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Thiamine deficiency results in selective neuronal damage. A number of mechanisms have been proposed to
account for brain damage associated with thiamine deficiency and to account for the focal nature of the loss of
neurons. One proposed mechanism is programmed cell death. We found efficient induction of apoptosis in human
neuroblastoma cells when the cells were deprived of thiamine. Although extensive mitochondrial damage was
seen, the release of cytochrome c was not the triggering mechanism for thiamine deficiency-induced apoptosis.
Instead, the activity of the cJun amino terminal kinase Jnk1 was lost, and this loss correlated temporally with
induction of apoptosis. The loss was specific for Jnk1; Jnk2/3 activity remained unchanged. Loss of Jnk1 activity
was not found in lymphoblasts, a cell type that did not undergo apoptosis when deprived of thiamine. These
findings suggest that thiamine deficiency results in a cellular stress that brings about the loss of Jnk1 activity and
the loss of its function of protecting cells from programmed cell death. We postulate that focal sensitivity to
thiamine deficiency results, in part, from specific neuronal cell types being susceptible to the inactivation of Jnk1
in response to depletion of cellular thiamine.(J. Nutr. Biochem. 11:208–215, 2000)© Elsevier Science Inc.
2000. All rights reserved.
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Introduction

Thiamine deficiency (TD) in humans can manifest itself in
region-specific damage in brain structures such as the
cerebellum, thalamus, midbrain, and brainstem.1–3 The
resulting neurologic disorder is frequently referred to as
Wernicke’s encephalopathy. The lesions are morphologi-
cally distinct among the damaged regions,4 and this and
subsequent findings indicate multiple mechanisms for neu-
ronal damage induced by TD.5 Many of the characteristics
of Wernicke’s encephalopathy are reproduced in rats fed a
thiamine-deficient diet alone or in combination with pyri-
thiamine, a thiamine analog that inhibits thiamine uptake
and conversion to its diphosphate derivative.2 Thiamine
diphosphate is used as a cofactor for several enzymes

involved in carbohydrate catabolism. The results of many
studies indicate that alterations in the activities of one or
more of these enzymes represent the initial insult that
ultimately leads to neuronal death.6–9 Several mechanisms
have been proposed to account for TD-induced neuronal
cell death.5 One mechanism is apoptosis.

In pyrithiamine-treated rats, apoptosis was observed in
the thalamus but not in other regions affected during TD,10

and alterations of immediate-early gene expression were
observed in the thalamus.11 Depletion of thiamine from
cultured cells results in variable effects on cell growth and
survival depending on cell type and culture conditions.12–15

Rat cardiac cells in TD medium underwent morphologic
and functional alterations and eventually degenerated and
died.15 Cultured neuroblastoma cells from mice also died in
TD medium when further depletion of thiamine was caused
by using an inhibitor of thiamine transport.16 Mitochondrial
morphology in these cells was severely altered and evidence
was provided for possible alterations in the structural
integrity of the outer membrane. Cell death was ascribed to
impaired mitochondrial function rather than apoptosis. Con-
flicting results of apoptosis17 or no effect on growth13 have
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been obtained for fibroblasts from patients with thiamine-
responsive megaloblastic anemia.

Herein, we report that depletion of thiamine from cul-
tured human neuroblastoma cells but not from lymphoblasts
efficiently induces apoptosis. Although mitochondria un-
derwent significant morphologic damage, cytochrome c
release did not mediate TD-induced neuroblastoma cell
death. Instead, a role for the cJun amino terminal kinase
Jnk1 was suggested, where TD results in the loss of a
postulated anti-apoptotic or cell protection function of Jnk1.
Jnk1 has been shown to regulate region-specific apoptosis
during neuronal development,18 and Jnks are expressed in
diverse neuronal subpopulations throughout the brain.19 We
postulate that focal sensitivity to TD results, in part, from
specific neuronal cell types being susceptible to the inacti-
vation of Jnk1 and the loss of its function of protecting cells
from programmed cell death in response to TD-induced
stress.

