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Recent evidence suggests that alterations in oxidative metabolism induced by thiamine deficiency 
lead to neuronal cell death. However, the molecular mechanisms underlying this process are still 
under extensive investigation. Here, we report that rat pheochromocytoma PC-12 cells differenti-
ated in the presence of NGF into neurons undergo apoptosis due to thiamine deficiency caused 
by antagonists of thiamine — amprolium, pyrithiamine and oxythiamine. Confocal laser scanning 
fluorescence microscopy revealed that annexin V binds to PC-12 cells in presence of thiamine 
antagonists after 72 h incubation. Results also show that thiamine antagonists trigger upregula-
tion of gene expression of mitochondrial-derived apoptosis inducing factor, DNA fragmentation, 
cleavage of caspase 3 and translocation of active product to the nucleus. We therefore propose 
that apoptosis induced by amprolium, pyrithiamine or oxythiamine occurs via the mitochondria-
dependent caspase 3-mediated signaling pathway. In addition, our data indicate that pyrithia-

mine and oxythiamine are more potent inducers of apoptosis than amprolium.
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INTRODUCTION

The biologically active form of thiamine — 
thiamine diphosphate (ThDP) — is a cofactor for 
several key enzymes involved in energy metabolism, 
such as pyruvate dehydrogenase complex, α-ke-
toglutarate dehydrogenase complex, macromolecular 
complexes of enzymes that decarboxylate the α-keto 
acids derived from leucine, isoleucine and valine, 
and transketolase. Consequently, metabolic distur-
bances caused by thiamine deficiency (ThD) can 
stimulate neuronal cell loss through several mecha-
nisms which include impairment in carbohydrate 
metabolism (Martin et al., 2003), energy failure and 
excess levels of free radicals (Pannunzio et al., 2000; 

Todd & Butterworth, 1999), lactic acidosis (Romanski 
& McMahon, 1999), stress of endoplasmic reticulum 
(Wang et al., 2007) as well as significant decrease 
in the voltage-dependent K+ membrane conduct-
ance (Oliveira et al., 2007). All the above-mentioned 
mechanisms can aggravate the neuronal damage 
resulting in ThD-related pathologies such as Wer-
nicke–Korsakoff syndrome (Butterworth & Heroux, 
1989; Pannunzio et al., 2000, Lonsdale, 2006) as well 
as some other neurodegenerative disorders (Heroux 
et al., 1996; Park et al., 2000; Kruse et al., 2004). Ex-
perimentally, ThD is commonly induced by deple-
tion or decreasing of thiamine level in combination 
with thiamine antagonists (Rais et al., 1999; Park et 
al., 2000; Kruse et al., 2004). Thiamine antagonists 
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such as pyrithiamine, oxythiamine or amprolium 
have been shown to inhibit thiamine transport and 
display complex and diverse action on thiamine me-
tabolism and ThDP biosynthesis in rat nervous tis-
sue in vivo (Rindi et al., 2003). Oxythiamine is rec-
ognized as a precursor of oxythiamine diphosphate 
— an anti-coenzyme form of vitamin B1 (Rais et al., 
1999), while pyrithiamine is a known effective inhib-
itor of thiamine kinase (Rindi et al., 2003).

To date, many mechanisms have been pro-
posed to explain the nature and molecular path-
ways associated with ThD and neuronal cell death. 
However, it remains contradictory whether neuronal 
cells undergo apoptosis (Hazell et al., 1998; Rais et 
al., 1999; Park et al., 2000; Wang et al., 2000; Chornyy 
& Parkhomenko, 2006; Oliveira et al., 2007) or necro-
sis (Bettendorff et al., 1995; Bakker et al., 1996), and 
what molecular mechanisms are involved in these 
processes. In the present investigation, we studied 
several key mechanisms involved in the regulation 
of apoptosis such as mitochondrial-derived apopto-
sis inducing factor, DNA fragmentation, cleavage of 
caspase 3 and translocation of the active product to 
the nucleus and demonstrated that neuronally dif-
ferentiated PC-12 cells undergo apoptosis after in-
duction of ThD.

MATERIALS AND METHODS

Materials. Rat nerve growth factor (NGF), 
streptomycin, penicillin, amprolium, oxythiamine, 
pyrithiamine were obtained from Sigma-Aldrich (St 
Louis, MO, USA). 

