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Pyr id in ium oximes are pharmacological ly  important  nucleophvl ic  : r !ents rct ins as ef fcct i re
anl idotes against  poisoning by organophosphorus compounds thet  inhib iL accty lchol inesterase
(AChE ;  EC  3 .1 .1 .7 . ) .  I n  t h i s  s t udy ,  t he  cy to tox i c i t y  o f  1 -phenacy lpy r i d i n i u rn - . 1 -a l dox ime  ch lo -
r ide (FEPA-4) was analyzed in human SH'SY5Y neuroblastoma cel l  l inc h ighly exprcssinu
acety lchol inestcrrse.  The concentrat ions of0.5,  1.  2 and 4 lnrnol  dm -r  lnd r intc-dependent e i -
f ec t s  a t  1 ,3 ,6 ,  l 2  and  2 - l  hou rs  we re  t es ted  i n  compar i son  w i t h  non - t r e r t ed  ce l l s .  I n  add i t i on .
neuroblastoma cel ls  were t rezr ted wi th a wel l  known ant idote I , l ' -b is(pyr id in ium-.1-aldoxime)rr i -
methylene dibromide (TNIB-:11 at  the concentrat ion of  0.8 mmoi dm r .  thc h i : :hc ' t  s tudicd con-
centrat ion which in several  non-neural  cel lu lar  models induced no cvtotoxic i tv .  Cytotoxic ef ,

Keywords fects i .e.  a l tered cel lu lar  morphology and decreased cel lu l i i r  volumr dcnsi tv quant i f icd by
aldoximes stereological  method were observed in FEPA-4 t reated cel ls ,  whi lc  no cvtotoxic ef t ic t  * ,as ob-

in l i t rz  cytotoxic i ty  servcd for  0.8 mmol dm r  TN{B-4.  Possib le mechanisms of  obscncd FEP,\  .1 cytoroxicr t )  in

morphological  analysis neuroblastomacel ls  are discussed.

INTRODUCTION

N{lny oximes and their metal complexes have shown
sienificant anc'l versati le bioactivity. Their biological func-
t ions lnd nrct r l ro l i ;z ing nrcchl r isr r : ;  i i r  l iv ing s) ,s lcn1s x lc
usr.rally rclated to their structure and chelating abil ity.
PyridiniLrm oximes are best known as pharmacologically
in.rportant nucleophylic.agents that are effective antido-
tes against poisonin-e by organophosphorus compounds
(pesticides. chemical w'arfare nerve agents, drugs used in

' i  Author to whorn corresponde ncc should be addressed. (E-ntai l :  svjet la@mef.hr.t

the treatment of choliner-9ic disorders).r Organophos-
phorus compounds inhib i t  acety lchol inesterase (AChE;

EC 3.1.1.7. )  rvh ich physio logical  ro ie is  hvdrolys is  of

the neLlrotransmitter acetylcholine in the nervotts svstem.

Bispyr id in ium oximes.  such as 1.1 ' -b is(pyr id in iLrm-4-al -

doxime)trimethylene dibromide (TIl ' lB--+. shown in Fi-s-

ure l). are the most potent antidotal a-sents. Even certain

pyridinium derivatives that lack the oxime group, such

as 1-phenacylpyridinium chloride and its 2-methylpyri-
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dinium derivative, act as protectors of AChE due to their
capabil ity to reversibly inhibit this enzyme.2 Apparently
they have antidotal efficacy in soman poisoning as well,
ascribed to the reactivation or protection of AChE.3 1-
phenacylpyndinium-4-aldoxime chloride (FEPA-4, shown
in Figure l) serves as potential reactivator of the inhi-
bited AChE althoirgh its antidotal properties are not knorvn
so far. FEPA--I is known to react with aquapentacyano-
f-enate(Il) by fbrming a well characterized substituted
pentacyanot-enate(Il) complex.a.s'6 Although the deriva-
tives of 1-phenacylpyridinium aldoximes could exert a
lerv cornplex action on the cholinergic and adrenergic
nervous system and a strong anticholinesterase effect,
they have been poorly studied as cytotoxic agents. More-
over. there have been no l iteratlrre data on FEPA-4 bio-
activity testing in in uitro and in uiuo models. The aim of
this study was to evaluate the cytotoxic and antiproiife-
rative ef'fects of FEPA-4 and TMB-4 in SH-SY5Y human
neLrroblastoma cell l ine, characterized by high expres-
s ion of  acety lchol inesterase.T

EXPERIMENTAL

Chemic'als

FEPA-4 and TMB-,1 were previously synthesized according
to known procedures.a.E Aqueous solutions of these com-
pounds remain stable for days.