Methods and materials

Cell culture

Human neuroblastoma (SH-SY5Y) and lymphoblast cells were
cultured as previously described.13,20 Control medium contained
10 mM thiamine and thiamine-deficient medium (tdm) was esti-
mated to contain 0.1 nM thiamine.13 For cell number determina-
tions when neuroblastoma cell growth rates were examined,
several 2 mm2 areas were marked on the bottom of the flasks. Cells
were counted daily in four such areas, and the numbers were
totaled. For apoptosis assays, 53 105 cells per well were seeded
in a six-well plate and grown overnight in control medium. The
cells were washed three to four times with phosphate-buffered
saline (PBS), followed by the addition of 1 mL of tdm plus varying
amounts of pyrithiamine. The medium was changed every 2 to 3
days. Electron microscopy of cells grown under different condi-
tions of thiamine depletion were performed by the EM Laboratory
of the Pathology Department of Vanderbilt University.

Cell death assays

To assay for cell death and apoptosis, several methods were used.
Caspase 3 activity was measured using the CPP32 fluorescent kit
(Clontech, Palo Alto, CA USA) according to the manufacturer’s
directions. An annexin V apoptosis kit (Clontech) also was used to
detect apoptosis. Flow cytometry of propidium iodide stained cells
was used to detect cell death. Aliquots of the cells were treated
with 20 mM propidium iodide for 30 min, followed by counting of
dead (stained) cells by flow cytometry. To determine the total
number of cells, similar aliquots were treated with 10 mM
digitonin, incubated for 10 min at 37°C, and counted by flow
cytometry. Most assays were repeated four times in independent
experiments starting with cells growing in control medium.

Cytochrome c detection

Cytochrome c was detected by Western analysis on cell extracts
using mouse anti-cytochrome c antibody from Pharmingen (San
Diego, CA USA). Cells were harvested after varying times of
culture in the desired medium. Dounce homogenization in 50 mM
piperazine diethanesulfonic acid (PIPES), pH 7.4, 50 mM KCl, 5
mM ethyleneglycotetraacetic acid (EGTA), 2 mM Mg Cl2, 10mM
cytochalasin, 1 mM dithiothreitol, 220 mM mannitol, and 68 mM
sucrose was used to disrupt 23 106 cells. Nuclei and unbroken
cells were removed with a 5-min spin at 6003 g. Mitochondria

were pelleted by spinning at 10,0003 g for 10 min. All of the
above manipulations were carried out on ice or at 4°C. The
supernatant from the final spin was used as a source for potentially
released cytochrome c, and the pellet was resuspended in 10 mM
Tris, pH 8.0, 50 mM NaCl, 0.5%bME, 1% NP-40, 1% sodium
dodecyl sulfate (SDS), and 0.5% deoxycorticosterone (DOC) and
used as the source of mitochondrial cytochrome c. SDS-polyacryl-
amide gel electrophoresis (PAGE) was carried out on the samples,
followed by transfer to nitrocellulose. A positive control for
cytochrome c release was generated by adding staurosporine (1
mM final concentration) to a culture of cells under each condition
6 hr prior to harvesting and work-up.21

Gel mobility shift assays

Cells were cultured for varying times in the desired medium. The
cells were washed once with cold PBS, followed by harvesting in
1 mL of cold hypotonic buffer [10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), pH 7.9, 10 mM KCl, 1.5
mM MgCl2, 0.5 mM DTT, 0.5 mM phenylmethylsulfonyl fluo-
ride]. The cells were lysed for 10 min on ice in hypotonic buffer
containing 0.1% NP-40, and the lysate was centrifuged at
14,0003 g for 10 min. The resulting pellet was resuspended in 3
mL of nuclear lysis buffer [20 mM HEPES, pH 7.9, 420 mM NaCl,
1.5 mM MgCl2, 0.2 mM ethylenediamine tetraacetic acid (EDTA),
1.0 mM DTT, 0.5 mM PMSF, 20% glycerol, and 1% NP-40], and
incubated for 15 min on ice. After spinning for 14,0003 g for 10
min, the supernatant was collected and used as a nuclear extract in
mobility shift assays. Two micrograms of nuclear extract was
incubated with 10,000 cpm of a32P-labeled (by polynucleotide
kinase) oligonucleotide probe in the presence of 1mg of poly(dI-
dC) for 20 min at room temperature. Reactions were then frac-
tionated by nondenaturing gel electrophoresis. Unlabeled compet-
itor oligonucleotides were added at a 100-fold molar excess. The
nuclear factor-kB (NF-kB) oligonucleotide and the competitor
oligonucleotide were from Promega. The conditions for the mo-
bility shift gel were as recommended by the oligonucleotide
supplier (Promega, Madison, WI USA).