Cell culture. Rat pheochromocytoma PC-12 
cells were obtained from American Type Culture 
Collection (Manassas, VA, USA) and maintained in 
F-12K medium (ATCC) containing 15% (v/v) horse 
serum (ATCC), 2.5% (v/v) fetal clone III serum 
(FCIII) (Invitrogen Corp., Carlsbad, CA, USA), 1% 
streptomycin and 1% penicillin at 37°С in a humidi-
fied atmosphere of 5% CO2. 

Detection of cell viability. PC-12 cells were 
seeded on 96-well plates (BD Biosciences Clontech, 
Palo Alto, CA, USA) at a density of 1 × 103 cells/
well in a final volume of 100 µl and incubated in 
complete media in the presence of 100 µM NGF for 
at least three days to achieve homogenous popula-
tion of neurons, followed by incubation for 48, 72 
and 96 h in F-12K containing ten times reduced 
serum supplementation and in the presence of 10, 
100 or 1000 µM of oxythiamine, pyrithiamine or 
amprolium. Cell viability was measured using a 
WST-1 reagent (Roche Diagnostics Corp., Indiana-
polis, IN, USA) following the manufacturer’s in-
structions and Multiscan RC (Thermolabsystems, 
Helsinki, Finland).

Confocal immunofluorescence microscopy

Annexin V binding assay. PC-12 cells were 
plated on Laboratory-Tek chamber slides (Nalge 
Nunc Int., Rochester, NY, USA) at a density of 1 × 
105 cells/well and incubated in complete media in the 
presence of 100 µM NGF for three days to achieve 
homogenous population of neurons, followed by in-
cubation for 72 h in F-12K containing ten times re-
duced serum supplementation and in the presence 
of 100 µM of thiamine antagonists — oxythiamine, 
pyrithiamine or amprolium. Treatment of cells with 
4 µM staurosporine (Cell Signaling Technology, Bev-
erly, MA, USA) for 24 h was used as a positive con-
trol to induce apoptosis (Schon & Manfredi, 2003). 
Next, cells were fixed for 5 min in PBS containing 
3.7% formaldehyde, washed with PBS, permeabilized 
with 0.1% (v/v) Triton X-100 in PBS for 3 min, and 
washed three times with PBS, then incubated with 
annexin V conjugated to a fluorescent dye — alexa 
fluor 568 (Invitrogen Corp., Carlsbad, CA, USA) in 
annexin V binding buffer (10 mM Hepes/NaOH, 
pH 7.4, 140 mM NaCl, 5 mM CaCl2) for 20 min at 
room temp. followed by staining of nuclei with SY-
TOX Green (Invitrogen) for 20 min at room temp., 
washed with PBS and used for microscopy.

Detection of caspase 3 translocation to the 
nucleus. PC-12 cells were treated with thiamine 
antagonists as above. Then, cells were fixed for 30 
min at 4°C with cold 70% ethanol, treated with 100 
µg/ml RNase for 2 min at room temp. and blocked 
in 10% horse serum in PBS for 30 min followed by 
incubation with goat anti-rat cleaved caspase 3 anti-
body conjugated to fluorescein (Santa Cruz Biotech, 
Santa Cruz, CA, USA) at a dilution 1 : 1000, followed 
by 10 min incubation with 50 µg/ml propidium io-
dide (Invitrogen) for staining of nuclei, washed with 
PBS and used for microscopy.

TUNEL assay. Detection of cell apoptosis was 
carried out with the DeadEnd fluorometric TUNEL 
system (Promega, Madison, WI, USA), following 
the manufacturer’s instructions. After performing 
the TUNEL assay, cells were co-stained with 50 µg/
ml propidium iodide for determination of the total 
number of cells in each experiment, then washed 
with PBS and used for microscopy.

Images were acquired using a Zeiss LSM-5 
Pascal scanning confocal microscope (Carl Zeiss Ltd) 
at magnifications 10× and 40×. Final image compos-
ites were created using Zeiss LSM-5 Pascal Image 
software, version 3.2.