Cell Line

SH-SY,5Y ncuroblastoma cells were grown in cr:lture flasks
and cultivated in MEM medium supplemented with 10 %
tetal bovine serum, L-glutamine (200 n.rmol dm-3), and
antibiotics (penicil l in and streptomycin, 100 pg cm-3).

FEP,\-4 oncl TIVIB-4 Treatment of SH-SYSY Cells

Neuroblastoma cells were seeded in 4 well plates 12 hours
prior to addition of FEPA-4 and TMB-4. Cells were then
incubatcd in duplicates in 0.5. 1, 2 and 4 mmol dm-l FEPA-I
in scrunr-free medium. and in 0.8 mmol dm-l TMB-4 in se-
rum-frec mcdium tbr  l ,3 ,6,  l2  and 2: l  hours.  In  para l le l ,
non-treilted cc-lls were grown in a scrum-free medium dur-
ing the samc experimental periods.

NI o r p h o I o g i c' o I ( S t e re o I o g i c' a I ) Analy s i s of Cy t ot ox i c'
EJfec'ts

Changes in ceilular morphology and cell viabil ity were ana-
lyzccl in native and hematoxylin-eosin stained FEPA-4 and
'lMlJ-4 treated us. non-trearted cell populations, by invert light
microscopy (Zeiss Axiovert 200 microscope equipped with
digital camera Axiocam MRc5). For a stereological analy-
sis. a non-biased Weibel's 42-point multipurpose test sys-
teme wirs applied at a magnification of 400x. The length of
the test l ines was 0.5021 mm, whereas the test surface area
was 0.02094 mml for each analyzed microscopic field.e l0

The 4-lvell cuiture dish was placed under the microscope.
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Figure I .  Structures of the iested oldoximes.

Each well  had a surface area of I  cml. The cel ls grown rn
the culture were focused (without refocusine). In ordcr to
determine the volume of cel l  clusters (r 'olunrc density, Vu.)
that occupied a well  in various cel l  cr-r l tures/protocols, a
point counting method has been uscd. ' Ib 

dctcrminc Vu" the
fol lowing formula was used'9't0.1 L

V u r -  P ,  I  P ,  ( l )

where P. is number of hits on culturcd cel is w,hcreas P, is a
nunrber of test points (P, = 42). A pi lot stcrcological mca-
surement of Vu. has been made in ordcr to determine the
number of microscopic f ields (n) necdccl fbr a stat ist ical ly
rel iable data assessment. l l  The pi lot rne-asurerncnt has been
carried out on 20 microscopic f iclds. Aftcr this prel int inary
measurement, de Hoff 's formulal l  was applied:

p = (20 . s/,r)r (2)

rvhere -t is the mean value of Vi-'. and s rs thc standard devia-
t ion. In our case, the number of microscopic f iclds to be as-
sessed tbr each culture dish was -50 Thc f inal ce l lular vo-
lume densit ies were expressed as mcan values f .s of data
obtained in two independent experinrents in which the
count ing  o f  50  nr ic roscop ic  t ie lds  wus r ladc  in  dup l i care .

RESULTS AND DISCUSSION

According to our knowledge this is the first study deal-
ing with in uitro effects of l-phenacylpy'ricl iniurn-4-aldo-
xime chloride (FEPA-4). Since structLrral characteristics
of FEPA-4 indicate its antidotal activitv throLr-gh revers-
ible inhibit ion and potential reactivation of acetylcho-
lit icslcrasc, a nctuoblastotria ccllull,r t, ' ,,. iul ir iglrl; '  s,\ples-
s ing acety lchol inesterase was chosen.? Resul ts  showed
both concentration- and time-dependent el-f'ects of FEPA-4
on human SH-SY5Y neuroblastoma cel ls  in  compar ison
with non-treated cells. In order to estir.nate a ran-9e ot.
concentrations exerting cytotoxic eflects. cells 

"vere 
first

treared with 1, 2 and l mmol dm r FEPA-.+ durin-e 2-1
hours. As shown in Figure 2. concentrations of 2 and 4
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Figvre 2. Morphology of SH-SY5Y cells treoted with (o) 2 mmol
dm 3 ond (b) 4 mmol dm-3 FEPA-4 oher 24 hours, in comporison
with (c) non-ireoied cells (hemoloxylin-eosin sioining, mognrfico-
tion 200x)

rnntol dln-j FEPA-,I were fbund to be extremely cytotoxic
tor neuroblastoma cells. l.e. hernatoxylin-eosin staining
revealed that majority of cells were dead after 2l hours of
treotment, with roLrnded cell bodies containin_q only nuclei
sulroLlnded by cytoplasmic remniurts. Morphological chan-

-ses (alterations) were quantit ied by stereological analysis,

t :

