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A Kkinetic study of | C]|thiamine uptake over a concentration range from 0.1 uM to 4 mM was performed in
isolated rat hepatocytes. The results showed that two processes contribute to the entry in rat hepatocytes: a
low affinity process with a K, of 34.1 uM and ¥V,  of 20.8 pmol /10° cells per 30 s and a high affinity
process with a K, of 1.26 uM and V,__ of 1.21 pmol / 10° cells per 30 s. The uptake of thiamine by the high
affinity process was concentrative and reduced in a betaine medium or K* medium. Both ouabain and
2.4-dinitrophenol decreased the thiamine uptake by the high affinity process. These findings indicate that the
transport of thiamine via a high affinity process is dependent on Na* and biological energy. The uptake of
thiamine was strongly inhibited by thiamine analogs such as dimethialium and chloroethylthiamine. Among
quarternary ammonium compounds other than thiamine derivatives, choline and acetylcholine significantly
inhibited thiamine uptake by rat liver cells, whereas betaine and carnitine did not. A kinetic study of thiamine
uptake by rat hepatocytes preloaded with pyrithiamine, a potent inhibitor of thiamine pyrophosphokinase,
revealed that the biphasic property of thiamine uptake disappeared and a single carrier system for thiamine
with a K, of 40.5 pM, which was similar to the K, value of the low affinity process, was retained. These
results strongly suggest that thiamine transport system in rat liver cells is closely connected with thiamine
pyrophosphokinase, which accelerates the uptake rate of thiamine by pyrophosphorylation at physiological
concentrations of thiamine.

Introduction owing to the accumulation of thiamine pyrophos-
phate, a coenzyme form of thiamine. A previous
paper from our laboratory [3] demonstrated

through an uptake study on dimethialium, an un-

Previous papers [1-3] reported that the uptake
of thiamine by isolated rat hepatocytes occurs via

an active transport mechanism. Chen [1] found
that thiamine is transported via an active and
Na™*-dependent process, resulting in the accumu-
lation of free thiamine in the cells, and the system
was saturated by thiamine of about 1 mM; the
process proceeded in a linear fashion at concentra-
tions higher than 1 mM. On the other hand,
Lumeng et al. [2] noted that thiamine accumulates
rapidly in rat liver cells, but the uptake of thia-
mine continues to increase with time, principally
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phosphorylatable thiamine analog, that thiamine
transport is dissociable from thiamine phosphory-
lation.

Although thiamine is transported via an active
and Na™-dependent process, information on the
kinetics of the transport in liver cells is limited so
far. Chen [1] first described the values of K, (0.31
mM) and V. (0.7 pmol /ml intracellular fluid per
5 min) of hepatic thiamine transport system using
thiamine at concentrations from 10 puM to 1 mM,
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much higher than the physiological concentration
of thiamine, while Lumeng et al. did not perform a
kinetic study on thiamine transport in isolated rat
hepatocytes. Therefore, it may be necessary to
investigate the kinetics of thiamine uptake by iso-
lated rat hepatocytes and the related metabolism
of thiamine at lower thiamine concentrations.

In the present paper, the evidence presented
suggests that rat liver cells take up thiamine by a
single carrier system, which is active and Na™"-de-
pendent, and closely connected with thiamine py-
rophosphokinase in the cytosol at physiological
concentrations of thiamine. And some other prop-
erties of the specificity of the thiamine uptake
system in isolated rat hepatocytes are also de-
scribed.

