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Thiamine Deficiency in Cardiac Cells in Culture
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ABSTRACT. Rat heart cells in culture were found to be a unique model for studying biochemical and
pharmacological aspects of thiamine deficiency. When thiamine was excluded from the growth medium, the
following effects were observed: (1) Morphological examination did not show any difference between control
and thiamine-deprived cells during the first 10 days. However, after 10-11 days spontaneous contractions ceased,
accompanied by initiation of cell degeneration; (2) Intensive degeneration and cell deach were observed after
14-16 days. (3) Thiamine pyrophosphate (TPP) concentration in thiamine-deprived cells was decreased
gradually, with an elimination half-life of 4-5 days. (4) [PH]deoxyglucose uptake by the cells was increased, even
after 1 day of thiamine deprivation. (5) ATP level decreased after 8 days and reached 50% of control cells after
10 days. (6) In thiamine-deprived cells, thiamine addition caused a 60% rise in contraction amplitude but
contraction rate was not altered significantly. (7) All these effects were reversible if thiamine was supplied before
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Thiamine pyrophosphate (TPP)T is an important cofactor
in several vital enzymatic reactions involved in metabolism
and energy production. After its uptake by the cell, thia-
mine (vitamin B1) undergoes pyrophosphorylation yielding
thiamine pyrophosphate, which is the active substance.

Thiamine deficiency causes damage to the nervous sys-
tem (“dry beriberi”) andfor to the cardiovascular system
(“wet beriberi”). In the Western world, thiamine deficiency
is observed in malnourished and alcoholic patients [1, 2],
and may also occur in seemingly healthy elderly [3-5].
Chronic use of diuretic drugs may also cause unsuspected
thiamine deficiency [6-8]. Congestive heart failure in
thiamine deficiency is related to vasodilatation and to
increased salt and water retention, but very little is known
about the direct effects of thiamine deficiency on the heart
[7]. In rat models, complete deprivation of thiamine from
food for 21 days caused a focal necrosis, especially in the left
ventricle and also structural alterations in mitochondria [9].
[t was not clear whether ATP production was impaired [10]
or not {11, 12]. Another study reports a decrease in
contractile properties of isolated heart muscle after 35 days
without thiamine [13].

In this work we examined the direct effect of thiamine
depletion on morphology of cultured rat heart cells, TPP
concentrations, ATP levels, glucose uptake and spontane-
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ous contraction of the cells. Our results indicate that
thiamine deficiency causes direct biochemical and morpho-
logical alterations in cardiac cells.

MATERIALS AND METHODS
Cell Culture

Rat (1-2 days old) hearts were removed under sterile
conditions and washed three times in phosphate-buffered
saline (PBS) to remove excess blood cells. The hearts were
minced to small fragments and then agitated gently in a
solution of proteolytic enzyme-RDB (Biological Institute,
Ness-Ziona, Israel) prepared from a fig tree extract. The
RDB was diluted 1:50 in Ca’*- and Mg?"-free PBS, at
25°C for a few cycles of 10 min each, as described
previously [14, 15]. Thiamine-free Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% horse serum
(Biological Industries, Kibbutz Beit Haemek, Israel) was
added to supernatant suspensions containing dissociated
cells. The mixture was centrifuged at 500 g for 5 min, the
supernatant phase was discarded and the cells were sus-
pended again. The suspension of the cells was diluted to
1.0 X 10° cells/mL and 1.5 mL were placed in 35 mm
collage—gelatin-coated plastic culture dishes. The cultures
were incubated in a humidified atmosphere of 5% CO,,
95% air at 37°C. Confluent monolayers, which exhibit
spontaneous contractions, developed in culture within 2
days. The growth medium was replaced after 24 hr by a
special “thiamine-free” chemical defined medium based on
DMEM without thiamine, supplemented with bovine se-
rum albumin (100 g/mL), transferin (10 ng/mL), insulin
(0.3 U/mL), sodium selenite (1 nM), and thyroxine (100
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nM). To the control cultures, thiamine was added to 10
uM (as in normal DMEM). The growth medium was
replaced every 3 days.

