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Abstract
Diminished thiamine (vitamin B1) dependent processes and oxidative stress accompany
Alzheimer’s disease (AD). Thiamine deficiency in animals leads to oxidative stress. These
observations suggest that thiamin may act as an antioxidant. The current experiments first tested
directly whether thiamin could act as an antioxidant, and then examined the physiological
relevance of the antioxidant properties on oxidant sensitive, calcium dependent processes that are
altered in AD. The first group of experiments examined whether thiamin could diminish reactive
oxygen species (ROS) or reactive nitrogen species (RNS) produced by two very divergent
paradigms. Dose response curves determined the concentrations of t-butyl-hydroperoxide (t-BHP)
(ROS production) or 3-morpholinosydnonimine ((SIN-1) (RNS production) to induce oxidative
stress within cells. Concentrations of thiamine that reduced the RNS in cells did not diminish the
ROS. The second group of experiments tested whether thiamine alters oxidant-sensitive aspects of
calcium regulation including endoplasmic reticulum (ER) calcium stores and capacitative calcium
entry (CCE). Thiamin diminished ER calcium considerably, but did not alter CCE. Thiamine did
not alter the actions of ROS on ER calcium or CCE. On the other hand, thiamine diminished the
effect of RNS on CCE. These data are consistent with thiamine diminishing the actions of the
RNS, but not ROS, on physiological targets. Thus, both experimental approaches suggest that
thiamine selectively alters RNS. Additional experiments are required to determine whether
diminished thiamine availability promotes oxidative stress in AD or whether the oxidative stress in
AD brain diminishes thiamine availability to thiamine dependent processes.
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INTRODUCTION
Thiamine (vitamin B1) may serve several roles in brain in addition to its role as a cofactor of
vital enzymes. For example, recent studies report the first adenine nucleotide containing
vitamin B1, adenosine thiamine triphosphate (AThTP) or thiaminylated ATP [1]. Many
thiamine-dependent processes are diminished in brains from patients with Alzheimer’s
disease (AD) [2] so that an understanding of thiamine’s other roles may be clinically
important. Several lines of evidence suggest that thiamine may serve as an antioxidant. In
mice, thiamine deficiency (TD) reduces thiamine-dependent enzymes [3,4] and increases
many markers of oxidative stress that are also elevated in brains from AD patients [5,6].
Furthermore, homogenates of thalamus and cortex from TD rats produce excess reactive
oxygen species (ROS) [7]. The antioxidant vitamin E provides significant neuroprotection to
TD neurons in vitro [8]. The elevation in lipid peroxidation and reduction in glutathione
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reductase (Grx) observed during cardiac hypertrophy are normalized by thiamine [9].
Together these observations suggest that thiamine may act as an antioxidant. Brains from
AD patients reveal considerable damage from oxidative stress [10]. Thiamine diphosphate
(TDP) is a cofactor for enzymes of major pathways of energy metabolism and these
thiamine-dependent enzymes are reduced in AD brain as well as in several other
neurodegenerative disorders [3,6,11]. In AD, levels of TDP are significantly reduced in the
three cortical brain areas that were examined [12]. Clinical data suggest that high-dose
thiamine may have a mild beneficial effect in some patients with AD [2]. The experiments
first tested whether thiamine could act as an antioxidant for reactive oxygen species [13]or
reactive nitrogen species (RNS). The subsequent experiments also determined whether
thiamine would alter the actions of ROS and RNS on physiological targets (i.e., intracellular
calcium pools that are altered in AD).

