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Abstract

Compounds of the 1,4-dihydropyridine (1,4-DHP) series have been shown to reduce spontaneous, alkylation- and radiatior
induced mutation rates in animal test systems. Here we report studies using AV-153, the 1,4-DHP derivative that showed the highe
antimutagenic activity in those tests, to examine if it modulates DNA repair in human peripheral blood lymphocytes and in two
human lymphoblastoid cell lines, Raji and HL-60. AV-153 caused a 50% inhibition of growth) (@€ Raji and HL-60 cells at
14.9+ 1.2 and 10.3- 0.8 mM, respectively, but did not show a cytotoxic effect at concentrations gl/DRIkaline single-cell
gel electrophoresis (comet) assays showed that AV-153 reduced the number of DNA strand breaks in untreated cells and also
cells exposed to 2 Gy of gamma-radiation, 100 ethylmethane sulfonate (EMS), or 1081 H,O,. DNA damage was reduced
by up to 87% at AV-153 concentrations between 1 and 10 nM, and a positive dose-effect relationship was seen between 0.01 al
1 nM. Comparison of the kinetics of DNA strand-break rejoining in the presence and absence of AV-153 revealed a considerabl
influence on the rate of repair. In view of the resemblance of this compound’s structure to that of dihydronicotinamide, a substrat
for poly(ADP-rybose)polymerase, the modulation of DNA repair by AV-153 could involve an influence on poly(ADP)ribosylation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction logical properties. They show modulating activity on
cardiovascular and neuronal proceg4e2] and on cor-
Synthetic derivatives of 1,4-dihydropyridine (1,4- ticosteroid regulatory circuit§3] and prevent inflam-
DHPs) possess important biochemical and pharmaco-matory [4] and diabetic process€$,6], and some
show antineoplasti¢7], geroprotective[8], radiopro-
tective [9] and radiosensitizing effecfd0]. Some of
* Corresponding author. Tel.: +48 32 278 9677, the positive effects of 1,4-DHPs are long-tefbi,12],
fax: +48 32 231 3512. and thanks to their low or very low toxicity (glu-

E-mail address: jwolny@io.gliwice.pl (J. Rzeszowska-Wolny). .
>
1 Presentaddress: Laboratory of Genetic Safety, Institute of Genetics tapyrone showed an Ldg >3 g/kg when administered

and Cytology, National Academy of Sciences of Belarus, Akademich- inFravenOUSW or >10 g/kg with oral adminiStratio[l_Q)]
naya 27, 220070 Minsk, Republic of Belarus. this group of compounds appears to offer promise for
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medical applications. Among 12 screened 1,4-DHPs
that differed in chemical structure, specarbonyl-1,4-
dihydropyridines that are analogues of dihydronicoti-
namide, the hydrogen- and electron-transferring moiety
of the redox coenzymes NADH and NADPH, showed
antimutagenic activity and significantly reduced sponta-
neous and alkylation-induced point mutations and chro-
mosome breaks in germ cells &frosophila [13,14],
alkylation-induced micronuclei in mouse bone-marrow
cells [15], and radiation-induced chromosome aberra-
tions and other cytogenetic end-points in fih]. The
reduction of mutation frequency reached 85% in some
case$14]. Studies oDrosophila suggested that the 1,4-
DHPs inhibit chemical mutagenesis due to modulation of
DNA repair[13—-15] and in the present study we exam-
ined the effects of AV-153, a 1,4-DHP that showed the
highest antimutagenic activity in anima]$3,14] on
spontaneous, chemically- and radiation-induced DNA
damage and its repair in human cells in vitro.

2. Materials and methods
2.1. AV-153

Sodium 3,5-bis-ethoxycarbonyl-2,6,dimethyl-1,4-dihydro-
pyridine-4-carboxylate (AV-153), synthesized in the Latvian
Institute of Organic Synthesis, is an analogue of the active cen-
ter of the reduced form of nicotinamide adenine dinucleotide
(NADH) or its phosphate (NADPH)Fig. 1). It is a yellow
crystalline powder, resistant to temperature fluctuations, solu-

ble in water and it passes the cell membrane. Stock solutions

were prepared in phosphate-buffered saline (PBS) or culture
medium and kept in the dark at'@ during a period of one
month.

