> Such a
structure is convenient for efficient high affinity minor
groove binding of small, hydrophobic, positively
charged molecules. Of special interest is that 2 induced
four times stronger thermal stabilization of poly dA-
poly dT than observed for ct-DNA. Obviously, in the

Table 4. 1Csq values (in uM)

dG-dC-rich regions of ct-DNA, amino substituent on
guanine positioned in minor groove!? sterically hindered
binding interactions and thus decreased stabilizing effi-
ciency of 2. That is in accordance with other minor
groove binders showing dA—dT sequence preference.”!”

Since poly dA—poly dT was only polynucleotide stabi-
lized by 3, we have performed thermal melting experi-
ments also with alternating poly dAdT-poly dAdT/3
complex (Table 3). Although alternating dAdT polynu-
cleotide was less stabilized than homo-polynucleotide
(most likely due to the less narrow and hydrophobic
minor groove), thermal stabilization was obviously
higher than observed for ct-DNA, which was not stabi-
lized at all. Alternating poly dAdT—poly dAdT and ct-
DNA have quite similar secondary structure and the
shape of the minor groove but differ significantly in
basepair composition, ct-DNA consisting in high per-
centage of dG-dC basepairs. This observation is sug-
gesting that 3 upon binding to minor groove
selectively or even specifically stabilizes only dA—dT-rich
regions (this is actually the reason of dA-dT sequence
selectivity of many minor groove binding molecules).’
Obviously, in the dG—dC rich regions of ct-DNA amino
substituent on guanine positioned in minor groove!? ste-
rically hindered binding interactions and thus strongly
hindered or even abolished stabilizing efficiency of 3.

2.2. Biological assays

Since classical antitumor DNA-reactive drugs currently
in the clinic display low sequence specificity, the growing
interest emerges in novel sequence-specific small mole-
cules that produce region-specific damage. Therefore,
we also investigated the effects of 1-3 on proliferation
of different human tumor cell lines, as well as on normal
(diploid) human fibroblasts (control cell line), in order
to determine their antitumor potential. Results present-
ed in Table 4 show comparable effects induced by 1 and
2, while addition of 3 did not yield any measurable activ-
ity. These observations are in good agreement with the
results of spectroscopic titrations (Table 2) and also gen-
erally correspond to the results of the other methods.

The effect on the cell cycle perturbations as well as
apoptosis activation was also measured on Hela, Mia-
PaCa-2, and SW620 cells treated with 1 and 2 at the
5uM concentration for 24, 48, and 72h (Fig. 4).
Remarkable changes in the cell cycle distribution of
MiaPaCa-2 cells compared to the non-treated cells were
noticed after the treatment with both 1 and 2, which
correlated perfectly with the cell proliferation assay.

ICso" (uM)
Cell lines
Hep-2 HeLa MiaPaCa-2 SW 620 MCEF-7 WI 38
1 38+ 14 13.5t4 26+1.8 40%13 2.6+0.2 40%2
2 117 20£19 1.2£0.8 1852 6.0+2.5 10£6
3 >100 >100 >100 >100 >100 >100

#1Csp; the concentration that causes 50% growth inhibition.
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Figure 4. Effect of the compounds 1 (B, E, and H) and 2 (C, F, and I) on the cell cycle of MiaPaCa-2 cells. The cells were untreated (A, D, and G), or
treated with 5 pM concentration of the compounds for 24 h (B and C), 48 h (E and F), and 72 h (H and 1), fixed, and stained with propidium iodide
to determine the DNA content. Percentage of the cells in each phase of the cell cycle was obtained by flow cytometric analysis. The percentages of

apoptotic cells were confirmed by Annexin-V assay.

However, the effect of these two substances was quite
different. Compound 1 induced strong accumulation of
cells in G1, and reduction in S phase during first 48 h
followed by the reduction of cells in G1 and S, accumu-
lation in G2 phase, and a modest activation of apoptosis
(confirmed by Annexin V assay, data not shown) after
72 h.