The selections of sources and concentrations of ROS and RNS were based on the ability of
the oxidants to selectively interact with fluorescent probes and to alter cellular calcium
pools. The addition of tert-butyl-hydroxyperoxide (t-BHP) to cells increases ROS as
detected by 6-carboxy-2',7'- dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester)
(DCF). On the other hand, the addition of 3-morpholinosydnonimine (SIN-1) increases ROS
as measured with DCF or RNS as detected by 4-amino-5-methylamino-2', 7'-
difluorofluorescein (DAF). The two approaches also vary in the way they induce ROS. t-
BHP acts directly whereas SIN-1 involves tissue generation of RNS. Previous studies
demonstrated selective effects of t-BHP and SIN-1 on endoplasmic reticulum (ER)
bombesin releasable calcium stores (BRCS) [14,15]. t-BHP increases BRCS without altering
cytosolic calcium, whereas SIN-1 does not affect BRCS. The depletion of ER Ca2+ content
triggers Ca2+ influx through plasma membrane Ca2+ channels, a process known as
capacitative calcium entry (CCE) [16]. The effects of t-BHP and SIN-1 on CCE are
unknown. The t-BHP induced increase in DCF and BRCS can be selectively blocked by α-
keto-β-methylvalerate (KMV). The increase in BRCS in fibroblasts from AD patients can
also be blocked by KMV, which suggests the same radicals may be involved in producing
the AD related changes [15]. The current studies confirmed the effects of t-BHP and SIN-1
on BRCS, tested their effect on CCE, and then determined whether thiamine altered their
action on cellular calcium regulation.

EXPERIMENTAL PROCEDURE
The supplies were from the indicated companies: Cell culture reagents (GIBCO; Grand
Island, NY); 6-carboxy-2',7'- dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester)
DCF, fura-2 acetoxymethyl ester (Fura-2), 4-amino-5-methylamino-2',7'-
difluorofluorescein diacetate (DAF), 3-morpholinosydnonimine (SIN-1) (Molecular Probes;
Eugene, Oregon), bombesin, tert-butyl-hydroxyperoxide (t-BHP) and thiamine (Sigma
Chemical, St Louis, MO).

A human skin fibroblast cell line from a young male control (8399) was purchased from
Coriell Cell Repository (Camden, NJ). Cells were maintained exactly as described in our
published protocol [17].

ROS measurement
Fibroblasts were seeded at 2.8×103 cells/ well in 96 well plates seven days before
experiments [14,15]. On the day of experiment, cells were washed with balanced salt
solution (BSS) buffer [(mM): NaCl (140), KCl (5), CaCl2 (2.5), MgCl2 (1), glucose (5),
HEPES (10), pH 7.4] and loaded with DCF (10 µM) or DAF (10 µM) with BSS for 1 hr at
37°C. After loading, cells were rinsed once and incubated with oxidants in Ca2+-free BSS.
Fluorescent signals were read in a plate reader (Molecular Devices, Sunnyvale, CA) at 25°C
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at excitation /emission wavelengths of 485/538 nm for DCF-ROS and of 490 /515 nm for
DAF.

Bombesin releasable calcium stores (BRCS)
Internal calcium stores were monitored as described previously [14,15]. Fibroblasts were
loaded with 2 µM Fura-2 in BSS for one hr at room temperature and rinsed twice with Ca2+-
free BSS. [Ca2+]i was monitored on the stage of an inverted Olympus IX70 microscope at
room temperature with a Delta Scan System from PTI (Photon Technology International,
Lawrenceville, NJ). Excitation wavelengths were alternated between 350 and 378 nm (band
pass 4 nm) and emission was monitored at 510 nm with a Hamamatsu C2400 SIT camera at
5 sec intervals. Basal [Ca2+]i was measured for 1 min. Bombesin (200 nM) and [Ca2+]i was
added to release ER calcium and the signal was measured for another 5 min. Each value was
the average of 32 images taken within 5 sec. Standard images of Fura-2 solutions with
minimum and maximum [Ca2+]i were taken at the end of each day's experiment to calculate
the intracellular calcium concentrations.

Measurement of capacitative calcium entry (CCE)
After cells were preincubated in Ca2+-free media with or without bombesin or the ER Ca2+-
ATPase inhibitor cyclopiazonic acid (CPA), CaCl2 (2.5 mM) was added. In Ca2+-free
media, bombesin will release ER Ca2+ from InsP3 sensitive stores, and CPA without
bombesin will release InsP3 insensitive Ca2+ stores. The resulting increase in [Ca2+]i is an
estimate of CCE.