2.2. Cells and media

Venous blood from a young non-smoking healthy female
was collected in heparinized tubes. Histopague-1077 (ICN)

was used to separate mononuclear lymphocytes, which were

washed in RPMI 1640 (Sigma—Aldrich) at@ and incubated

in RPMI 1640 with 10% fetal bovine serum (FBS; Gibcp),
glutamine and 0.1% gentamicine at&7in a humidified atmo-
sphere with 5% C@ Human HL-60 (promyelocytic leukemia)
and Raji (B-lymphoblastic leukemia) cells were cultured in the
same conditions and used during exponential growth.

X0
R*-—C C—R*
H.C ﬁ CH,

Fig. 1. Structure of AV-153. Positions’Rind R bear a OGHs group
and position R a COONa group.
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2.3. Assessment of cell viability

We used the colorimetric methyl-thiazol-tetrazolium
(MTT) assay{17] to study cell survival after incubation with
AV-153. Briefly, cells in RPMI 1640 without phenol red
(Sigma—Aldrich) were seeded in 96-well plates (NUNC, Den-
mark) using 1.5« 10* cells/100ul/well. Equal aliquots of PBS
containing AV-153 at different concentrations were added 24 h
later. Wells without cells or without AV-153 were used to
determine baseline values. After further incubation for 24 h
at 37°C, MTT (Sigma-Aldrich) was added to all wells to
a final concentration of 0.5 mg/ml and the plates were incu-
bated for 3h in the same conditions. The formazan crystals
formed were dissolved by addition of 1p0of DMSO and
the optical density (OD) at 570 nm was measured with an
ELx800 microplate reader (Bio-Tek Instruments, USA). The
percentage cell survival was calculated by the equation [viable
cells= (00 — ODy,)/(OD, — OD,) x 100], where ODRis for
the cell sample with AV-153, O for AV-153 alone (test
blank), OQ for control cells, and OR) for the control blank
without cells and AV-153. All experimental series were per-
formed at least three times with triplicate samples. Thg,IC
i.e. the concentration at which 50% of cells showed inhibition
of MTT processing, was calculated from the dose-response
curve. The standard Trypan-blue exclusion test was also used
according to the manufacturer’s indications (Sigma—Aldrich)
and blue (non-viable) cells were scored under the microscope.

2.4. Treatment with genotoxic factors

Cells were used at a concentration of 40°/ml. Gamma-
irradiation was performed on ice using®?Co radiotherapy
source (Gammatron, Siemens) at a dose rate of 0.8 Gy/min
to a total dose of 2 Gy. In other experiments cells suspended
in ice-cold PBS were incubated with ethylmethane sulfonate
(EMS, Sigma-—Aldrich) or hydrogen peroxide {B) at final
concentrations of 10@M for 1-3 min, washed inice-cold PBS,
and suspended in complete medium at@7Equal aliquots
of AV-153 at different concentrations were added immediately
after irradiation or after washing off the chemical agents.

2.5. Alkaline single-cell gel electrophoresis (comet) assay

DNA breaks were assessed by comet assays as described
in [18—20] with all steps of preparation performed on ice.
Images of 100 randomly selected cells were analyzed per exper-
imental point. In initial experiments an image-analysis system
(Lucia version 4.60, Laboratory Imaging Ltd.) was compared
with visual scoring and a statistically significant correlation
(r=0.72,p<0.05) between the results was obtained. Subse-
quently, only the less time-consuming visual scoring was used.
Cells were classified into five categoriesof#A\,) according
to Collins et al.[21,22] and the DNA damage (D) in arbi-
trary units was calculated as D 5 A 2A, + 3A; + 4A,, giving
D values from 0 to 400 for 100 cells. To follow the kinetics
of repair, irradiated cells were incubated in growth medium
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at 37°C and samples were taken at six time points from 0 to

180 min. The repair curves were modeled by the exponential

function [y(r) =a x exp@/—1) + ], wherey is DNA damage at
time (f) during repaira is the repaired fraction of damage,
is a time constant inversely related to the rate of repair,cand
is the residual unrepaired damdge]. Slides were coded and
evaluated by the same observer.