: - \
[FEPA'4] /  mmol clnr

Figure 3. Cytoloxic conceniroi lon-dependent efrecrs of FEPA-4 on
SH-SY5Y neuroblostomo cel ls, quonti f ied by siereologicol onolysis.
D o l o  o n  c e l l u l o r  v o l u m e  d e n s i l i e s  o r e  e r n r e q s e r l  n s  m 9 6 T 1  y g l g 9 5
*  SD.

which conlrmed a dramatic decreasc ol cellular volume
density as a function of a FEPA-;I conccntration increase
from 0.5-:1.0 mmol dm-l (Fisure 3). Conecntnttions of 0.5
and 1.0 mmol dm-3 FEPA-4. show,in-g less drarnlric cyto-
toxicity. were further used for testins tinre-dependent ef-
fects of  the compound dur ing 1.  3.  6.  l2  and 2:1 hoLrrs.
Figure 4 shows that 0.5 mlnol dm-r FEP-\-l did not in-
f luence cel lu lar  pro l i ferat ion abi l i ty ;  horvever  s l ight  a l -
terations in cellular morphology appeared aftcr 1? hours
of incr-rbation. At a concentration of' 1.0 mmol dm-3
FEPA-4, inhibit ing ef-fects to cellultr prolif 'eration and
n.rorphological aberrations (rounded cell bodies, exudl-
tion of cytoplasmic elements, cell f iagrnentation) were hrst
observed after 3 hours ol incubation and proportionallv
more after 6, l2 and 2:l hours (FigLrrc 4.t. QLrantif ication
of the observed time-dependent morpl'rolo-sical changes.
expressed as cel lu lar  vo lume densi t l  chunucs in  t reatcc l
u.r. non-treated cells, is shorvn in Figurc 5. A concentra-
tion of 0.5 mmol dm-3 FEPA-4 indLrcecl a 30 % decrease
in cel lu lar  vo lume densi ty  up to l2  hours of  t reatment .
However, a slight continuous increase ri 'as observed in a
later t ime period up to 24 hours. alr.nost approaching the

l  f r0r l r 3 frours 6 hours 1 2 hours 24 l i r : t j rs

dm-3 ond (b )  1  mmol  dm 3  FEPA-4 dur ing  I 3 ,  6 ,  l 2  o n d  2 4  h o u r s

( a )

(b)

Figure 4.  Morphology of  SH-SY5Y cel ls  t reoted wi ih (o)  0.5 mmol
(hemo ioxy l i n -eos in  s t o i n i ng ,  mogn i f i co t i on  200x ) .
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Figure 5.  Time-dependent ef fecis of  FEPA-4 on SH-5Y5Y neuro-
biosiomo cel ls ,  quont i f ied by stereologicol  onolysis.  Doto on cel-
l u l o r  vo l ume  dens i t i es  o re  exp ressed  os  meon  vo lues  *  SD .

control value of cellular volume density. It seems that
after init ial inhibit ion of cell proliferarion induced by 0.5
mmol dm-3 FEPA-4. a certain fraction of FEPA-4-resis-
tant cells recovered their proliferative ability. The observed
sensitivity/resistance of neuroblastoma cells to FEPA-4
could be in relation to a cell cvcle stage. On the other
hand. incubation of cells with I mmol dm-r FEPA-4 re-
sulted in a continuous decrease of cellular volume den-
sity starting fiom 1.1 7c decrease evidenced after 3 hours,
60 7c decrease afier 6 hours. up to 88 7o decrease after
2.1 hours of treatment. Mechanism of FEPA-4 cyrotoxi-
city in neuroblastoma cells and possible involvement of
FEPA-.1 in nrodulation of acetylcholinesterase activity in
r. ' irru wil l be further explored. Unlike similar pyridinium
aldoximes, such as benzoylethylpyridinium-4-aldoxime
chloride (BEPA-4. a higher homoiogue of FEPA-4)
rvhich has been tested in uitro and rir uilo,l in our studies
of their physico-chemical properties, FEPA-zl was found
to be well soluble in water and its solutions stable in phy-
siolo_eical pH range (to be published elsewhere). Such ad-
vant:l-seoLrs properties make FEPA-4 a superior candida-

S. KALANJ BOGNAR ef o/.

Figure 7. Time-dependent effeds of TMB-4 on SH-SY5Y neuro-
b lostomo cel ls ,  quont i f ied by stereologicol  onolys is .  Doto on cel -
lu lor  vo lume densi t ies ore exoressed os meon volues *  SD.

te fbr further in uito and in uico studies ol'bioactivitv of
such compounds.