Statistical analysis
All data are expressed as mean ± SEM. A Student’s t-test was used to compare two
variables. For multiple variable comparisons, data were analyzed by a one-way analysis of
variance (ANOVA) followed by a Student Newman-Keul’s test.

RESULTS
Thiamine diminished DCF-detectable ROS production induced by t-BHP in fibroblasts

Treatment of fibroblasts with t-BHP increased DCF-detectable ROS in a dose dependent
manner (Fig. 1). Acute treatment with a high concentration of thiamine (10 mM) diminished
DCF-detectable ROS production induced by either 25 (−32%) or 100 (−20%) µM t-BHP
(Fig. 1a). Lower concentrations of thiamine (0.1 and 1 mM) were ineffective (Fig. 1a).
Chronic thiamine treatment (20 hr) was more effective at reducing t-BHP-induced DCF-
detectable ROS production than acute treatment. Chronic treatment with 10 mM thiamine
reduced DCF-detectable ROS induced by 25 (−76%) or 100 µM (−37%) t-BHP,
respectively (Fig. 1b). Lower concentrations of thiamine (0.1 and 1 mM) were still not
effective.

Thiamine diminished SIN-1 induced DAF-detectable NO˙ production in a dose- and time-
dependent manner in fibroblasts

SIN-1 spontaneously decomposes to yield NO˙ and superoxide (O2˙−) radicals, which
subsequently form peroxynitrite (ONOO−) (see discussion). SIN-1 produced a dose-
dependent increase in DAF-detectable RNS (Fig. 2). Low concentrations of SIN-1 (100 µM)
induced small but detectable DAF signals, whereas 500 µM SIN-1 increased DAF-FM-
detectable NO˙ production to 132 % of control within 30 min and to 278 % of control within
120 min (Fig. 2a). Both acute and chronic thiamine treatments diminished SIN-1 induced
DAF-detectable RNS in a dose-dependent manner. With acute treatment, the lowest
concentration of thiamine (0.1 mM) treatment did not affect SIN-1 induced DAF-detectable
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RNS˙ production. One mM thiamine diminished SIN-1 induced DAF- NO˙ by 46% by 60
min, and 10 mM thiamine reduced SIN-1 induced DAF-detectable NO˙ production by >90%
(Fig. 2a). Chronic thiamine treatment diminished DAF-detectable NO˙ production by SIN-1
in a time and dose dependent manners and the effect was stronger than with acute
administration (Fig. 2b). Chronic thiamine at a low concentration (0.1 mM) effectively
diminished SIN-1 induced DAF-detectable NO˙ by 30 min. At 60 min, thiamine (0.1, 1 and
10 mM) reduced SIN-1 induced DAF- detectable NO˙ production (−40, −72 and −94%,
respectively).

Oxidants selectively modify the BRCS and CCE
Subsequent experiments tested whether physiological targets (i.e., intracellular calcium
pools) of the oxidants were altered by thiamine. Previous studies demonstrated selective
effects of t-BHP and SIN-1 on ER bombesin releasable calcium stores (BRCS). They were
increased by t-BHP, but SIN-1 did not affect them. The bombesin-induced release of ER
calcium stimulates capacitative calcium entry (CCE). The current studies first tested the
effects of oxidants on BRCS [(a confirmation of previous studies [14,15] and CCE and then
determined whether thiamine showed a selective action of the oxidant induced changes in
the cells. t-BHP (100 µM) exaggerated BRCS (as in our previous studies) [14,15] and
elevated CCE (Fig. 3a). t-BHP at 25 and 100 µM increased BRCS from control by 5% and
377%, respectively. Subsequent, CCE was elevated significantly from control by 318% and
454%, respectively.

SIN-1-induced-DAF-detectable NO˙ affected BRCS and CCE very differently from t-BHP.
In contrast to t-BHP, SIN-1 did not alter BRCS (Fig. 3b; in agreement with our previous
studies [14] but elevated CCE by 37% (Fig. 3b). Thus, the two oxidants selectively alter
BRCS and CCE.