RNA isolation. Total RNA was isolated us-
ing the TRIZOL® (Invitrogen) reagent following 
manufacturer’s instructions. Briefly, the PC-12 cells 
were seeded initially at 0.5 × 106 cells/well in 6-well 
plates and differentiated with 100 µM NGF for three 
days followed by treatment with 100 µM of either 
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antagonist for 72 h. After that cells were lysed with 
the TRIZOL® reagent by repeated pipetting. Cell ho-
mogenates were incubated for 5 min at room temp. 
to allow complete dissociation of the nucleopro-
tein complexes. After a chloroform extraction, the 
RNA-containing aqueous phase was separated and 
mixed with isopropyl alcohol. Precipitated RNA 
was washed once with 75% (v/v) ethanol, centri-
fuged at 8 200 × g for 5 min at 4°C and resuspended 
in RNase-free water. Removal of DNA was accom-
plished through treatment with DNase I (Roche) fol-
lowed by RNA precipitation and assessment of its 
integrity by 1% (w/v) agarose gel electrophoresis.

RT-PCR. RT-PCR was performed with total 
RNA isolated as described above. After DNase I 
treatment, 2 µg of RNA was used for cDNA syn-
thesis with a Reverse Transcription System kit 
(Promega) following the manufacturer’s instruc-
tions. The reactions were performed with a Perkin-
Elmer Gene-Amp® PCR System 2 400 at 42°C for 60 
min and reactions were stopped by cooling at 4°C. 
PCR was performed using 2 µl of cDNA template 
from the reverse transcription reactions in a total 
volume of 25 µl of PCR Master Mix (Promega). The 
following cDNAs were amplified with the indicated 
sets of primers (Invitrogen) at 1 µΜ: rat aif (Gene 
Bank accession number: XM_342137; primers corre-
sponding to 1112–1131 and 1371–1392 nt); rat gapdh 
(accession number: BC059110; primers correspond-
ing to 497–516 and 785–804 nt). The latter was used 
as a positive control for the presence and integrity 
of the cDNA. The conditions for PCR amplification 
of cDNAs were as follows: an initial denaturation 
step at 95°C for 5 min, 30 cycles of denaturation at 
95°C for 60 s, annealing at 52°C for 60 s and exten-
sion at 72°C for 60 s, and a final 7 min extension 
step at 72°C. Each PCR product (23 µl) was electro-
phoresed in 1 × TAE buffer (40 mM Tris/acetate and 
1 mM EDTA) on 1% (w/v) agarose gels containing 
0.6 µg/ml ethidium bromide. A 100-bp DNA Lad-
der (Promega) was used as a marker for cDNA 
fragment size. The fluorescence of bands was quan-
tified using BioRad (Philadelphia, PA, USA) Versa 
Doc® and QuantityOne® software.

Western blot analysis. Cells were platted in 
six-well plates and incubated as above. After incuba-
tion for the time indicated in the figure legends, the 
cells were washed with ice-cold PBS and lysed with 
50 µl of lysis buffer (25 mM Tris/HCl, pH 7.4, 25 
mM NaCl, 1 mM Na3VO4, 10 mM NaF, 10 mM 
Na4P2O7, 25 mM β-glycerophosphate, 25 mM p-
nitrophenylphosphate, 0.5 mM EGTA, 0.5% (v/v) 
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 
10 µg/ml aprotinin, 10 µg/ml leupeptin and 10 nM 
okadaic acid). The cell extracts were centrifuged 
(13 000 × g for 10 min at 4°C) to remove insoluble 
material and then 15 µl of 3 × Laemmli sample buffer 

(187.5 mM Tris/HCl, pH 6.8, 6% (w/v) sodium do-
decyl sulfate (SDS), 1.8% (v/v) β-mercaptoethanol 
and 0.003% (v/v) bromophenol blue) was added to 
30 µl of supernatant. The mixture was heated for 
5 min at 96°C, and 100 µg of cell lysate protein as 
determined by Bradford’s assay (Bradford, 1976), 
was subjected to 15% SDS/PAGE. Proteins were 
transferred to nitrocellulose membranes for West-
ern blot analysis. Detection was performed by using 
rabbit anti-rat cleaved caspase-3 and rabbit anti-rat 
caspase-3 antibodies conjugated to horse radish per-
oxidase (HRP) (Cell Signaling, Beverly, MA, USA) 
at 1 : 1000 dilution that were visualized by chemi-
luminescence and quantitated using the Super-Sig-
nal West Dura Luminol/Enhancer Solution (Pierce, 
Woburn, MA, USA) and a GS-525 Molecular Imager 
using MultiAnalystTM software (Bio-Rad). 