Materials and Methods

Chemicals. ['*C]Thiamine ([thiazole-2-
C]thiamine hydrochloride, 24.3 Ci/mol) was
purchased from Amersham International (U.K.).
The radiochemical purity of ['*C]thiamine was
estimated to be 97.8% by paper chromatography
in isopropanol/0.5 M sodium acetate buffer (pH
4.5)/water (65:15:20, v/v). No further break
down of ['*C]thiamine was found throughout the
study. The following agents were used: pyrithia-
mine hydrobromide, oxythiamine hydrochloride,
thiamine monophosphate chloride and bovine
serum albumin (Fraction V powder) (Sigma Chem-
ical Co.); thiamine hydrochloride, thiamine pyro-
phosphate chloride, betaine monohydrate, carni-
tine chloride, choline chloride and acetylcholine
chloride (Nakarai Chemical Ltd., Kyoto); and col-
lagenase (CLS 1V) from Worthington. Di-
methialium (3-2’-methyl-4’-aminopyrimidyl-(5')-
methyl-4,5-dimethylthiazolium chloride hydro-
chloride), chloroethylthiamine (3-2’-methyl-4'-
aminopyrimidyl-(5')-methyl-4-methyl-5-chloroeth-
ylthiazolium chloride hydrochloride) and thiamine
sulfuric acid ester were gifts from Takeda Chemi-
cal Industries, Ltd. (Osaka), Sankyo Co. Ltd.
(Tokyo) and Tanabe Chemical Industries, Ltd.
(Osaka), respectively. Thiamine acetic acid was
synthesized according to the procedure of Neal
[13].

Preparation of isolated hepatocytes and assay of
thiamine uptake. Hepatocytes were prepared

according to the procedure of Seglen [8] with
minor modifications, from 250-300 g Wistar male
rat fed ad libitum. Following cannulation for the
portal vein, the liver was removed and perfused for
10 min with a medium containing 137 mM NaCl,
54 mM KCl, 0.5 mM NaH,PO,, 04 mM
Na,HPO,, 10 mM Hepes, 0.5 mM EGTA, 4 mM
NaHCO, and 5 mM glucose (pH 7.2). The perfu-
sion was then continued for an additional 10 min
with a medium containing 137 mM NacCl, 5.4 mM
KCl, 0.5 mM NaH,PO,, 0.4 mM Na,HPO,, 10
mM Hepes, 4 mM NaHCO,, 5 mM Ca(l, and
collagenase (0.5 mg/ml) (pH 7.5). The liver was
minced and suspended in the Krebs-Henseleit
medium containing dialyzed bovine serum al-
bumin (25 mg/ml) (pH 7.4). The digested tissue
was strained through a nylon mesh, and then the
isolated cells were centrifuged at 50 X g for 1 min
to separate the parenchymal cells from Kiupffer
cells. The parenchymal cells in the pellet were
resuspended and washed five times with the
Krebs-Henseleit medium containing dialyzed
bovine serum albumin (25 mg/ml). Cells prepared
in this manner showed a viability of more than
95% by the Trypan blue exclusion method. The
liver cells preloaded with pyrithiamine were pre-
pared as followed: 10 mg/kg of pyrithiamine was
injected into the rat peritoneal cavity and after 1
h, the liver was perfused with 800 m! perfusion
medium containing 100 uM pyrithiamine for 20
min, and then the cell suspensions were prepared
according to the procedure described above.

The transport assay of thiamine was initiated in
a Corning centrifugation tube (50 ml) after prein-
cubation for 15 min at 37°C by the addition of
['4C]thiamine in 3 ml of cell suspension (3.5-10°
cells/ml) in the Krebs-Henseleit medium contain-
ing dialyzed bovine serum albumin (25 mg/ml),
streptomycin (100 pg/ml) and penicillin G (100
units/ml). The experiments were terminated by
the addition of 15 ml ice-cold medium. After
separation of the medium from the cell pellets by
centrifugation for 5 s at 700 X g, the cell pellets
were washed with 10 ml ice-cold medium, and
then recentrifuged for 5 s at 700 X g as described
previously [3]. In the experiments on the effect of
Na™ deletion on the uptake of thiamine, the cells
were centrifuged at 50 X g for 15 s after prein-
cubation for 15 min and then resuspended in the