Efl 'ects of a well known antidote I. I '-bis(py 
ridinium-

4-aldoxime)trimethylene dibrornide ('fNIll-.1) have been
extensively studied in uitro and rn r,i r,r.r. I l lowever. so far
performed in uito studies dealt only r'"'ith l'arious trans-
formed non-neural cell l ines. In this study. TMB-'1 rvas
tested in SH-SY5Y neuroblastoma cell l ine, proven to be a
sensitive model fbr in uito investigation of dift'erent iurti-
proliferative/cytotoxrc drugsll es well rL\ tbr stutlies of in uitro
toxicity of organophosphorus compounds.rr SH-SY5Y cells
were incubated in 0.8 mmol  dm- j  TMB-+ dunns 1,  3.6.  12
and 2;l hours. This TMB-4 concer)trrit ion, as the highest
tested by other authors, was repofted sti l l  not to be cytoto-
xic in non-neural cellular models during shortcr t ime period
(up to 4 hours).15 Fi-eure 6 shows morphology of SH-SY5Y
cells treated with TIvIB-4. Interestingly. stuting with 3 up
to 6 hours treatment a gro\\'th and elongation ol' neuritic
extensions was observed indicating nroderlte cellLrlar dif '-
f'erentiation. However, in later periods no antiprolii'erative/
cytotoxic effects were evidenced as conllrnrccl by stereolo-

- ;  - o 5 m m d d m '  F E P A - 4

: i .  1  ommddm'  FEPA,4

Figure 6. Morphology of (o) SH-SY5Y neuroblosiomo cel ls lreoted for 6 hours wiih 0.8 mmol dm 3 TMB-4
neuronol phenoiype poinied by orrows), in comporison wilh (b) non-ireoted cel s grown during the some l ime

n i f i co t ion  1  40x) .

Cntrrt .  Clterrt .  ; loa 81 ( I  )  67-7 I (2008)

(ce1 di f ierent iot ion toword

intenro (no' i ive cel  s,  mcg



PYRIDINIUM OXIMES CYTOTOXICITY IN SH-SY5Y CELL LINE

gical quantification shorving no difference in cellular volu-
me densities between treated and non-treated cells (Figure
7). Higher doses of TMB-4 will be further resred in rhis
neuronal cell model in order to determine its cvtotoxic
efl'ec ts.

CONCLUSIONS

The study shows concentration- and time-dependent cy-
totoxic eft-ects of FEPA-4 on human SH-SY5Y neuro-
blastoma cell l ine. However, the exact mechanism of ob-
served FEPA-4 toxicity and possible involvement of
FEPA-.I action to acetylcholinesterase is being further
explored in this cellular model. No antiproliferative/cy-
totoxic ef'fecrs of 0.8 mmol dm-3 TMB-4 were evidenced
in SH-SY5Y neuroblastoma cel l  l ine.
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SAZETAK

Citotoksidnost odabranih piridinijevih oksima u SH-SYSY stanidnoj liniji
humanog neuroblastoma

Srjetlana Kalanj Bognar, BlaZenka Foreti6, Zeljka Vukeli6, Tonko Gulin i Davor JeZek

Piridini jevi oksimi, tarmakoloSki znadajni nukleofi lni  reagensi, udinkovit i  su antidoti  kod trovanja orsirn()-
tbs fo rn im spo jev ima ko ; i  inh ib i ra ju  ace t i l ko l ines terazu (AChEt  EC 3 .1 .1 .7 . ) .  U  ovom je  radu isp i rena c i rc i rok-
si inost l- t-enaci lpir idini j-4-aldoksim klorida (FEPA-4) u l judskoj neuroblastomskoj stani inoj l ini j i  SF{ SY5Y
koja eksprimira aceti lkol inesterazu. Ispitani su udinci u ovisnosti  o koncentraci j i  (0,-5, 1,2 i .1 mmol dm--1.) i
vretnenu (1, 3, 6, 12 i  24 sata), u usporedbi s kontrolnim stanicama. Takoder, stanicc su tret iranc pozurrinr
ontidotom l, l ' -bis(pir idini j- ,1-aldoksim)tr imeti len dibromidom (TIVIB-4) u koncenrraci j i  od 0.9 mmol dm l,
nqviSol test iranoj koncentraci j i  koja ni je izazvala citotoksidnost u nekol iko neneuralnih stani inih ntodcla. U
stanici lnla tret iranima s FEPA-4 uoieni su citotoksidni udinci - poremeienl stanidna mortblo_ui je isrrran.;ena
volumna gustoia stanica utvralena stereolo5kom metodom. Citotoksidni ui inci nisu uodeni u stanicama tret ira-
nima s 0,8 mmol dm-j TMB-:1. Raspravl jeni su mogudi mehantzmi opaZene citotoksi inosti  FEP.\,-1 u neuro-
b l l s t o n l s k o i  s t l n i i n o i  I i n i i i .
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