Statistical analysis. One-way multiple Tukey-
Kramer comparison post-test analysis of variance 
(ANOVA) was used for evaluation of data obtained 
between a control and all other means (i.e. treatment 
of cells with thiamine antagonists) to test whether 
the mean of a variable differs among groups. P < 0.05 
between control and experimental groups was con-
sidered to be statistically significant, P < 0.01 (**) 
— very significant and P < 0.001 (***) — extremely 
significant. If P obtained between variants was more 
than 0.05, then it was considered to be non-signifi-
cant. All analyses were performed with InStat soft-
ware, version 3.06 (GraphPad Software Inc., San Di-
ego, CA, USA).

RESULTS

Effects of amprolium, oxythiamine and pyrithiamine 
on viability of neuronally differentiated PC-12 cells

Treatment of neuronally differentiated PC-
12 cells with thiamine antagonists: amprolium, 
oxythiamine and pyrithiamine revealed dose- and 
time-dependent cell responses for each compound 
(Fig. 1). Cell viability was initially reduced in a 
dose-dependent manner starting after 48 h of treat-
ment with all tested antagonists. Further reduction 
in cell viability was observed after incubation for 
72 and 96 h (Fig. 1). ANOVA analysis revealed that 
the differences between the effects of the antago-
nists in reduction of viability of PC-12 cells treated 
for 48 h were not significant (10 µM — P = 0.2526; 
100 µM — P = 0.539; 1000 µM — P = 0.4727). How-
ever, prolonged treatment with the antagonists for 
72 h (10 µM — P = 0.0275; 100 µM — P = 0.0166; 
1000 µM — P = 0.0020) or 96 h (10 µM — P = 0.0213; 
100 µM — P = 0.0001; 1000 µM — P = 0.0083) dem-
onstrated a significantly higher reduction of cell 
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viability oxythiamine or pyrithiamine than by am-
prolium (Fig. 1). 

Amprolium, oxythiamine and pyrithiamine induce 
binding of annexin V to surface of cellular mem-
brane

We have shown previously the diverse effects 
of amprolium, oxythiamine and pyrithiamine on 

stimulation of apoptosis in rat DITNC cells (Chornyy 
& Parkhomenko, 2006). Thus, 100 µM oxythiamine 
or pyrithiamine were shown to induce annexin V 
binding to cell surface in rat DITNC cells, while am-
prolium had no such effect. To further establish the 
role of thiamine antagonists on stimulation of apop-
tosis in neuronal cells, neuronally differentiated PC-
12 cells were incubated for 72 h in the presence of 
100 µM amprolium, oxythiamine or pyrithiamine. 
The duration of exposition and the dose were cho-
sen after analysis of data obtained in cell viability 
studies as described above (Fig. 1). Untreated cells 
were examined as a control. Treatment of cells with 
4 µM staurosporine for 24 h was used as a posi-
tive control in detection of morphological changes. 
We found that the percentage of apoptotic cells af-
ter treatment with oxythiamine or pyrithiamine was 
significantly higher than with amprolium (Fig. 2A). 

Figure 1. Thiamine antagonists amprolium, oxythiamine and pyrithiamine affect viability of PC-12 cells in time- and 
dose-dependent manner.
Viability of neuronally differentiated PC-12 cells was measured using WST-1 reagent and Multiscan RC (Thermolabsys-
tems) upon treatment with 10, 100 or 1000 µM oxythiamine, pyrithiamine or amprolium in serum-reduced media for 48, 
72 and 96 h. The viability rates represent the means ± S.E.M. for non-treated cells and cells treated with tested thiamine 
antagonists in which each value was determined from assays performed in quadruplicate. Further experimental details 
are given in Materials and Methods. 