On the other hand, 2 did not induce dramatic changes
within first 48 h, while it induced strong reduction of cell
number in G1 and dramatic accumulation in S and G2/
M phase, with marked induction of apoptosis after 72 h.
However, much less evident effect on cell cycle and min-
or induction of apoptosis was noticed in HeLa and SW
620 cells by addition of both, 1 and 2 (data not shown).
Different effects on tumor cell proliferation and/or cell
cycle influences observed by the treatment with 2 may
be due mostly to a different abundance of AT-rich
sequences in various cell lines. For example, AT-rich
sequences are found in regulatory regions in several can-
cer-related genes, such as c-Myc,!® and it was shown
that c-Myc is overexpressed in pancreatic cell lines.!”
Consequently, this could be the reason for higher sensi-
tivity of MiaPaCa-2 cells (pancreatic carcinoma) to AT-

selective derivative 2. Moreover, significantly different
effects on the cell cycle of MiaPaCa-2 cells could be ex-
plained by different structural features of 1 and 2 regard-
ing the orientation of the positive charge. At biologically
relevant conditions (high excess of DNA over com-
pounds) the affinity of 1 is not AT-selective (Table 2);
therefore it nonspecifically binds to DNA and inhibits
replication in the first 48 h. On the other hand, 2 showed
marked selectivity toward poly dA—poly dT compared
to ct-DNA (Table 2), what is pointing toward possible
accumulation of 2 in the AT-rich sequences, which could
result in triggering different kinetic and/or mechanisms
of action than 1. Besides, AT-rich matrix attachment re-
gions (MARSs) contain consensus cleavage sites for topo-
isomerase II and since 2 induced strong S/G2/M arrest
and apoptosis, after a prolonged period of time, topoi-
somerase inhibition as a mode of its action should be
additionally confirmed.

3. Conclusions

Noncovalent interactions of 1-3 with ds-polynucleotides
are strongly dependent on the size, rigidity, and structure
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of positively charged substituents attached to macrocy-
clic moiety, as well as on the secondary structure of
the ds-polynucleotides. Thus, compound 2 binds to
polynucleotides by mixed binding mode; to DNA poly-
nucleotides dominantly by minor groove binding, while
to RNA analogues prevalently by intercalation. Upon
binding to DNA, 2 showed strong selectivity toward
dA-dT sequences, most likely due to the steric interfer-
ence with the amino groups of guanines positioned into
minor groove of dG-dC sequences. Compound 1 binds
to polynucleotides mainly by groove binding, showing
lower 1Csy and AT, values than 2, most likely due to
the longer, more rigid, and more polar linkers as well
as to slightly different structure of the moiety carrying
positive charge. Exceedingly bulky bipyridyl substitu-
ents of 3 markedly hampered interactions with polynu-
cleotides, not allowing efficient aromatic n—n stacking
interactions (that was reflected in small spectroscopic
changes in UV/vis titrations), yielding lowest 1Csq value,
and weakly stabilizing exclusively AT-sequences of
DNA polynucleotides. All these results point toward
weak hydrophobic interactions of 3 exclusively within
AT-sequences of DNA.

This is, to our knowledge, the first study that reports
the biological activity of dibenzotetraaza[l4]annulene-
containing structures. The strength of the antiprolifera-
tive effect on cell lines (1 ~ 2 > 3) agreed well with the
1Csy and ATy, values of 1-3 toward polynucleotides.
Additionally, in the biological assays high excess of
DNA over compound corresponds to the experimental
conditions of titrations. Therefore, it is most likely that
DNA is actually target of the compounds in the cell.
Following the recently presented lead that AT-rich is-
lands in genomic DNA can be considered as a target
for AT-specific DNA-reactive antitumor drugs,?® more
detailed study of 1 and 2, their metal complexes, and
also close structural analogues is of the highest interest.
Elucidation of mechanisms and significance of specific
AT sequences targeting and their applicability to ra-
tional drug design is also of crucial importance.

4. Materials and methods
4.1. Spectroscopic experiments

Compounds 1-3 were prepared by the procedure
described earlier.® The electronic absorption spectra
were obtained on Varian Cary 100 Bio spectrometer in
quartz cuvettes (1 cm). The spectroscopic studies were
performed in aqueous buffer solution (pH 7, sodium cac-
odylate buffer, 7=0.05mol dm~*). Under the experi-
mental conditions absorbance of 1-3 was proportional
to their concentrations. Polynucleotides were purchased
as noted: poly A—poly U, poly G—poly C, poly dA—poly
dT, poly dAdT—poly dAdT (Sigma), calf thymus (c7)-
DNA (Aldrich). Polynucleotides were dissolved in sodi-
um cacodylate buffer, 7=0.05moldm >, pH 7. Calf
thymus (ct)-DNA was additionally sonicated and fil-
tered through a 0.45-um filter.?!>> Polynucleotide con-
centration was determined spectroscopically??> as the
concentration of phosphates. Spectroscopic titrations

were performed by adding portions of polynucleotide
solution into the solution of the studied compound.