same volume of a betaine medium or K* medium
wherein KHCO, was substituted for NaHCO; and
equiosmolar betaine monohydrate or KCl for
NaCl. After the cells in the betaine medium or K*
medium were centrifuged again at 50 X g for 15 s
and resuspended in the same volume of a betaine
medium or K* medium, the transport experiments
were initiated by the addition of ['*C]thiamine at
indicated concentration. The preincubation and
incubation were carried out at 37°C and the mix-
tures were equilibrated with 95% O, and 5% CO,
at all times. Blank tubes were routinely determined
as follows: ['*C]thiamine was added to the cell
suspensions at 0°C, and then immediately diluted,
centrifuged and washed by the same procedure
described above. The ['*C]thiamine compounds
were extracted by the addition of 1 ml 6.3% tri-
chloroacetic acid to the cell pellets and their radio-
activities were measured in a liquid scintillant with
Triton X-100 by means of a liquid scintillation
spectrometer.

Determination of intracellular water space. The
intracellular water space was determined as the
difference of *H,0 and [“Clinulin distribution
space in the cell pellet [3] in parallel for each
experiment, and calculated to be 2.62 + 0.245
ul/108 cells (mean + S.E., n = 40).

Separation of thiamine compounds by paper elec-
trophoresis. Paper electrophoresis was carried out
as follows: trichloroacetic acid and lipid in 0.8 ml
of the pellet extract were removed [9], and then the
samples were concentrated to dryness by a rotary
evaporator and dissolved in an aliquot of the
solution containing 2.5 - 10~* M each of nonradio-
active thiamine, thiamine monophosphate, thia-
mine pyrophosphate and thiamine triphosphate.
Thiamine and thiamine phosphates were separated
by paper electrophoresis on Whatman 540 paper
in a 0.05 M sodium citrate buffer (pH 5.4) [10] at a
constant current of 1.3 mA/cm for 90 min.
Thiamine compounds were then detected under
long wavelength ultraviolet light after spraying
with an alkaline ferricyanide reagent. The bands
corresponding to thiamine, thiamine monophos-
phate, thiamine pyrophosphate and thiamine tri-
phosphate, respectively, were cut and immersed in
1 ml water for 1 h and the radioactivity was
measured by a liquid scintillation spectrometer.
The recovery of radioactivity from the samples
invariably exceeded 95%.
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Results

Time-course of thiamine uptake

Fig. 1 shows the time-course of the uptake of
[**C]thiamine by isolated rat hepatocytes. In an
Na* medium containing an initial concentration
of 10 uM, ["*C]thiamine increased almost linearly
with time up to 1 min during incubation at 37°C
and then the increase gradually slowed down.
Therefore, the incubation was carried out for 30 s
to measure the initial velocities of thiamine up-
take. On the other hand, the uptake of ['*C]thia-
mine was insignificant at 0°C. Thiamine taken up
by rat liver cells for 30 s at 37°C was present
mostly as ['*C]thiamine (6.6 pmol /10° cells, 88%
of the total uptake), whereas the amounts of
intracellular [*C]thiamine monophoshate, ['*C]-
thiamine pyrophosphate and ['*C]thiamine tri-
phosphate were 0.38 pmol/10° cells, 0.47
pmol/10° cells and 0.03 pmol /10° cells, respec-
tively (5, 6 and 0.3% of the total uptake, respec-
tively).

Thiamine uptake as a function of thiamine con-
centration
Fig. 2 shows the initial rate of ['*C]thiamine
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Fig. 1. Time-course of the uptake of thiamine by isolated rat
hepatocytes. The uptake of 10 pM {'4C]thiamine was studied at
37°C (@ ®) and at 0°C (O Q). The transport
assays were carried out as described in the text. The results
presented are the means + S.E. of three experiments.