Thiamine selectively altered the BRCS and CCE in the presence and absence of t-BHP or
SIN-1

To test whether thiamine altered BRCS and CCE with oxidant, cells were treated with
thiamine (1 mM) in the presence or absence of oxidants prior to measurement of BRCS and
CCE. The concentration of thiamine was selected because this was the minimum
concentration that was required to block RNS under both acute and chronic conditions.
Thiamine diminished BRCS by 44%. The depression was similar with (−31%) or without
(−44%) t-BHP suggesting there was not an interaction t-BHP and thiamine. This is in
agreement with Fig. 1 where thiamine (1 mM) did not reduce t-BHP induced changes in
BRCS. Thiamine did not affect CCE in the presence or absence of t-BHP (Fig. 4a).

SIN-1 had no effect on BRCS but elevated CCE. Although thiamine had no effect on CCE,
it completely blocked the SIN-1-induced exaggeration in CCE. This supports the suggestion
that thiamine could diminish a physiological effect of SIN-1 induced RNS (Fig. 4b).

DISCUSSION
Two diverse oxidants were selected to test the role of thiamine as an antioxidant. The
concentrations of SIN-1 and t-BHP were selected based on their ability to induce ROS or
RNS in cells, respectively. The concentrations of the two oxidants that were used were very
different, but at the utilized concentrations they produced similar magnitude of increases in
cellular ROS or RNS. It is not surprising that a higher concentration of SIN-1 would be
required because t-BHP acts directly whereas SIN-1 involves tissue generation of RNS. The
selective oxygen species produced by SIN-1 and t-BHP showed different actions on BRCS
and CCE.

Huang et al. Page 4

Neurochem Res. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



t-BHP increased BRCS and CCE. t-BHP produces the radicals tert-butyloxyl (t-bu-O˙) and
t- butylperoxyl (t-bu-OO˙) [14,18], induces lipid peroxidation, activates glutathione
peroxidase (Gpx) to oxidize glutathione (GSH) to form glutathione disulfide (GSSG)
[19,20], decreases glutathione reductase (GRx) [9]and depletes endogenous GSH (Fig. 5A).
When GSH is oxidized to form GSSG, the levels of t-bu-O˙ radicals will be increased (Fig.
5A). The t-BHP induced exaggeration of BRCS could be mediated by Ca2+ channels
proteins, InsP3 or ryanodine receptors [21], endoplasmic reticulum Ca2+-ATPase, proteins
of the Bcl-2/Bax family, the mitochondria Na+/Ca2+ exchanger or the Ca2+ uniporter that
regulates interactions between mitochondria and ER Ca2+ [22]. Previous studies suggest that
t-BHP increases Ca2+ release through modification of the SH groups of the InsP3 receptor
[23]or ryanodine receptor rather than by inhibition of the ER Ca2+-ATPase activity or
activation of passive Ca2+ leak pathway in ER [24]. Since our only measure in these studies
was [Ca2+]i, the detailed mechanisms cannot be assessed. However, these data support the
suggestion of a selective action of oxidants on different aspects of the interaction of BRCS
and CCE, and that these interactions can be revealed in cell systems by the use of multiple
oxidants and multiple detection systems [14,15].

SIN-1 altered CCE but not BRCS. In the presence of O2, SIN-1 releases both NO˙ and O2˙−
(Fig. 5B Reaction 1), which generates OONO− (Fig. 5B Reaction 2) [25]. O2 reacts with
NO˙ to form NO˙2 (Fig. 5B Reaction 3), which can react with NO˙ to produce dinitrogen
trioxide (N2O3) (Fig. 5B Reaction 4) [26,27,28,29]. N2O3 is known to be highly effective in
nitrosating sulfhydryl groups [28], which can react with the thiol groups of proteins (RSH),
thiamine (TSH) or glutathione (GSH) to form S-nitrosothiol (RSNO) (Fig. 5B Reaction 5),
nitroso-thiamine (TSNO) (Fig. 5B Reaction 6) or S-nitrosoglutathione (GSNO) (Fig. 5B;
Reaction 7). Depending on the cell type, NO˙ has been reported to either potentiate CCE in
pancreatic acinar cells and colonic epithelial cells [30] or to inhibit CCE in platelets [31] and
smooth muscle cells [32]. NO• also has been reported to deplete ER calcium stores by
inhibiting Ca2+-ATPase activity [33,34] or by activating ryanodine receptors [35]. Although
the data suggests that SIN-1 altered CCE but not BRCS, the experimental approach did not
rule out the possibility that SIN-1 facilitated the Ca2+ release from the ER, and this Ca2+