Figure 2. Thiamine antagonists induce binding of an-
nexin V to cell surface membrane and translocation of 
active caspase 3 to the nucleus.
Neuronally differentiated PC-12 cells were treated for 72 h 
with 100 µM of thiamine antagonists — amprolium (AM), 
pyrithiamine (PT) or oxythiamine (OT). Non-treated cells 
were examined as control (NT). Cells treated with 4 µM 
staurosporine (ST) for 24 h were used as positive control. 
(A) Annexin V binding (magnification 10×) and (B) trans-
location of cleaved caspase 3 to the nucleus (magnification 
40×) were analyzed by confocal laser scanning immun-
ofluorescence microscopy. SYTOX Green — nucleic acid 
stain; annexin V (annexin V-alexa fluor 568) — fluorescent 
conjugate which detects apoptotic cells; propidium iodide 
— fluorescent DNA stain; cleaved caspase 3 was detected 
by goat anti-rat antibody conjugated to fluorescein. Stain-
ing of cell nuclei allowed counting of cells. Each experi-
ment was performed in triplicate.
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Thus, the percentage of cells stained by annexin V 
after exposure to amprolium was 65.57% ± 1.7 (total 
number of cells analyzed, (n) = 454), pyrithiamine 
— 87.2% ± 0.6 (n = 470) and oxythiamine — 87.8% ± 3 
(n = 454) (Fig. 2A). In most cells the nucleus and cyto-
plasmic membrane were intact and apoptotic bodies 
were observed in very few cells (not shown). These 
experiments suggest that early signs of apoptosis 
induced by thiamine antagonists in neuronally dif-
ferentiated PC-12 cells can be detected as early as af-
ter 72 h of incubation. In addition, our data indicate 
that pyrithiamine and oxythiamine are more potent 
inducers of apoptosis than amprolium and correlate 
with our previous report (Chornyy & Parkhomenko, 
2006).

Effect of thiamine antagonists on cleavage of cas-
pase 3

Caspases are aspartate-specific cysteine pro-
teases that play critical roles in apoptosis, which can 
occur after treatment of cells with different chemi-
cal agents or under pathological conditions (Thorn-
berry & Lazebnik, 1998). Our experiments suggest 
that treatment of neuronally differentiated PC-12 
cells with 100 µM of either of the three thiamine 
antagonists investigated resulted in translocation of 
cleaved caspase 3 to the nucleus (Fig. 2B). Analysis 
of the effects caused by the antagonists on the acti-
vation of caspase 3 revealed a maximal response for 
oxythiamine (96.68% ± 1.12, n = 197) and pyrithiamine 
(95.03% ± 2.94, n = 124), and a weaker one for ampro-
lium-treated cells (53.9% ± 2.11, n = 194), whereas a 
very low expression of active caspase 3 was detect-
ed in untreated cells (10.55% ± 0.82, n = 246) (Fig. 2B). 
Similar data were obtained by Western blot analysis 
as evidenced by the appearance of cleaved 19 kDa 
fragment of caspase 3 at 72 h (Fig. 3A). Furthermore, 
we observed a reduction of the level of caspase 3 in 
cells treated with the thiamine antagonists. Thus, the 
amount of caspase 3 was decreased by amprolium 
by 1.39-fold (± 0.22), by oxythiamine by 2.08-fold 
(± 0.06) and by pyrithiamine by 2.36-fold (± 0.33). 
At the same time, the levels of cleaved caspase 3 
were correspondingly higher in cells treated with 
oxythiamine- or pyrithiamine-treated cells than in 
those treated with amprolium (Fig. 3B). As shown in 
Fig. 3A and 3B, the ratios between cleaved caspase 
3 and caspase 3 were as follows: non-treated cells 
0.34 (± 0.06), amprolium 1.16 (± 0.18), oxythiamine 
2.05 (± 0.8) and pyrithiamine 1.99 (± 0.13). ANOVA 
analysis demonstrated that the difference in the ra-
tios between oxythiamine- and pyrithiamine-treated 
cells are non-significant (P > 0.05), while the effect of 
amprolium was significantly lower (Figs. 3A and 
B). These observations indicate that, the tested thia-
mine antagonists promote apoptosis in neuronally 

differentiated PC-12 cells via activation of caspase 3 
signalling, with amprolium being less effective than 
oxythiamine and pyrithiamine.

Amprolium, pyrithiamine and oxythiamine cause 
upregulation of apoptosis inducing factor gene ex-
pression and DNA fragmentation

Apoptosis inducing factor (AIF) is a caspase-
independent death effector that is released from mi-
tochondria early in the apoptotic process (Susin et 
al., 1999). Our data indicate that ThD that occurs via 
incubation of PC-12 cells in the presence of 100 µM 
of amprolium, pyrithiamine or oxythiamine for 72 h 
causes upregulaton of aif gene expression (Figs. 4A). 
After induction of apoptosis, AIF translocates to the 
nucleus and induces chromatin condensation and 