204

»
o]

N
(]

[s)

0

Thiamine Uptake (Pm°|/|05Cells~3osec)
Thiamine Uptake (pmol/losc-lll-sosoc)

08 o
Thiamine { uM )

05 I 2 Thiomine (mM) 4

Fig. 2. Thiamine uptake as a function of thiamine concentra-
tion. Thiamine uptake was measured over a concentration
range of 0.1 uM to 4 mM. Inset shows thiamine uptake as
function of thiamine concentration up to 2 pM. Isolated rat
hepatocytes were incubated for 30 s at 37°C as described in the
text. The results presented are the means + S.E. of three experi-
ments.

uptake as a function of thiamine concentration
over a concentration range from 0.1 uM to 4 mM.
The curve shows that the uptake of ['*C]thiamine
is at first saturated around 0.5 pM (inset of Fig. 2)
and further the uptake of [**C]thiamine increases
with increasing concentrations of thiamine and
reaches saturation again at 1 mM. At concentra-
tions higher than 1 mM, the uptake of ['*C]thia-
mine was linear as reported by Chen [1]. This
linear component of thiamine uptake (i.e., non-
saturable component) was assumed to be a diffu-
sion component. Linear regression analysis was
therefore performed to determine the slope of this
linear portion of the plot and the amount of
thiamine taken up by diffusion was calculated as
the product of this slope by extracellular thiamine
concentration. After correction by subtracting the
contribution of the nonsaturable component from
the total uptake, a Hofstee plot of the data was
drawn (Fig. 3). The plot shows the involvement of
two components in thiamine uptake: (1) a low
affinity process with a XK, of 34.1 uM and V,,, of
20.8 pmol/10° cells per 30 s, (2) a high affinity
process with a K, of 1.26 uM and V_,, of 1.21
pmol/10° cells per 30 s. These results show that
thiamine is taken up by the high affinity process at
low concentrations (from 0.1 to 0.5 uM), and by
the low affinity process at higher thiamine con-

20

V { pmol/10%elis- 30 sec )

o 05 WS 15)

Fig. 3. Hofstee plot of thiamine uptake. Hofstee plot (V vs.
V/{8]) of the data in Fig. 2 was constructed after subtraction of
the contribution of the nonsaturable component from the total
uptake.

centrations (above 2 pM). The characteristics of
the low affinity process of thiamine transport in
isolated rat hepatocytes have been reported previ-
ously in detail by Lumeng et al. [2] and our
laboratory [3]. Therefore, attention will be focused
on the characterization of the high affinity process.

Thiamine uptake by a high affinity process

The uptake of thiamine in an Na® medium
containing an initial concentration of 0.4 uM
['*C]thiamine at 37°C is shown in Fig. 4A. The
uptake increased almost linearly with time up to 1
min during incubation, and then the increase grad-
ually slowed down. Intracellular ['*C]thiamine ac-
cumulated with time and a near steady-state level
with an intra- to extracellular distribution ratio of
2.1 was attained at 5 min (Fig. 4B). The intracellu-
lar accumulation of ['*C]thiamine pyrophosphate
was rapid and its level became more than twice as
much as that of ['*CJthiamine even at 30 s of
incubation. Thereafter, the accumulation of
[**C]thiamine pyrophosphate proceeded with time
and reached a level 38-fold higher than
['*C]thiamine at 60 min (Fig. 4C). The intracellu-
lar accumulation of ['“C]thiamine monophosphate
exceeded that of ['*C]thiamine at 15 min, but the
accumulation of ['*C]thiamine triphosphate was
very slow. The rapid intracellular accumulation of
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Fig. 4. The uptake and metabolism of thiamine by a high affinity process. The uptake and metabolism of thiamine in an Na* medium
containing an initial concentration of 0.4 uM [**C]thiamine in the medium was studied at 37°C. (A) The time-course of thiamine
uptake for 60 min at 37°C. Cell viability after 60 min of incubation remained above 80%. (B) The intracellular amount of thiamine
compounds after incubation for 5 min in an Na* medium. (C) The intracellular amount of thiamine compounds after incubation for
60 min. The distribution ratio is the ratio of intracellular concentration of thiamine compounds to 0.4 pM [**C]thiamine in the

medium. The determination of thiamine (O
and thiamine triphosphate (®
means + S.E. of three experiments.

thiamine phosphates (mostly thiamine pyrophos-
phate) found in this study is different from the
results reported by Lumeng et al. who used a
higher concentration of thiamine (3 pM) in the
uptake medium.