Jnk activity assay

Cells were cultured for varying times in the desired medium. The
cells were washed once with cold PBS, followed by harvesting in
1 mL of cold buffer (50 mM HEPES, pH 7.6, 250 mM NaCl, 3
mM EGTA, 3 mM EDTA, 1 mM Na3VO4, 10% glycerol). The
cells were lysed on ice for 30 min by adding triton X-100 to 1%
and NP-40 to 0.5%. The lysates were spun for 10 min at 14,0003
g, and the supernatants were collected for immunocomplex kinase
assay and Western analysis. Jnk1 protein was precipitated by
adding protein A agarose beads to the cleared lysates, which had
been incubated for 2 hr at 4°C with anti-Jnk1 antibody (gift of Dr.
L. Chang, University of California, San Diego, CA USA). The
beads were washed two times with lysis buffer and once with
kinase buffer (20 mM HEPES, pH 7.6, 1 mM MgCl2, 10%
glycerol). The immunoprecipitates were then subjected to kinase
assays in 35mL kinase buffer containing glutathione-S-transferase
(GST)-cJun (see below) and 0.05mM g-32P-adenosine triphos-
phate (ATP) and 20mM cold ATP. After 20 min at 30°C, the
reactions were terminated by the addition of SDS-PAGE loading
buffer and boiling for 5 min. The samples were fractionated by
SDS-PAGE. The gel was then subjected to autoradiography or
Western analysis using the anti-Jnk1 antibody. GST-cJun was
obtained using the pGEX-KG expression vector (gift of Dr. L.
Chang, University of California) andEscherichia colistrain BL21.
The protein was expressed and purified on GSH-sepharose as
described.22 The GST-cJun protein contains amino acids 1-79 of
human cJun fused in frame at its amino terminus with GST.
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For determining Jnk2/3 activity, the lysates described above
and immunodepleted of Jnk1 were used in conjunction with the
JNK (FL) antibody from Santa Cruz Biotechnology (Santa Cruz,
CA USA) that primarily binds Jnk2 and to a lessor extent Jnk1 and
Jnk3.

Results

TD-induced apoptosis

We previously demonstrated that for three types of human
cells in culture, different degrees of thiamine depletion were
required to alter their growth rate.13 Lymphoblasts demon-
strated an intermediate sensitivity, with cell proliferation
being dramatically slowed but not blocked completely, even
with severe thiamine depletion. Neuroblastoma cells were
most sensitive to TD with respect to slowing or inhibiting
growth and fibroblasts were least sensitive with very little
effect on their growth rate. Not only was less depletion of
thiamine required to slow growth of neuroblastoma cells,
but as shown inFigure 1, we now report that cell numbers
decrease after 7 to 8 days in tdm plus 300 nM pyrithiamine.
Seven days in tdm represents the required time for maxi-
mum loss of thiamine requiring enzyme activity.13,20Thus,
at least for neuroblastoma cells, it appears that cell death
occurs simultaneously with reaching maximal loss of en-
zyme activity or very shortly thereafter. As demonstrated
previously, the growth rate of lymphoblasts could be dra-
matically inhibited, albeit by a more severe thiamine deple-
tion, but no loss of cell numbers was observed13 as we find
herein for neuroblastoma cells.