Under the experimental conditions used the absorbance
of 1-3 was proportional to their concentrations. Ob-
tained data were corrected for dilution. Titration data
were processed by Scatchard equation.'® Values for K
and n given in Table 2 all have satisfactory correlation
coefficients (>0.999). Thermal melting curves for
DNA, RNA, and their complexes with studied com-
pounds were determined as previously described?? by
following the absorption change at 260 nm as a function
of temperature. Absorbance of the ligands was subtract-
ed from every curve, and the absorbance scale was nor-
malized. The T,, values are the midpoints of the
transition curves, determined from the maximum of
the first derivative and checked graphically by the tan-
gent method.??> AT, values were calculated subtracting
T of the free nucleic acid from 7, of the complex.
Every ATy, value here reported was the average of at
least two measurements, the error in AT, is 0.5 °C.

4.2. Biological assays

4.2.1. Antiproliferative assays. The Hela (cervical carci-
noma), MCF-7 (breast carcinoma), SW 620 (colon car-
cinoma), MiaPaCa-2 (pancreatic carcinoma), Hep-2
(laryngeal carcinoma), and WI 38 (diploid fibroblasts)
cells were cultured as monolayers and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin in a humidified atmosphere with 5% CO, at
37°C. The growth inhibition activity was assessed
according to the slightly modified procedure performed
at the National Cancer Institute, Developmental Thera-
peutics Program.?>?* The cells were inoculated onto
standard 96-well microtiter plates on day 0. The cell
concentrations were adjusted according to the cell pop-
ulation doubling time (PDT): 1.5x 10*ml for HeLa,
Hep-2, MiaPaCa-2, and SW 620 cell lines (PDT = 20—
24 h), 2x10*ml for MCF-7 cell lines (PDT = 33 h),
and 3 x 10%/ml for WI 38 (PDT = 47 h). Test agents were
then added in five 10-fold dilutions (10°8-10"* mol17")
and incubated for further 72 h. Working dilutions were
freshly prepared on the day of testing. After 72 h of
incubation, the cell growth rate was evaluated by per-
forming the MTT assay, as previously described.?* Each
test point was performed in quadruplicate in three indi-
vidual experiments. The results are expressed as 1Cs,
which is the concentration necessary for 50% of inhibi-
tion. The 1Csy values for each compound are calculated
from dose-response curves using linear regression
analysis.

4.2.2. Cell cycle analysis. The cells (2 x 10° per well) were
seeded in a 6-well plate. After 24 h, the tested com-
pounds were added at concentration 5x 10~®mol 17",
After the desired length of time the attached cells were
trypsinized, combined with floating cells, washed with
phosphate buffer saline (PBS), and fixed with 70% etha-
nol. Immediately before the analysis, the cells were
washed with PBS and stained with 1 pg/ml of propidium
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iodide (PI) with the addition of 0.2 pg/pl of RNAse A.
The stained cells were then analyzed with Becton Dick-
inson FACScalibur flow cytometer (20,000 counts were
measured). The percentage of the cells in each cell cycle
phase was determined using the ModFit LT software
(Verity Software House Inc.) based on the DNA histo-
grams. Statistical analysis was performed in SigmaStat
2.0 by using the one-way ANOVA test.

4.2.3. Annexin-V assay. Detection and quantification of
apoptotic cells at single cell level was performed using
Annexin-V-FLUOS staining kit (Roche), according to
the manufacturer’s recommendations. After the desired
length of time, both floating and attached cells were col-
lected. The cells were then washed with PBS, pelleted,
and resuspended in staining-solution (annexin-V-fluo-
rescein labeling reagent and propidium iodide (PI) in
Hepes buffer). The cells were then analyzed under a fluo-
rescence microscope. Annexin-V (green fluorescent) cells
were determined to be apoptotic, and Annexin-V and PI
cells were determined to be necrotic. Percentage of
apoptotic cells was expressed as a number of fluorescent
cells in relation to the total cell number (fluorescent and
non-fluorescent cells), which was expressed as 100%.
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