Determination of Intracellular TPP

Analysis of TPP was done by high-performance liquid
chromatography (HPLC) (Waters M-510; Milford, MA)
using the method described by Tallaksen et al. [16], with
minor modifications adjusting the assay for cardiac cultures
(instead of red blood cells). The cardiac cells were washed
with PBS, harvested with a rubber policeman under 1 mL of
1% Triton X-100 solution and homogenized for 10 sec at
4°C. Deproteinization was done by addition of 70 pL of
50% trichloroacetic acid (TCA) solution to 0.7 mL of the
cell homogenate. After 10 min of centrifugation at 200 X
g, the supernatant phase was transferred to fresh glass tubes,
and TCA was extracted twice with 5 vol of water-saturated
diethyl ether. The TPP was derivatized by addition of 60 pL
of 0.3 M solution of cyanogen bromide to 0.6 mL of the
sample. A 100 pL aliquot of the derivatization sample was
injected to the HPLC column. A Licrosorb NH, column
(15 X 4.6 mm i.d.) from Merck was used. The mobile phase
consisted of acetonitrile and phosphate buffer (85 mM, pH
7.5) 50:50 (v/v). The flow rate was 1.5 mL/min and the
retention time of TPP was 5.6 min. The detection limit was
4 pg on column and the intraassay coefficient variation,
calculated on the basis of 10 analyses of the same sample on
one day, was 6.2%.

Determination of ATP Levels

Bioluminescent somatic cell assay KIT (FL-ASC, Sigma)
was used for the ATP measurements. Cell’s medium was
removed and 1 mL of “somatic cell releasing reagent,”
which immediately causes complete ATP release, was
added. After 60 sec, an aliquot was diluted 1:80 in sterile
water, and a 200 pL diluted sample was used for ATP
determinations. The reaction mix contains luciferin and
luciferase which exhibit a photochemical reaction in the
presence of ATP. Bioluminescence was measured using a
scintillation counter (Kontron, MR 300, Basel, Switzer-
land), and ATP levels were calculated according to a
standard curve measured in each experiment.

Uptake of [’H]Deoxyglucose

PHldeoxyglucose (PHIDG) uptake was determined accord-
ing to the method described by Shainberg and Pearl [17].
PHIDG (9.57 Ci/mmol) was obtained from the Nuclear
Research Center, Negev, Israel. Cultures were incubated in
PBS supplemented with glucose (5.5 mM) and 1 nCi/mL
[PHIDG, at 37°C for 10 min. The cells were washed five
times with cold PBS, and solubilized in 1% Triton X-100.
Radioactivity was counted using a liquid scintillation
counter (Kontron, MR 300). To obtain background, sister
cultures were incubated at 0°C.
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Measurement of Rate and Amplitude of
Spontaneous Contractions

The video technique for contraction measurement has been
described previously by Rich, Langer, and Klassen [18]. A
culture dish containing adherent cells was attached to the
stage of an inverted phase interference microscope. The
image of a selected area was passed through the lens to an
interlaced video camera at a final magnification of X800.
The brightness of the end border of the selected cell
relative to background was enhanced by video subtraction,
that is by mixing the positive (white) and negative (dark)
video signals through an amplifier. The movement of the
cell border was monitored 400 times/sec. The time varia-
tion was then converted to voltage, filtered, and analyzed
by a computer program. Each measurement was done during
10 sec of spontaneous contractions, and the dishes were not
moved during the 200 min of the experiment. Rate of
contractions was calculated according to the number of
peaks in each measurement. As the units of amplitude are
not absolute, only the % changes in the average amplitude
in each measurement during the whole experiment are
presented. The dishes were kept under temperature and pH
control (37°C, pH = 7.2-7.4) during the experiment.

Determination of Cell Number

The number of cells was determined under the microscope
using a cell counter unit. Percentage of dead cells was
determined using trypan blue, as described by Walum et al.
[19].

Protein Determination

Protein content was determined according to the method of
Lowry et al. [20], using bovine serum albumin as a standard.

Statistics

The significance of the differences of the means for differ-
ent experimental conditions was evaluated by using Stu-
dent’s t-test.

RESULTS
Morphological Effects of Thiamine Depletion

When cardiac cells after 24 hr in culture were transferred to
thiamine-free medium, two phases could be observed. In
the first phase, which lasted during the first 10 days, no
morphological alteration could be detected. However, be-
tween 12-14 days after plating (the second phase), dra-
matic morphological changes could be observed. First, the
spontaneous contractions stopped completely (days 11-12).
This was followed by decreased cell volume and initial signs
of degeneration of the cells (Fig. 1C). After 1-2 more days,
the cells died as determined by trypan blue staining. If
thiamine was added to the medium during the second phase
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(12-14 days), the cells were saved and returned to normal
morphology. In some cases they even resumed their ability
to contract spontaneously.