was taken up by mitochondria. In some cells, the actions of NO˙ on CCE may be through
effects on mitochondrial Ca2+ handling [13,22]. Nevertheless, the results clearly show that
regulation of CCE is sensitive to different oxidants than the steps regulating BRCS and is
cell type specific.

The current results show that thiamine is only modestly effective in reducing t-BHP-induced
DCF-ROS but that it is much more effective with SIN-1-induced-DAF-ROS. This contrasts
with α-keto-β-methyl valerate, which did not effectively diminish DAF-detectable ROS but
did reduce DCF-detectable ROS [15]. Thiamine may serve as an effective scavenger to
neutralize nitrogen species produced by SIN-1 by forming S- nitrosothiols. The
concentrations of thiamine that were used are far higher than physiological. In rat brain the
concentrations (µM) are 11.4. 1.5 and <0.3 for thiamine diphosphate, thiamine
monophosphate and thiamine, respectively. Others suggest that TDP may be an even more
effective antioxidant [36]. Furthermore, the concentrations may be far higher in subcellular
compartments [37]. Evidence suggests that the interactions of thiamine with NO•,
glutathione, thiol containing proteins and oxidants may be important in cellular regulation of
NO˙ and may change protein functions [29]. The reduced form of thiamine thiol (TSH) can
be oxidized by GSNO to form GSH and thiamine disulfide (TS-ST) and release NO˙ [Fig.
5C Reaction 1]. GSH reacts with TS-ST through a thiol-disulfide exchange reaction to form
thiol thiamine (TSH) and a combination of glutathione with thiamine disulfide (GS-ST)
[Fig. 5C Reaction 2] [29]. Reactions of thiamine with GSNO and RSNO always release NO•
to be neutralized again (Fig. 5).
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These results are consistent with the results of others. Thiamine and thiamine diphosphate
suppress superoxide generation by hypoxanthine and xanthine oxidase system. Their 50%
inhibition (IC50) values were estimated to be 158 and 56 µM, respectively. They also
depressed hydroperoxide generation derived from oxidized linoleic and their IC50 values
were 260 and 46 µM. They further prevented the oxygen radical generation in opsonized
zymosan-stimulated human blood neutrophils, and their IC50 values were 169 and 38 µM. In
contrast, they caused weak suppression of hydroxyl radical generation by Fenton reaction
(i.e., the IC50 values were 8.45 and 1.46 mM respectively. Thus, in all of these experiments
thiamine diphosphate (TDP) was a better antioxidant than thiamine [36].

Thiamine blocked the downstream effects of SIN-1induced DAF-ROS on CCE. Thiamine
had no effect on CCE, but abolished the exaggeration of CCE by SIN-1 [Fig. 4b]. This
occurred at concentrations at which thiamine was effective as an antioxidant [Fig. 2]. In the
presence of O2, GSH reacts with nitrogen oxygen species to form GSNO (Figure 5B,
Reaction 7), which depletes ER calcium stores and down regulates Ca2+ ATPase [38]. Thus,
thiamine competes with GSH to bind peroxynitrite or N2O3 and forms S-nitrosothiol (Figure
5B Reactions 6 vs. 7), which transnitrosates protein thiols in the ER and reduces Ca2+

release. Studies of thiamine deficiency provide indirect support for an interaction of nitric
oxide or peroxynitrite with thiamine, and for an interaction of thiamine with the ER Ca2+. In
brain, TD induces endothelial nitric oxide synthase isoform (eNOS) [39,40] increases lipid
peroxidation [41] and tyrosine nitration in neurons within susceptible areas [5]. Furthermore,
genetic deletion of eNOS protects against TD [5]. Thus, these results indirectly suggest that
thiamine interacts with NO˙ or its oxidation product N2O3 that may modify the proteins that
regulate BRCS and CCE.