2.6. Statistical analyses

Experiments were repeated at least three times. Data were

compared using the unpaired Studentsst, Pearson’s corre-

lation, and Spearman’s rank analysis and regression analysis.

3. Results
3.1. Effect of AV-153 on cell viability

We used two assays, MTT and Trypan-blue exclu-
sion tests, to examine the toxic effect of AV-153 on Raji
and HL-60 cells. Both tests showed that AV-153 had no
influence on cell viability and mortality at concentrations
<100uM (Fig. 2A and B).

A significant increase in the number of non-viable
cells was seen for AV-153 concentrations above B0
and between 1 and 25mM HL-60 and Raji cells
differed in sensitivity Fig. 3). In this concentration
range the survival curves fitted the logarithmic func-
tion [y=—a x In(x) + b] with determination coefficient
>0.92 andp <0.05. The calculated values ofdgwere
10.3+0.8 and 14.9- 1.2 mM for HL-60 and Raji cells,
respectively; HL-60 cells were thus slightly more sensi-
tive than Raji cells.

3.2. AV-153 diminishes the level of endogenous
DNA damage

We tested the effect of exposure of cells to non-toxic
concentrations of AV-153 on the level of DNA breaks.

120

(A) (B) .
100 10
§8055§§§§i§§ 58@ .
E(’O é% ?” %’
240 o Raji g4 O o 40 ¢
(320 AHL-60 § chiiizlzizz‘}{
0 0

10" 10° 107 105 10° 107

Concentration of AV-153(M)

N.I. Ryabokon et al. / Mutation Research 587 (2005) 52-58

100 4

50 F

Cell survival (%)

25 F

0 1 1 1 1 1
0 5 10 15 20 25

Concentration of AV-153 (mM)

Fig. 3. Cell survival at AV-153 concentrations higher than 1 mM and
calculation of 1G. Survival was measured by MTT assays; means of
three to four experiments S.E. are shown.

The level of spontaneously arising DNA single-strand
breaks (SSBs) in peripheral blood lymphocytes or HL-
60 cells was reduced by 13-67% after a 3 h incubation
at concentrations varying by five orders of magnitude
(1nM to 10pM) (Table ).

For lymphocytes, AV-153 concentrations lower than
0.1 nM showed a non-significant reduction of endoge-
nous SSBs but a significant effect was seen at 1 nM.
Reduction of endogenous SSBs did not increase further
at AV-153 concentrations higher than 1 nWaple ).

3.3. Protective effect of AV-153 against radiation-
and chemically-induced SSBs

AV-153 was also active in protecting against DNA
damage caused by exogenous factors such as ionizing
radiation, BO, and ethylmethane sulfonate, which can
be measured by the comet assay as DNA breaks. Lym-
phocytes or HL-60 cells exposed to 2 Gy of ionizing
radiation and incubated for 3 h in the presence bhM

010 10" 10% 10°¢ 10* 107

Concentration of AV-153(M)

Fig. 2. Effect of AV-153 on the viability of Raji and HL-60 cells. Cells were incubated with AV-153 for 24 h: (A) cell survival measured using the
MTT assay; (B), frequencies of dead cells assessed by the Trypan-blue exclusion test. Means of three to four independent eixSeEmaets

presented.p <0.05 and” p <0.01 compared with controls.
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Table 1
Decrease of endogenous DNA SSB levels in lymphocytes and HL-60 cells after 3 h of incubation with AV-153
AV-153, M DNA damage (a.u.), meanS.E. Reduction factor (%), meanS.E.
Lymphocytes HL-60 Lymphocytes HL-60

0 7.71+£0.92 100.00+ 1.00 - -
1011 7.5040.50 - 2.73+ 1.65 -
1010 7.00+2.08 - 28.24+ 1.62 -
1079 2.75+1.24 87.00 + 2.00" 67.36+ 19.26 13.44+ 1.56
108 2.86+0.59" 56.00 & 2.00" 52.36+ 8.97 44.0H1.44
107 2.90+0.87 66.00 + 12.00 43.77+ 17.99 38.73:11.73
106 3.2540.85 65.00 &+ 7.50" 40.38+ 4.46 32.219.21
10°° 3.25+0.63" 74.50 + 9.50 35.0+ 14.17 25.17%9.17

Bold values show <0.05 and p <0.01 compared to untreated cells. The reduction factor (RF) was calculated as<({@Il,)/DD;) x 100 (%),
where DD is endogenous (or induced) damage and,)B damage after incubation with AV-153.