Several assays for cell death and apoptosis were per-
formed to determine if the loss of neuroblastoma cells under
TD is due to apoptosis. Propidium iodide staining followed
by flow cytometry23 was used on cells cultured for either 3

or 7 days in tdm containing different concentrations of
pyrithiamine. As seen inFigure 2A, cell death was induced
efficiently (.50% stained cells) by 7 days of culture in tdm
plus 10 nM or higher concentrations of pyrithiamine. No
significant cell death above background was found by day 3,
a time when thiamine-requiring enzymes have not reached
their maximum loss of activity.13 Cell death could be
detected by day 6 (not shown) in tdm plus pyrithiamine.
Cell death was induced by depletion of thiamine availability
to the cells and was not an unrelated response to added
pyrithiamine. This was demonstrated by culturing cells with
300 nM pyrithiamine in control medium; no cell death
above background (control medium alone) was observed.
As expected, no differences in cell death were found
between thiamine-sufficient and thiamine-deficient condi-
tions (7 days in tdm plus 3mM pyrithiamine) for lympho-
blasts (not shown). These culture conditions slowed the
growth of lymphoblasts by at least 90%.13

Interestingly, the percent of cell death closely paralleled
the loss ofa-ketoglutarate dehydrogenase (aKGDH) activ-
ity (Figure 2A, data from Pekovich et al.13). aKGDH is a
mitochondrial enzyme that participates in the tricarboxylic
acid cycle (TCA), and the loss of its activity in TD rats
results in decreases in neuronal levels of glutamate, aspar-
tate, and GABA.24

To examine if the cell death revealed by propidium
iodide staining was apoptotic, caspase 3 activity was deter-
mined in neuroblastoma cells cultured for 3 or 7 days in tdm
containing various concentrations of pyrithiamine.Figure
2B indicates that TD induction of caspase 3 activity was
similar to and paralleled propidium iodide staining of TD
cells. Similar experiments were carried out with apoptosis
detection performed by an annexin V assay. The results (not
shown) were essentially identical to the data presented in
Figure 2. Thus, depletion of thiamine from neuroblastoma
cells resulted in the efficient induction of apoptosis.

TD-induced mitochondrial damage

Although they did not find evidence for apoptosis, Betten-
dorff and coworkers12 found substantial mitochondrial dam-
age in mouse neuroblastoma cells under TD. Alterations in
mitochondria also have been found for TD rats in degener-
ating thalamic neurons.25 These findings, the parallel be-
tween apoptosis induction and loss ofaKGDH activity
described above, and the involvement of mitochondria in
apoptosis26 led us to examine possible mitochondrial dam-
age in human neuroblastoma cells depleted of thiamine.
Figure 3 indicates significant alterations in mitochondrial
morphology in human neuroblastoma cells cultured 7 days
in tdm containing 300 nM pyrithiamine, conditions that
resulted in greater than 80% apoptotic cells. The alterations
observed are similar to those found for mouse neuroblas-
toma cells,12 with enlargement and disruption of cristae
being the most prominent features in the vast majority of the
mitochondria. Lymphoblasts cultured with tdm plus 3mM
pyrithiamine showed partial disruption of cristae and a few
enlarged mitochondria even though no apoptosis is induced
in this cell type under these conditions.

One mechanism for initiation of apoptosis is the release
of cytochrome c, a caspase activator, from damaged mito-

Figure 1 Effect of thiamine deficiency on neuroblastoma cell growth.
Neuroblastoma cells were cultured in control medium or thiamine-
deficient medium (tdm) containing 300 nM pyrithiamine. Attached cells
were counted daily by microscopic examination. Similar growth rates
were observed in several repeat experiments.
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chondria.21,27Mitochondria and cytosol were isolated from
neuroblastoma cells cultured for 7 days in control medium
or tdm containing 300 nM pyrithiamine. The samples were
fractionated by gel electrophoresis and subjected to Western
analysis using anti-cytochrome c antisera. Although mito-
chondria were visibly altered by TD, no significant release
of cytochrome c was detected (Figure 4). Cytochrome c was
found in the cytosol fraction when the known cytochrome c
releasing factor staurosporine21 was added to either culture
6 hr prior to harvesting and work-up. Therefore, it seems
unlikely that cytochrome c is involved in TD-induced
apoptosis.