Figure 3. Differential effect of pyrithiamine, oxythiamine 
and amprolium on cleavage of caspase 3.
PC-12 cells differentiated with 100 µM NGF were treated 
for 72 h with 100 µM amprolium (AM), oxythiamine (OT) 
or pyrithiamine (PT). Non-treated cells were examined as 
control (NT). Western blots (A) of caspase 3 and cleaved 
caspase 3 after 72 h treatment were stained by appropriate 
antibodies as described in Materials and Methods. Equal 
protein loading (A) shown by Ponceau S staining of nitro-
cellulose membrane before application of antibodies. Data 
on the graph (in B) indicate ratios between cleaved cas-
pase 3 and caspase 3 ± S.E.M. (n = 3) in response to treat-
ment with antagonists. 
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large-scale (50 kb) DNA fragmentation (Daugas et 
al., 2000). Therefore, we decided to measure if the 
percentage of TUNEL-positive cells correlates with 
the levels of aif gene expressions. As expected, we 
obtained a similar percentage of TUNEL-positive 
cells (± S.E.M.) upon treatment of cells for 72 h with 
100 µM pyrithiamine (65% ± 5, n = 67) or oxythiamine 
(64% ± 4, n = 243) and a significantly lover one upon 
treatment with amprolium (38 ± 5, n = 277) (Figs. 4B). 
In untreated cells only 5% ± 1 (n = 277) were TUNEL-
positive.

DISCUSSION

It has been demonstrated that chronic impair-
ment of oxidative metabolism caused by ThD accel-
erates microglial activation and results in neuronal 
cell loss (Todd & Butterworth, 1999; Calingasan et 
al., 1999). The possible metabolic consequences of 
ThD that trigger death signalling mechanisms in-
volve cellular energy failure, oxidative stress, focal 
lactic acidosis, N-methyl-d-aspartate receptor-mediat-
ed excitotoxicity, increased expression of endothelial 

nitric oxide synthase, nitrotyrosine deposition, mi-
croglial activation, decreased expression of astrocytic 
glutamate transporters, mitochondrial dysfunction, 
decrease in the voltage-dependent K+ membrane 
conductance, stress of endoplasmic reticulum, lipid 
peroxidation and reactive oxygen species production 
(Todd & Butterworth, 1999; Calingasan et al., 1999; 
Park et al., 2000; Desjardins & Butterworth 2005; Ol-
iveira et al., 2007; Wang et al., 2007). Among the di-
verse mechanisms proposed to explain the nature of 
neuronal loss due to ThD is programmed cell death 
— apoptosis (Hazell et al., 1998).

In vitro ThD can be induced by “classic” thia-
mine structural analogs amprolium, oxythiamine 
and pyrithiamine, which metabolically interfere with 
thiamine metabolism and its functions (Singleton 
& Martin, 2001). Amprolium is known to inhibit 
thiamine transport but has no effect on thiamine 
diphosphorylation (Lumeng et al., 1979). Therefore, 
cells treated with amprolium are able to retain a low 
concentration of thiamine and undergo cell death 
slower than after treatment with oxythiamine or 
pyrithiamine. Pyrithiamine is one of the potent an-
tagonists of vitamin B1, which completely imitate 

Figure 4. Activation of aif gene expression and DNA fragmentation by thiamine antagonists.
(A) Neuronally differentiated PC-12 cells were treated for 72 h with 100 µM amprolium (AM), oxythiamine (OT) or 
pyrithiamine (PT). Non-treated cells were examined as control (NT). Total RNA extracted, reverse transcribed and PCR 
was performed to quantitate the expression of aif mRNA, presented on the gel (a). Values (in b) are mean ± S.E.M. (n = 3) 
for aif gene expression were quantified using Versa Doc® and QuantityOne® software, normalized to gapdh mRNA levels 
and expressed as the percentage of increase over NT. (B) TUNEL fluorescence microscopy for evaluation of the apoptot-
ic events was conducted on neuronally differentiated PC-12 cells (a) after treatment with amprolium (AM), oxythiamine 
(OT), or pyrithiamine (PT). Non-treated cells were examined as control (NT). Propidium iodide (PI) was used to stain 
all cells. Graph (in b) represents percentage of TUNEL-positive cells relative to total PI nuclei as evaluated by confocal 
laser scanning fluorescence microscopy at magnification 40×. Data on the graph indicate percentage of TUNEL-positive 
cells ± S.E.M. (n = 3) in response to treatment with antagonists.
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the neurological impairment seen in the paralytic 
form of beriberi disease or Wernicke–Korsakoff syn-
drome (Butterworth & Heroux, 1989). Pyrithiamine 
competes with thiamine transport as amprolium 
but, in addition, it interacts with thiamine kinase 