Rate of Cell Death

The number of living cells was determined following
thiamine depletion. No differences from control were
detected during the first 12 days. After 14 days, a 25%
decrease in viable cell number appeared in the thiamine
depleted group, and after 3 more days, the number of living
cells decreased by 90%. There was no significant change in
viable cell number at the control cultures during the
experimental period (Fig. 2).
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FIG. 1. Photomicrographs of cultured rat
cardiac cells in thiamine-free medium
(magnification X336). (A) Seven-day-old
cardiac cells grown in chemical-defined
thiamine-free medium. (B) Seven-day-old
cardiac cells grown in chemical-defined
medium supplemented with 10 pM thia-
mine. (C) Fourteen-day-old cardiac cells
grown in chemical-defined thiamine-free
medium. (D) Fourteen-day-old cardiac
cells grown in chemical-defined medium
supplemented with thiamine.

Rate of TPP Elimination From Cardiac Cells

TPP concentration was determined in cardiac cells grown
in thiamine-free medium following the depletion period. It
was found that the concentration of TPP was reduced to
below 100 pg/mg protein after 8 days (Fig. 3). The half-life
was calculated to be 4.5 days, when excluding the period of
cell division (days 0~2). In the control group, there were no
significant changes in TPP concentration during the exper-
imental period.

When thiamine (10 wM) was added to the thiamine-free
medium, the level of TPP in the cardiac cells reached
control values within 2 hr, even after 1 hr the value of TPP
in the cells was almost as in the control cells (data not
shown).
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FIG. 2. Effect of thiamine depletion on cell viability, The
number of viable cardiac cells was measured at various ages by
excluding trypan blue from cells grown in thiamine-free medium
(slanted rules) or from control (crosshatched). Each bar repre-
sents the mean = SD (n = 8), *P < 0.01.

Effect of Thiamine Depletion on ATP Levels in
Cardiac Cells

ATP levels were determined during the thiamine depletion
period. During the first 5 days in culture, intracellular ATP
levels remained unchanged and similar to levels in the
control group (~25 nmol/mg protein). ATP levels started
to decrease at 68 days in witro, the fall becoming statisti-
cally significant only after 8 days. After 2-3 more days, the
decrease became drastic, and ATP levels reached below 10
nmol/mg protein (Fig. 4). In Fig. 4, five experiments are
combined for each point, at which the drastic decrease
appeared in an interval of 1-2 days, so the decrease seems
more moderate.

To determine whether the ATP decrease is reversible,
some of the cultures in thiamine depleted medium were
supplemented by 10 pM thiamine (as in normal medium),
2 hr before ATP determination. As described in Fig. 4, the
addition of thiamine resulted in a return of ATP levels to
near control values, showing thar the ATP decrease is
reversible. After 12 days without thiamine, more time was
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FIG. 3. TPP elimination from cardiac cells. TPP concentration
was determined in cells grown in thiamine-free medium (@) or
in the control cells () (n = 5).
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FIG. 4. Effect of thiamine depletion on ATP level. The level of
ATP was determined in cardiac cells grown in thiamine-free
medium (@), control medium (), and thiamine-free medium
supplemented with thiamine (10 pM) 2 hr before ATP mea-
surement (square with plus sign) (n = 5) *P < 0.05 (control
medium vs. thiamine-free medium).

required for elevation of ATP level after thiamine addition

(Fig. 4).

Effect of Thiamine Depletion on
[’H]Deoxyglucose Uptake

Thiamine depletion caused an increase in [*H]DG uptake.
The increase was observed already after 1 day of thiamine
depletion (Fig. 5). The percent increase was not constant
throughout the thiamine deprivation period, but was usu-
ally significantly above control.