A role for Jnk kinases in TD-induced apoptosis

Because cytochrome c release from the damaged mitochon-
dria appeared not to be a factor, we examined several other
potential mechanisms of establishing apoptosis. The tran-
scription factor NF-kB has been implicated in apoptosis in
response to N-methyl-D aspartate (NMDA) receptor medi-

ated neuronal cell death.28–30 Because NMDA receptor
mediated excitotoxicity is a proposed mechanism for neu-
ronal cell death during TD,5,31we examined NF-kB activity
in neuroblastoma cells depleted of thiamine. Several inde-
pendent experiments were performed in which neuroblas-
toma cells were cultured for various times in tdm containing
1 mM pyrithiamine, conditions that resulted in more than
90% apoptotic cells. Nuclear extracts were prepared, and a
gel mobility shift assay for specific NF-kB binding to DNA
was performed. A representative example is shown in
Figure 5. No consistent and reproducible variation or
enhanced NF-kB DNA-binding activity was found out to 7
days of TD.

We next examined the possibility of a role for cJun
amino-terminal kinases [Jnk or stress activated protein
kinases (SAPK)] in TD-induced apoptosis. Neuroblastoma
cells were cultured for various times in tdm containing 1
mM pyrithiamine. Cell lysates were prepared and used for
immunoprecipitation of Jnk1 with anti-Jnk1 antisera. The

Figure 2 Cell death and apoptosis of neuroblastoma cells
during thiamine deficiency. Neuroblastoma cells were cul-
tured in thiamine-deficient medium containing varying
amounts of pyrithiamine. On days 3 and 7, aliquots were
removed and the cells were assayed for cell death and
caspase activity. (A) Cells were stained with propidium iodide
and the percent of stained cells (indicative of dead cells) was
determined by flow cytometry. The dotted line indicates the
loss of activity of a-ketoglutarate dehydrogenase (aKGDH) in
neuroblastoma cells and was taken from Pekovich et al.13 (B)
Cells were lysed and assayed for caspase 3 activity as
described in Materials and methods. The activity is given in
relative fluorescence. Four independent experiments were
performed for propidium iodide staining and for assaying
caspase 3 activity; the data are expressed as mean values
6SEM.

Apoptosis in thiamine-depleted cells: Wang et al.

J. Nutr. Biochem., 2000, vol. 11, April 211



immunoprecipitates were used in kinase assays using the
amino terminal 79 amino acids of cJun (fused to GST) as
substrate.Figure 6Ashows that Jnk1 activity was progres-
sively lost with time of culture in tdm, and it was virtually
undetectable by 6 to 7 days. Jnk1 protein levels remained
relatively constant, with a modest decrease occurring be-
tween days 3 and 4 (Figure 6B). The results shown inFigs.
6A,Bare representative of several independent experiments.

In contrast to the loss of Jnk1 activity in neuroblastoma
cells undergoing TD-induced apoptosis, no loss of Jnk1
activity was found in lymphoblasts under severe TD (Figure
6C). As described above, lymphoblasts were found not to
undergo TD-induced apoptosis. Thus, the loss of Jnk1
activity during TD was found only in cells that were
undergoing apoptosis. Finally, the loss of cJun amino
terminal kinase activity in neuroblastoma cells under TD
was specific for Jnk1 as little or no change was found for
Jnk2/3 activity (Figure 6D).

Discussion

We have found that TD can induce efficient apoptosis in
human neuroblastoma cells. Previously, neuroblastoma

cells were found to be more sensitive than other human cell
types to effects of TD on cell growth and proliferation.
Apoptosis was not caused by depleting thiamine from
lymphoblasts, indicating a selectivity of TD-induced apo-
ptosis. Apoptosis has been found in vivo within the thala-
mus of TD rats but not in other regions that are susceptible
to damage during TD.10 It seems that sensitivity to TD-

Figure 4 Localization of cytochrome c in neuroblastoma cells during
thiamine deficiency. Neuroblastoma cells were cultured in either control
medium [minus signs in thiamine-deficient medium (tdm) row] or tdm
containing 300 nM pyrithiamine (plus sign in tdm row). After 7 days, cells
were lysed, and the cytosol (supernatant) and mitochondria (pellet) were
isolated. Staurosporine, which was used as a positive control for
cytochrome c release, was added to a culture of cells under each
medium condition 6 hr prior to harvesting and work-up. Samples were
subjected to Western analysis using anti-cytochrome c antisera.