(TK) and inhibits the synthesis of ThDP by a cur-
rently unknown mechanism (Lumeng et al., 1979). 
Moreover, it has been reported that TK forms small 
amounts of the anti-coenzyme pyri-ThDP (Liu et al., 
2006). However, the ability of pyri-ThDP to disrupt 
thiamine phosphoester homeostasis through inter-
ference with the production or function of thiamine 
monophosphate, diphosphate and triphosphate has 
been suggested to be a reason of severe neurological 
metabolic aberrations (Liu et al., 2006). Oxythiamine 
is another potent thiamine antagonist that penetrates 
the plasma membrane, competes with thiamine 
transport and interacts with TK (Chernikevich et al., 
1995). Oxythiamine can also form the anti-coenzyme 
oxy-ThDP, which is totally inactive when bound in 
place of ThDP to the apoenzyme (Tylicki et al., 2003). 
Oxythiamine is known to induce such physiological 
aberrations as lethargy and anorexia seen in animal 
studies (Ali, 1985). As it was expected, our present 
studies demonstrated that ThD induced by pyrithia-
mine and oxythiamine had a more potent influence 
on the loss of neuronally differentiated PC-12 cells 
than amprolium (Figs. 1–4). 

It is known that apoptosis occurs in several 
prominent neurodegenerative conditions associated 
with mitochondrial dysfunction (Linnik et al., 1993; 
Cotman & Anderson, 1995). To evaluate whether 
PC-12 cell loss in response to treatment with thia-
mine antagonists was related to programmed cell 
death — apoptosis, we investigated the expression 
of several key elements of apoptosis. First we ana-
lyzed the integrity of plasma membranes of cells 
subjected to ThD. It is known that in the early phas-
es of apoptotic cell death, the asymmetry of phos-
pholipids of the plasma membrane breaks up and 
exposes phosphatidylserine, which translocates to 
the outer layer of the membrane (Rucker-Martin et 
al., 1999). To identify cell surface changes, we used 
fluorescently labeled annexin V, which belongs to a 
recently discovered family of proteins with anticoag-
ulant properties that preferentially bind to negative-
ly charged phospholipids (Stuart et al., 1998). While 
the plasma membrane of PC-12 cells treated for 72 h 
with thiamine antagonists remained visually, intact 
more annexin V-positive cells were obtained after 
treatment with oxythiamine or pyrithiamine than 
with amprolium (Fig. 2A). This correlates with our 
previously reported data for DTNC cells (Chornyy 
& Parkhomenko, 2006). We next performed an anal-
ysis of activation of caspase 3, which included West-
ern blot detection of the cleaved product in the cyto-
plasmic extracts (Fig. 3) and microscopic analysis of 

translocation of the cleaved product to the nucleus 
(Fig. 2B). Interestingly, active caspase 3 has been 
discussed to be a mediator in the process of DNA 
fragmentation (Schon & Manfredi, 2003).

Our data indicate that all thiamine antago-
nists tested trigger apoptosis via a caspase 3-depend-
ent signaling pathway. However, pyrithiamine and 
oxythiamine displayed a higher potency to induce 
apoptotic cell death than amprolium. 

We next suggested that mitochondrial dys-
function caused by ThD might also stimulate an al-
ternative pathway of activation of mitochondria-de-
pendent and caspase 3-independent apoptosis. This 
pathway may occur via activation and release of AIF 
followed by its translocation into the nucleus trig-
gering chromatin condensation and DNA fragmen-
tation (Porter & Urbano, 2006). We found that treat-
ment of PC-12 cells with oxythiamine or pyrithia-
mine upregulates aif gene expression in a similar 
manner, and to a lesser extent after treatment with 
amprolium (Fig. 4A). Similar data were obtained by 
TUNEL analysis of DNA fragmentation (Fig. 4B).

Therefore, we propose that the observed neu-
ronal PC-12 cell loss occurs due to apoptosis and 
presumably via mitochondria-dependent caspase 
3-mediated signaling pathway. Furthermore, we 
suggest that thiamine antagonists trigger different 
progression of programmed cell death due to their 
diverse mechanisms of interference with thiamine 
metabolism. However, we do not exclude alternative 
mechanisms of non-coenzyme influence of thiamine 
and its antagonists on cell signalling in apoptosis.
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