Thiamine interacted with BRCS and CCE. Acute thiamine diminished BRCS approximately
the same in the presence or absence of t-BHP. This suggests the two are acting by
independent mechanisms. This is supported by the observation that thiamine effectively
altered calcium stores at thiamine concentrations that were not effective as antioxidants.
Thiamine may diminish BRCS by its capacity to abolish lipid peroxidation and reduce
glutathione reductase as has been shown to occur in cardiac tissue. Thiamine increased the
GSH level and stabilized SH groups of the InsP3 receptors [9]. The property of thiamine to
normalize the elevated BRCS or CCE effectively may be because of thiamine’s ability to
preserve the GSH and prevent S-nitrosothiolation of the thiol proteins in the ER or in the
plasma membrane channels.

SUMMARY
Thiamine diminished ROS production by t-BHP and NO• production by SIN-1, but it was
much more effective toward RNS. Several indirect lines of evidence suggest that thiamine
acts as an NO• buffer. The results in this paper demonstrate directly that thiamine interacts
with RNS. The results revealed a selective action of oxidants on calcium regulation. t-BHP
exaggerated BRCS, whereas SIN-1 exaggerated only CCE. Thiamine diminished BRCS and
CCE, but the effects appeared independent of the presence of t-BHP. Thiamine selectively
diminished oxidant-induced RNS production and blocked their actions on CCE. Plausible
mechanisms of oxidants interacting with the thiols group of thiamine may underlie these
changes, and the greater effectiveness of thiamine on SIN-1 induced ROS. The results
suggest that thiamine may selectively modify BRCS and CCE.

Abbreviations

BRCS Bombesin-releasable calcium store
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BSS balanced salt solution

CCE capacitative calcium entry

CPA cyclopiazonic acid

[Ca2+]i cytosolic free calcium concentration

DCF 6-carboxy-2’,7’-dichlorodihydro-fluorescein diacetate
(acetoxymethyl ester)

DAF diacetate (4-amino-5-methylamino- 2’,7’-difluorofluorescein
diacetate)

N2O3 dinitrogen trioxide

DMEM Dulbecco's modified Eagle's medium

ER endoplasmic reticulum

Fura-2 fura-2-acetoxymethyl ester

GSNO S-nitrosoglutathione

GSH glutathione

GSSG glutathione disulfide

Gpx glutathione peroxidase

GRx glutathione reductase

NO nitric oxide

OONO− peroxinitrite

PBS phosphate-buffered saline

RNS reactive nitrogen species

ROS reactive oxygen species

SIN-1 3-morpholinosyndnonimine

t-BHP tert-butyl-hydroxyperoxide

tert-butyloxyl (t-bu-O˙) t- butylperoxyl (t-bu-OO˙)