Figure 3 The effect of thiamine deficiency on
mitochondrial morphology in neuroblastoma and
lymphoblast cells. Cells were cultured for 7 days in
either control medium or thiamine-deficient me-
dium (tdm) containing pyrithiamine. Cells were
harvested, fixed, and sectioned for electron mi-
croscopy. Magnification is 40,0003. (A) Neuro-
blastoma cells in tdm containing 300 nM pyrithia-
mine. (B) Neuroblastoma cells in control medium.
(C) Lymphoblast cells in tdm containing 3 mM
pyrithiamine. (D) Lymphoblast cells in control me-
dium.
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induced apoptosis may underlie the selective vulnerability
of at least some brain regions to TD. The culture system
developed here should prove valuable in determining why a
given cell type is more prone than other cells types to
undergo apoptosis when deprived of thiamine. Having two
cell types, one of which is highly sensitive to TD-induced
apoptosis (human neuroblastoma cells) and one that is
resistant (human lymphoblasts), will facilitate elucidating
such an understanding.

A number of studies have implicated increased extracel-
lular glutamate and subsequent NMDA receptor mediated
excitotoxicity as a mechanism of neuronal damage during
TD.31–35 Because apoptosis occurs during NMDA excito-
toxicity via activation of NF-kB,28–30 we examined the
possibility that NF-kB was being activated in TD-induced
apoptosis. No activation was found, indicating that such a
mechanism does not underlie apoptosis in neuroblastoma
cells depleted of thiamine.

Numerous studies have implicated alterations in
aKGDH activity as the initial biochemical lesion leading to
cell damage during TD.5 Loss ofaKGDH activity results in
reduced pyruvate entry into the TCA cycle36 and altered
oxidative metabolism and neurotransmitter synthesis
(GABA, glutamate, aspartate).24,37 These alterations, in
turn, are thought to generate the mitochondrial damage
observed during TD.38 The induction of apoptosis that we
observed in human neuroblastoma cells paralleled the inac-
tivation of aKGDH and seems unrelated to the loss of
transketolase activity, which occurred at a more modest
depletion of thiamine.13 Although the close parallel between
inactivation ofaKGDH and TD-induced apoptosis may be
coincidental, it is possible that the loss of activity is directly
related to induction of apoptosis by some as yet uniden-
tified mechanism. The mitochondrial damage we ob-
served was severe, yet cytochrome c did not become
cytosolic. This would seem to rule out a role for
cytochrome c in TD-induced apoptosis. Similarly, Bet-
tendorff and coworkers38 found extensive mitochondrial
damage in rat neuroblastoma cells deprived of thiamine,

although they found that part of the mitochondria re-
mained functional.

There are other apoptosis mediators that can be released
from mitochondria of some cell types, including procaspase
339 and apoptosis-induced factor (AIF).40 Even though we
observed a significant increase of caspase 3 activity, we
have not examined the possibility that some of the increase
is accounted for by procaspase release from mitochondria. It
seems unlikely, however, that procaspase release is a major
contributor to TD-induced apoptosis, because this would
preclude a role for the loss of Jnk1 activity. AIF also would
not probably be involved because cytosolic AIF causes the
subsequent release of cytochrome c,40 which was not

Figure 5 Nuclear factor-kB (NF-kB) activity in neuroblastoma cells
during thiamine deficiency. Neuroblastoma cells were cultured in thia-
mine-deficient medium containing 300 nM pyrithiamine. Nuclear ex-
tracts were prepared at the indicated times and used in gel mobility shift
assays. The labeled probe was an oligonucleotide containing the spe-
cific binding site for NF-kB. Nonradioactive oligonucleotide was used at
1003 excess over the labeled probe. Several independent experi-
ments, a representative example of which is shown, revealed no repro-
ducible alteration in NF-kB DNA-binding activity as revealed by the
shifted bands.