To determine whether the increased PH]DG uptake is
reversible, cultures treated in thiamine-depleted medium
were supplemented with 10 uM thiamine, 2 hr before the
PPHIDG uptake measurement. As described in Fig. 5, the
addition of thiamine resulted in the return of [PH]DG
uptake to control levels, indicating the reversibility of this
effect.
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FIG. 5. Effect of thiamine depletion on [*H]deoxyglucose up-
take. The uptake of *H-DG was determined in cardiac cells
grown in thiamine-free medium (slanted rules), control medium
(crosshatched), and thiamine-free medium supplemented with
thiamine (10 pM) 2 hr before >H-DG uptake measurements
(dotted). (n = 3—-4) *P < 0.05 (control medium vs. thiamine-
free medium).
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FIG. 6. Effect of thiamine addition on sponta-
neous contraction of thiamine-depleted cardiac
cells. Seven-day-old cardiac cells grown in
thiamine-free medium were monitored for
contractions from a representative single cell
(A). The same cell was monitored 120 min
after thiamine (10 pM) addition (B).
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Effect of Thiamine Depletion on the Rate and
Amplitude of Cell Contraction

Thiamine-depleted cells contracted spontaneously for 10
days in wvitro, while normally grown cells contracted for 16
days at least. Contraction rate was measured daily, with no
significant difference between the control and the thia-
mine-depleted group (except for the cessation of contrac-
tion after 10 days in the depleted group).

When thiamine was added to thiamine-depleted cultures
under the microscope, measuring local changes of contrac-
tion rate and amplitude in a single cell, no significant
change in contraction rate was observed, as shown in the
example of Fig. 6 (10% variations in both directions were
observed, and were not statistically significant). However,
contraction amplitude was significantly increased when
thiamine was added after 7-9 days of thiamine depletion.
The addition of thiamine caused after 60-120 min an
increase of 20—60% in amplitude. This increase was stable
for 200 min. A typical experiment is described in Fig. 6.
After 5 days of thiamine depletion, thiamine addition did
not change the contraction amplitude during the experi-
ment (200 min), while after 7-9 days, the maximal increase
(60%) was developed after 120 min of thiamine supple-
mentation (Fig. 7).

In the control cultures, addition of thiamine did not
cause any change in the rate or amplitude of contraction.

DISCUSSION

The use of cultured cardiomyocytes as a model for thiamine
deficiency enables direct and simple measurements of

biochemical and physiological parameters affected by thia-
mine deprivation. It may also be used for studying pharma-
cological aspects of thiamine deficiency.

Because no previous research concerning thiamine defi-
ciency was done on this model, it was first necessary to
determine whether TPP is eliminated from the cells during
the thiamine depletion period, and what is the elimination
rate in this model. The results show a fast decrease in TPP
concentration in the cells, with an average half-life of 4.5
days. In a study done on a model of thiamine deficiency in
rats, where thiamine was removed from their food, the
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FIG. 7. Amplitude of spontaneous contractions in cells grown in
thiamine-free medium, following thiamine supplement. Cardiac
cells received thiamine while the rate and amplitude of contrac-
tions were monitored from single cells. The results are presented
as percentage changes of the amplitude after 60, 120, and 200
min of thiamine addition. (M) cells grown in control medium,
(), (@), and (O) cells grown in thiamine-depleted medium for
5, 7, and 9 days, respectively (n = 5). *P < 0.05 vs. amplitude
before thiamine addition.
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elimination rate of TPP was slower: after 1 week, a 54%
decrease was measured in red blood cells, 64% decrease in
liver tissue, 37% in skeletal muscle tissue, and only 7% in
brain tissue. Cardiac tissue was not studied [21]. Another
study, using mouse neuroblastoma cells showed a 16-fold
decrease in TPP content 8 days after thiamine deprivation
[22]. The differences observed between in vivo and in vitro
elimination rates of TPP may be due to release of thiamine
from tissue stores [23], even after thiamine is excluded from
food. Moreover, the intestinal natural bacterial flora can
synthesize thiamine [24], while the cultures are sterile.

As shown in Fig. 3, the TPP levels in the control cells
were stable and twice as great as in the thiamine-depleted
cultures after 1 day. The reason for that is probably the
dilution of TPP in the thiamine-deprived culture caused by
cell division occurring mostly in the first day after plating
the cells. The finding that 1 hr was enough for most of the
thiamine to be absorbed into the cells and phosphorylated
was important for the following experimental procedures.
Previous works in rat hepatocytes [25] and brush-border
membrane vesicles from rat small intestine [26], demon-
strated near complete absorption of thiamine by 30 min.
However, because TPP levels were not determined, it could
be speculated that the phosphorylation process would take
some more time. In mouse neuroblastoma cells, TPP levels
were determined after thiamine addition to thiamine-
depleted cultures, and were found to reach saturation levels
only after 8 hr [27].