TD thiamine deficiency
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Figure 1.
Only high concentrations of thiamine diminished DCF-detectable ROS production by t-
BHP. (a) t-BHP (25, 100 µM) and/or thiamine (0.1, 1 and 10 mM) were incubated with cells
after they were loaded with DCF.
(b) Fibroblasts were treated with thiamine (0.1, 1 and 10 mM) for 20 hr prior to loading with
DCF. The cells were then rinsed once and were incubated with Ca2+-free BSS containing t-
BHP (25, 100 µM) and thiamine (0.1, 1 and 10 mM), the fluorescent signals were monitored
for 0, 1, 4, 7, 10, 30, 60 and 120 min.
Values are expressed as a percentage increase of basal fluorescence. Data are mean ± SEM
(n=10). * Denotes value varies significantly (p<0.05) from the group without thiamine by
ANOVA followed by Student Newman Keul’s test.
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Figure 2.
Thiamine treatment diminished DAF-detectable NO˙ production by SIN-1 (a) SIN-1 (100,
500 µM) and/or thiamine (0.1, 1 and 10 mM) were incubated with cells after they were
loaded with DAF.
(b) Cells were pretreated with thiamine (0, 0.1, 1 and 10 mM) for 20 hr prior to loading with
DAF for 60 min, and then incubated with SIN-1 (100, 500 µM) in the presence of thiamine.
Values are expressed as a percentage increase of basal fluorescence. Data are mean ± SEM
(n=10). * Denotes value varies significantly (p<0.05) from the group without thiamine by
ANOVA followed by Student Newman Keul’s test.
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Figure 3.
Effects of t-BHP (a) and SIN-1 (b) on BRCS and CCE.
Fibroblasts were loaded with Fura 2 for 60 min. After loading, the media were changed to
calcium free BSS and 3 min later the calcium measurements were initiated.
(a) t-BHP (0, 10, 25 and 100 µM) or (b) SIN-1 (100 and 500 µM) were added after 1 min,
and bombesin (1 µM) was added 3 min later. After an additional 3 min, CPA (2 µM) was
added and 3 min later CaCl2 (2.5 mM) was added. The top panel shows the tracings taken
from 94–129 cells for t-BHP and from 160–183 cells for SIN-1 groups. The bottom panel
shows the integration of the [Ca2+]i peak after bombesin addition or calcium addition. The
values for integration [Ca2+]i peak over 1 min interval started from 255 sec and 495 sec,
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respectively. Data are means ± SEM for t-BHP (n=94–129 cells) and SIN-1 (n=160–183
cells). Values for BRCS or CCE with different letters vary significantly (p<0.05) from each
other by ANOVA followed by Student Newman Keul’s test.
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Figure 4.
Thiamine acts on the BRCS and CCE in the presence or absence of oxidants.
a. Thiamine diminished BRCS in the presence or absence of t-BHP, but did not affect CCE
in the presence or absence of t-BHP. Fibroblasts were loaded with Fura 2 (2 µM) for 60 min.
After loading, the media were changed to calcium free BSS with or without 1 mM-thiamine,
and 3 min later the calcium measurements were initiated in the presence or absence of
thiamine. t-BHP (100 µM) was added after 1 min basal [Ca2+]i measurement, and bombesin
(1 µM) was added 3 min after t-BHP treatment. After an additional 3 min, CPA (2 µM) was
added, and 3 min later CaCl2 (2.5 mM) was added. The top panel shows the tracings taken
from 94–113 cells. The bottom panel shows the integration of the [Ca2+]i peak over the 1
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min interval after calcium addition. Data are means ± SEM (n = 94–113 cells). Values for
BRCS or CCE with different letters vary significantly (p<0.05) from each other by ANOVA
followed by Student Newman Keul’s test.
b. Thiamine diminished the exaggeration of CCE by SIN-1. Fibroblasts were loaded with
Fura 2 (2 µM) for 60 min. After loading, the media were changed to calcium free BSS with
or without thiamine, and 3 min later the calcium measurements were initiated in the
presence or absence of thiamine. SIN-1 (500 µM) was added after 1 min basal [Ca2+]i
measurement, and bombesin (1 µM) was added 3 min after SIN-1 treatment. After an
additional 3 min, CPA was added, and 3 min later CaCl2 (2.5 mM) was added. The top panel
shows the tracings taken from 79–128 cells. The bottom panel shows the integration of the
[Ca2+]i peak over the 1 min interval after bombesin or calcium addition. Data are means ±
SEM (n= 79–128 cells). Values for BRCS or CCE with different letters vary significantly
(p<0.05) from each other by ANOVA followed by Student Newman Keul’s test.

Huang et al. Page 15

Neurochem Res. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Reactions of t-BHP and SIN-1 with antioxidants and with thiamine (references are in the
text. See also [29].
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