AV-153 showed a decreased level of SSBs in comparisonor 2 Gy of X-radiation and incubated for 3h, SSBs

with cells exposed to the same dose of ionizing radia- were reduced by50% and 90%, respectively¥gble 2.

tion and incubated without AV-153. A similar effectwas Regression analysis revealed that the efficacy of AV-153

observed for Raji cells exposed ta®, and for lym- in reducing endogenous DNA breaks, or those induced

phocytes incubated with EM3#4ble 2. by oxidizing or alkylating agents or ionizing radiation,
The tendencies of the AV-153 dose-effect relation- gradually decreased with concentration from 1nM to

shipsinreducing exogenously induced oxidative damage 10uM and could be described by a logarithmic func-

were the same as those for endogenous DNA damagetion.

H»>07 induced SSBs immediately, and after a 3 h repair

period the level of SSBs was significantly lower in cells 3.4. Effect of AV-153 on the kinetics of DNA

incubated in the presence of AV-153. AtlnM the single-strand break rejoining

reduction of DNA damage increased with the concentra-

tion and showed a maximal value of 37%, but reduction  Analysis of the level of SSBs at different times after

of damage decreased with further increase of AV-153 exposure to exogenous DNA-damaging factors allowed

concentration. In lymphocytes exposed to 100 EMS assessment of the influence of AV-153 on DNA repair.
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Fig. 4. Repair kinetics after exposure to different DNA-damaging agents and post-incubation with AV-153. Each point is the mean of at least three
experiments. SE bars are not shown for clarity. Dashed line shows control.
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Table 2

Effect of 3 h incubation with AV-153 on DNA damage induced by exogenous factors

Reduction factor (%), meanS.E.

DNA damage (a.u.), meah S.E.

Lymphocytes

HL-60

Raji

Lymphocytes

HL-60

Raji

31.00+ 3.0
EMS

7.00+ 2.9
2Gy

845+ 25
2Gy

81.5+ 8.8

H20,

Control

2Gy 2Gy EMS

RO,

AV-153, M

98.5+ 1.5 18.7+ 4.9 87.0+ 4.6

110.6+ 2.7

40+ 1.7

107.3+ 2.5

10°1

7.3+ 22

1024 + 1.3"

46.4+ 11.1

37.0+ 12.2

477 £ 11.7°

69.1 + 134

N.I Ryub()k(m(gt al. / Mutation Research 587 (2005) 52-58
©

87.2+ 5.3

13.7£ 0.7
9.7+ 2.7

3.0+ 15
3.7+14

85.0 £ 2.0
89.0+ 4.0
94.0+ 4.5
97.0+ 1.0

31.9+ 16.2

77.5+ 10.0
51.5+ 9.8
3.0+ 1.6

14.7+ 3.7

60.7+ 16.3

95.0 + 6.5

4.6+ 3.6

9.0+ 2.3
18.0+ 4.6

1.5+ 05 8.2+ 49

0.7+ 4.0

80.3+ 8.2

110.7+ 5.0

Values in bold show <0.05 and (*) showg <0.01 compared with irradiated cells or cells incubated with EMS (@D or H,0, (100uM) in the absence of AV-153. The reduction factor w.

calculated as described Table 1

We studied the level of SSBs at 0, 15, 30, 60, 120 and
180 min after DNA-damage induction and incubation
of cells in medium supplemented or not with AV-153
(Fig. 4).

The difference in SSB level between cells incubated
with AV-153 at <10uM was significant starting from
15 min of incubation. The repair kinetics could be mod-
eled by an exponential function whose parameters were
calculated (see Sectid). Table 3shows the values of
parametet that is inversely related to the rate of repair.
AV-153 at 1 nM to 0.JuM caused a significant increase
of repair rate for all damaging agents and all cell types.