Thiamine depletion did not cause morphological
changes in the cardiac cells over the first 12 days (although
TPP levels decreased by 85%). After 12-15 days, acute
morphological changes occurred in the thiamine-depleted
cultures followed by a decrease in the number of living cells.
Cell death started after 14 days, with only 12% of living
cells remaining after 16 days. In rats, thiamine depletion
from food causes death usually after sudden fatal arrhythmia
occurring after 5 weeks in young rats and 8 weeks in adult
rats [9, 13, 28]. Histological examination of heart muscle in
these rats showed focal necrosis, especially in the left
ventricle, occurring after 21 days without thiamine, with
structural alterations in the mitochondria [9]. The degra-
dation process in vivo is slower, probably because of the
slower rate of TPP elimination as mentioned above. More-
over, it was shown that in younger rats death occurs faster,
and the source of the cultures is neonatal (in which
sensitivity would be even greater).

A statistically significant decrease in ATP levels first
appeared after 8 days without thiamine, 5 days before
morphological changes were evident, when TPP concen-
tration was less than 100 pg/mg protein .(1/6 of the control
concentration). TPP is known to be a vital cofactor for
enzymes participating in the citric acid cycle and the
pentose shunt, which are important for ATP production.
Therefore, it was expected that a decrease in ATP levels
would start earlier, but these remained equal to the control
values over 7 days without thiamine. Previous reports on
thiamine deficiency effect on ATP levels are contradictory:
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McCandless et al. [10] showed a 34% decrease in ATP level
in rat cardiac muscles after 5 weeks of thiamine deprivation.
In contrast, Gubler et al. [11] and Sutherland et al. [12]
reported no decrease in ATP level until death of the rats
(after 5 weeks). In neuroblastoma cells, grown for 20 days in
low (6 nM) thiamine concentration medium, ATP levels
and O, consumption only slightly decreased. However,
when amprolium (a thiamine uptake inhibitor) was added
to the medium, both ATP level and O, consumption were
decreased, and returned to normal values 1 hr after thia-
mine (10 wM) addition [22, 29]. In our heart cells ATP
levels decreased faster even without addition of a thiamine
uptake inhibitor, maybe because the utilization of thiamine
and ATP is higher in contracting heart cells, than in
neuroblastoma cells. Moreover, the medium of the neuro-
blastoma cells included 6 nM of thiamine, while our heart
cells were grown in a chemical defined medium without
thiamine.

It is well established that low ATP levels cause activa-
tion of phosphofructokinase (PFK-1), which is the rate-
limiting enzyme in glycolysis, resulting in faster ATP
production [30]. Our results show an increase in ["H]DG
uptake by the cardiac cells, even after 1 day of thiamine
depletion. This increase can explain the preservation of
normal and stable ATP levels over the first 7 days. Beyond
this time, elevated glucose uptake probably no longer
compensates for the altered ATP production, resulting in
lower levels of ATP (when TPP concentrations fall to 1/6
of control). At first (days 7-9), the decrease in ATP level
was gradual, but by day 9-12 a dramatic fall was evident,
with ATP levels under 10 nmol/mg protein, compared to 25
nmol/mg protein in the control group (this dramatic de-
crease looks quite gradual in Fig. 4 because the figure takes
the average ATPD level of five different experiments in
which the ATP decrease started during an interval of 1-2
days). This decrease in ATP coincided with the beginning
of the morphological changes, just before cell death, sug-
gesting that loss of ATP has a major impact on cell
degeneration.

Because our results showed that 2 hr after thiamine
addition TPP level reached the control level, we decided on
2 hr of thiamine treatment for testing whether the changes
in ATP levels and PH]DG uptake are reversible. Indeed,
reversibility was obtained, however, after 12 days of thia-
mine deprivation, 18 hr were required for increasing the
ATP level to normal. This exception can be explained by
the general degradation starting after 12 days, so that TPP
rise to the normal levels is not enough for immediate
recovery.