Figure 6 Loss of Jnk1 activity in neuroblastoma cells during thiamine
deficiency. Neuroblastoma cells were cultured in thiamine-deficient
medium (tdm) containing 300 nM pyrithiamine. At the indicated times,
aliquots were removed and cell lysates were prepared. (A) Jnk1 was
immunoprecipitated using anti-Jnk1 antisera. The immunoprecipitates
were used in assays for Jnk1 activity, with cJun-glutathione-S-trans-
ferase (GST) fusion protein as a substrate. Reactions were fractionated
by gel electrophoresis, and the gel was subjected to autoradiography to
detect labeled (phosphorylated) cJun-GST protein. (B) To determine the
amount of Jnk1 protein, the gel was also subjected to Western analysis
using anti-Jnk1 antisera. (C) No loss of Jnk1 activity was found in
lymphoblasts cultured for 7 days in tdm plus 3 mM pyrithiamine (condi-
tions that slow growth by 90% without causing cell death) when
compared with lymphoblasts grown in control (C) medium. (D) Jnk2/3
were immunoprecipitated after immunodepletion of Jnk1 from lysates
derived from neuroblastoma cells cultured for 7 days in either control
medium (C) or in tdm plus 300 nM pyrithiamine. The immunoprecipi-
tates were used in assays for Jnk2/3 activity, with cJun-GST fusion
protein as a substrate.
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observed. Nonetheless, direct examination will be required
to rule out an involvement of these and other mitochondrial
apoptosis mediators.

The loss of Jnk1 activity was concurrent with the
induction of apoptosis in neuroblastoma cells deprived of
thiamine, and loss of activity was not found in non-
apoptotic lymphoblasts under severe TD. A number of early
studies on Jnk kinases indicated that this class of kinases
function to induce apoptosis in response to a variety of
cellular stresses.41,42More recently, anti-apoptotic functions
for Jnk kinases have been found. Jnks provide cell survival
signals for thymocytes,43 hepatocytes,44 neurons,18,19,45and
other cell types46 and are required for anti-apoptotic activity
of hILP.47 Recently, Kuan et al.18 demonstrated both
pro-apoptotic and anti-apoptotic roles for Jnk1 and Jnk2
during neuronal development, and their findings indicated
that these kinases regulate regional specific apoptosis dur-
ing brain development.

Our results are consistent with the anti-apoptotic func-
tion of Jnk1 and suggest that Jnk1 mediates cell survival
signals in human neuroblastoma cells and perhaps in neu-
rons of some regions selectively damaged by TD. We
envision that depletion of thiamine places undue stress on
the cell due to the loss of activity ofaKGDH and perhaps
other thiamine-requiring enzymes. The stress could be
directly or indirectly related to the subsequent mitochon-
drial damage that is suffered, or it could be due to a
reduction in critical neuroactive amino acids,24,37 reduced
cellular energy production,1 or some other as yet unidenti-
fied induced stress of TD. In select cell types, TD-induced
stress may lead to the inactivation of Jnk1 and the loss of its
cellular protective function from programmed cell death. It
is of interest to note that TD-induced apoptosis was ob-
served in the thalamus but not in other regions affected
during TD10 and that Jnk1 is abundant in the thalamus
relative to other brain regions (L. Chang, personal commu-
nication). We postulate that the TD-induced stress results in
the loss of an activating signal for Jnk1. Interestingly, this
signal seems specific for Jnk1 because there was no change
in Jnk2/3 activity in TD versus thiamine sufficient culture
conditions. The nature of the activating signal, its specificity
for Jnk1, and its link to TD and/or to the loss of activity of
aKGDH remain to be elucidated. Apoptosis is prominent in
many neurodegenerative disorders48 and during neuronal
development.18 Our culture system and the study of apo-
ptosis in neuronal damage associated with TD provide new
approaches for understanding the function of and the mech-
anisms underlying apoptosis in neurons.
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