4. Discussion

These results demonstrate that AV-153 is non-toxic
for human cells at concentrations <1081, like other
derivatives of 1,4-dihydropyridine previously tested,
such as nifedipine used in therapy of cardiovascular
disease$23] or the novel compound cerebrocrast with
anti-inflammatory propertigg]. A toxic effect was seen
at concentrations >1Q0M and the 1Gq differed slightly
for the different cell types tested, HL-60 cells being more
sensitive than Raji cells. HL60 cells are p53-deficient due
to deletions in the gene coding for this proté4], but
nevertheless they undergo apoptosis readily and show a
G2 checkpoin{25]. They have been found to be more
sensitive than other cell lines in studies of anticancer
drugs[26,27]

In the lower range of concentrations tested, AV-153
caused a decrease in the level of DNA SSBs as mea-
sured by alkaline comet assays, which detect single and
double strand breaks including those associated with
replication, incomplete excision repair of DNA dam-
age, or alkali-labile (mostly apurinic and apyrimidinic,
AP) sites[19]. The levels of both endogenous SSBs,
which are common lesions caused by DNA oxidation and
AP sites formed during metabolic processes (up tb 10
depurinizations occur in human cells per dag]), and
of SSBs caused by ionizing radiation (oxidative dam-
age to bases and cross-links) or alkylating agents like
EMS (N-alkylation of purines and AP sites) were sig-
nificantly reduced. These effects suggest that AV-153
may directly stimulate DNA repair, which is consistent
with its influence on DNA-repair kinetics seen here and
also with the results of Goncharova and Kuzii8,14]
who showed that it reduced the frequency of sponta-
neous and EMS-induced point mutations in germ cells of
Drosophila by 85% and 40%, respectively. AV-153 could
influence cellular redox equilibria, because it may pos-
sess antioxidant activityL 4] like several other 1,4-DHP
derivatives[29-31] but this mechanism is improbable,
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Table 3
Effect of AV-153 on DNA-repair rate after irradiation or exposure 04 or EMS
AV-153, M Parametet

100puM H202 2 Gyy-radiation 10QuM EMS

Raji Lymphocytes HL-60 Lymphocytes

Mean+ S.E. p Mean+ S.E. p Mean+ S.E. p Mean+ S.E. P

0 27.0+2.8 40.6+3.3 127+ 1.2 48.94-14.5

10°° 21.1+2.1 0.07 - - 15.5+ 2.2 0.24 39.2-13.2 0.06
1076 - - 40.3+1.7 0.94 8.3+23 0.11 - -
107 19.24-6.3 0.07 25.8-:4.3 0.05 7.7+ 09 0.021 26.9+12.1 0.31
1078 - - 22.8+2.0 0.04 - - - -
109 15.7+1.4 0.0002 - - - - 26.2-2.6 0.2

The experimental points were fitted to the exponential equationx exp@/
repair. Values in bold shoyw< 0.05.

becauseitinfluences DNA damage induced by alkylating
agents.

The structure of AV-153 resembles that of dihydron-
icotinamide, the hydrogen- and electron-transferring
moiety of NADH and NADPH, suggesting two possi-
ble mechanisms for its protective effect against DNA
damage. The oxidized form of NADH is a substrate
for ADP-ribosyl cyclases, and cyclic ADP-ribose mobi-
lizes calcium (reviewed ifi32]). We therefore consid-
ered that AV-153 could influence the cell cycle through
calcium signaling, which in turn could influence the
SSB level. However, we observed that AV-153 had no
influence on the cell cycle parameters of HL-60 cells
at concentrations from 1@ to 10°>M as assessed by
cytofluorometry (data not shown). A second hypothe-
sis is that since NADH and NaDPH are substrates for
poly(ADP-ribosyl)polymerase, which modifies proteins
involved in DNA repaif32], a modulating effect of Av-
153 on poly(ADP)ribosylation reactions could underlie
its effects on DNA-repair kinetics. Elucidation of the
details of the mechanism of action of AV-153 requires
further studies.
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