Increased glucose uptake by heart cells as a result of
thiamine deficiency has not been reported before, but has
been shown in thiamine-deficient rat brain [31, 32]. In-
creased peripheral glucose utilization has been demon-
strated in rats after 6 weeks of thiamine deprivation [21].
Our results show increased PH]DG uptake by the cardiac
cells even after 1 day of thiamine depletion. This discrep-
ancy can be explained by the different tissue source (as-
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suming that contracting heart cells are more sensitive to
partial thiamine deficiency), the faster TPP elimination
and the much younger rat source.

The changes in the spontaneous contraction amplitude
of the thiamine-depleted cardiac cells indicate that thia-
mine deficiency can directly cause heart insufficiency (and
not only by an indirect mechanism, after vasodilatation,
and increased blood volume). This effect was observed only
after 7 days of thiamine depletion, and did not change after
2 more days (afterwards, spontaneous contractions are
ceased). The decrease in ATP levels also started after 7
days, suggesting a connection between the ATP decrease
and the contraction amplitude changes. The complete stop
of spontaneous contractions in the culture occurs at the
same period of the dramatic ATP decrease (just before the
morphological changes and cell death).

It should be mentioned that our experimental procedure
can only measure local changes in the amplitude of a single
cell under different treatments. The fact that 120 min were
required for maximal thiamine effect suits our observation
that 120 min were needed for TPP and ATP rise to the
control levels. To our knowledge, only two reports [13, 33]
have described the effect of thiamine deficiency on con-
traction amplitude, but only on rat isolated cardiac speci-
mens in response to external stimulation. Those resules
showed reduction in shortening velocity after 35 days of
thiamine deprivation. It could be argued that this reduction
does not represent an amplitude reduction of spontaneous
contractions. Our results show a significant reduction of
spontaneous contraction amplitude.

The present work shows direct mechanisms by which
thiamine deficiency could lead to heart failure. The use of
cultured cardiomyocytes can be helpful for further studying
chronic and partial thiamine deficiency induced by direct
thiamine deprivation or by pharmacological treatment.
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Meyerhoff Drug Receptor Center at Bar-llan University.

References

1. Davis RE and Icke GC, Clinical chemistry of thiamine. Adv
Clin Chem 23: 93-138, 1983.

2. Mclntry N and Stanley NN, Cardiac beriberi: Two modes of
presentation. Br Med ] 3: 567-569, 1971.

3. Kwok T, Smith JF, Potter JF and Ives DR, Thiamine status of
elderly patients with cardiac failure. Age Aging 21: 67-71,
1992.

4. O’Keeffe ST, Tormey WP, Glasgow R and Lavan JN, Thia-
mine deficiency in hospitalized elderly patients. Gerontology
40: 18-24, 199%4.

5. O'Rourke NP, Bunker VW, Thomas A], Finglas PM, Bailey
AL and Clayton BE, Thiamine status of healthy and institu-

10.

1.

12.

13.

14.

15.

17.

18.

19.

20.

21

22.

23.

24.
25.

581

tionalized elderly subjects: Analysis of dietary intake and
biochemical indices. Age Aging 19: 325-329, 1990.

. Seligmann H, Halkin H, Rauchfleisch S, Kaufmann N, Tal R,

Motro M, Vered 7 and Ezra D, Thiamine deficiency in
patients with congestive heart failure receiving long-term
furosemide therapy: A pilot study. Am J Med 91: 151-155,
1991.

. Shimon I, Almog S, Vered Z, Seligmann H, Shefi M, Peleg E,

Rosental T, Motro M, Halkin H and Ezra D, Improved left
ventricular function after thiamine supplementation in pa-
tients with congestive heart failure receiving long-term furo-
semide therapy. Am J Med 98: 485-490, 1995.

. Yui Y, Itokawa Y and Kawai C, Furosemide-induced thiamine

deficiency. Cardiovasc Res 14: 537-540, 1980.

. Davies M] and Jennings RB, The ultrastructure of the

myocardium in the thiamine-deficient rat. J Pathol 102:
87-94, 1970.

McCandless DW, Hanson C, Speeg KV and Schenker S,
Cardiac metabolism in thiamine deficiency in rats. J Nutr
100: 991-1002, 1970.

Gubler CJ, Biochemical changes in thiamine deficiencies. J
Nutr Sci Vitaminol Suppl 22: 33-40, 1976.

Sutherland JB, Jaussi AW and Gubler CJ, The effect of
thiamine deprivation and oxythiamine and pyrithiamine
treatment on cardiac function and merabolism in the rat. J
Nutr Sci Vitaminol 20: 35-54, 1974.

Cappelli V, Bottinelli R, Polla B and Reggiani C, Altered
contractile properties of rat cardiac muscle during experimen-
tal thiamine deficiency and food deprivacion. ] Mol Cell
Cardiol 22: 1095-1106, 1990.

Brik H and Shainberg A, Thyroxine induces transition of red
towards white muscle in cultured heart cells. Basic Res Cardiol
85: 237-246, 1990.

Weinstein L, Brik H, Rotmench HH and Shainberg A,
Characterization of sarcoplasmic reticulum in skinned heart

muscle cultures. J Cell Physiol 148: 124-132, 1991.

. Tallaksen C, Bohmer T and Bell H, Concomitant determi-

nation of thiamine and its phosphate esters in human blood
and serum by high performance liquid chromatography. J
Chromatogr 564: 127-136, 1991.

Shainberg A and Pear]l R, Activity of muscle cultures mea-
sured by 2-deoxyglucose uptake. Int | Dev Neurosci 1: 267—
271, 1983.

Rich TL, Langer GA and Klassen MG, Two components of
coupling calcium in single ventricular cell of rabbits and rats.
Am ] Physiol 254: H937-H946, 1988.

Walum E, Peterson A and Enkel L, J. Photometric recording
of cell viability using trypan blue in perfused cell cultures.
Aenobiotic 15: 701-704, 1985.

Lowry OH, Rosenbrough NR, Farr AL and Randall R},
Protein measurement with the Folin phenol reagent. J Biol
Chem 193: 265-275, 1951.

Motina PM, Myers N, Smith RM, Lang CH, Tepper PG and
Abumrad NN, Nutritional and metabolic characterization of
a thiamine-deficient rat model. J Parenter Enteral Nuwr 18:
104111, 1994,

Bettendorff L, Goessens G, Sluse F, Wins P, Bureau M,
Laschet | and Grisar T, Thiamine deficiency in cultured
neuroblastoma cells: Effect on mitochondrial function and
peripheral benzodiazepine receptors. | Newrochem 64: 2013—
2021, 1995.

Tallaksen C, Sande A, Bohmer T, Bell H and Karlsen ],
Kinetics of thiamine and thiamine phosphate esters in human
blood, plasma and urine after 50 mg intravenously or orally.
Eur ] Clin Pharmacol 44: 73-78, 1993.

North JDK and Sincler HM, Nutritional neuropathy, chronic
thiamine deficiency in the rats. Arch Path 62: 341-348, 1956.
Lumeng L, Edmondson ], Schenker S and Li TK, Transport



582

26.

27.

28.

29.

and metabolism of thiamine isolated rat hepatocytes. J Biol
Chem 254: 7265-7268, 1979.

Casirola D, Ferrari G, Gastaldi G and Rindi G, Transport of
thiamine by brush-border membrane vesicles from rat small
intestine. ] Physiol 398: 329-339, 1988.

Betrendorff L and Wins P, Mechanism of thiamine transport
in neuroblastoma cells. Inhibition of high affinity carrier by
sodium channel activators and dependence of thiamine up-
take on membrane potential and intracellular ATP. ] Biol
Chem 269: 14379-14385, 1994.

Rindi G and Rapuzzi G, The action potential of cardiac
ventricular fiber cells during thiamine deficiency. Q ] Exp
Physiol 513 249255, 1966.

Bettendorff L, Sluse F, Goessens G, Wins P and Grisar T,

30.
31.

32.

33.

A. Zangen and A. Shainberg

Thiamine deficiency-induced partial necrosis and mitochon-
drial uncoupling in neuroblastoma cells are rapidly reversed
by addition of thiamine. ] Neurochem 65: 2178-2184, 1995.
Rawn ]D, Biochemistry. Academic Press, New York, 1989.
Hakim AM, Carpenter S and Papius HM, Metabolic and
histological reversibility of thiamine deficiency. J Cereb Blood
Flow Metab 3: 468-477, 1983.

Robertson DM, Manz HJ and Haas RA, Glucose uptake in the
brainstem of thiamine deficient rats. Am ] Pathol 79: 107-
118, 1975.

Cohen EM, Abelman WH, Messer JV and Bing OHL,
Mechanical properties of rat cardiac muscle during experi-
mental thiamine deficiency. Am J Physiol 231: 1390-1394,
1976.