In order to demonstrate that the uptake of
thiamine by a high affinity process is dependent
on Na* in the medium, ["*CJthiamine uptake by
rat hepatocytes was studied in a betaine medium
(Fig. 5B). The uptake of thiamine for 30 s in a
betaine medium was 43% lower than that in an
Na* medium. The amounts of ['*C]thiamine and
['*C]thiamine phosphates in the cells after uptake
in a betaine medium were analyzed (Fig. 5A). The
accumulation of ['*C]thiamine pyrophosphate was
much higher than that of ['*C]thiamine after in-
cubation for 30 s in a betaine medium. However,
the intracellular level of ['*CJthiamine did not
exceed unity even after incubation for 5 min. The
intracellular ['*C]thiamine monophosphate level
exceeded that of ['“CJthiamine at 1 min, whereas
['*C]thiamine triphosphate level was lower than
that of ['*C]thiamine at 5 min. Also, in a K*
medium, intracellular ['*C]thiamine level did not
exceed unity after incubation for 5 min. These

Q), thiamine monophosphate (a
@) was carried out by paper electrophoresis as described in the text. The results presented are the

a), thiamine pyrophosphate (a 2)

results indicate that the uptake of thiamine by a
high affinity process is concentrative and depen-
dent on Na* in the medium.

Effect of ouabain and 2,4-dinitrophenol on the up-
take of thiamine by a high affinity process

The effects of ouabain and 2,4-dinitrophenol on
thiamine uptake by a high affinity process are
shown in Table 1. The uptake was inhibited 37%
by 0.5 mM ouabain and 56% by 1 mM 24-di-
nitrophenol. These results also indicate that the
uptake of thiamine by a high affinity process is
Na™* and energy dependent.

Effect of thiamine analogs on thiamine uptake
Table II shows the effect of several thiamine
analogs on ['*C]thiamine uptake for 30 s. Under
conditions used, thiamine phosphates such as
thiamine monophosphate and thiamine pyrophos-
phate did not inhibit ['*C]thiamine uptake, whereas
thiamine, oxythiamine, pyrithiamine, chloroethyl-
thiamine and dimethialium inhibited ['*C]thia-
mine uptake 52, 22, 50, 67 and 73%, respectively.
Thiamine sulfuric acid ester and thiamine acetic
acid were not inhibitory. Lumeng et al. [2] re-
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Fig. 5. The uptake and metabolism of thiamine in a betaine medium. (A) The uptake and metabolism of thiamine in a betaine medium
containing an initial concentration of 0.4 pM ['*C]thiamine in the medium was studied for 5 min at 37°C. Cell viability remained
above 80%. The distribution ratio is the ratio of intracellular concentration of thiamine compounds to 0.4 gM ['*CJthiamine in the
medium. The determination of thiamine (O O), thiamine monophosphate (a A), thiamine pyrophosphate (& A)
and thiamine triphosphate (® ®) was carried out by paper electrophoresis as described in the text. (B) The uptake of
[*C]thiamine in an Na* medium (@ ®) and in a betaine medium (O O) for 5 min at 37°C. The results presented are
the means + S.E. of three experiments.

ported that pyrithiamine inhibited the phosphory- mulation of thiamine pyrophoshate but also that
lation of thiamine without affecting the accumula- of thiamine in the cells after incubation for 30 s
tion of thiamine after incubation for 15 min. How- (Table III). This indicates that pyrithiamine in-
ever, the addition of pyrithiamine under condi- hibits thiamine transport as well as thiamine phos-
tions described above affected not only the accu- phorylation in rat hepatocytes.

TABLE I

EFFECT OF OUABAIN AND 24-DINITROPHENOL ON THIAMINE UPTAKE BY A HIGH AFFINITY PROCESS

The uptake of 0.4 uM ['*C]thiamine was assayed as described in the text after the incubation with ouabain or 2,4-dinitrophenol for 15
min. Cell viability, based on Trypan blue exclusion, remained about 80-90%. The data presented are corrected for the contribution of
nonsaturable component. The distribution ratio is the ratio of the amount of intracellular thiamine taken up to 0.4 pM thiamine in the
medium. The results presented are the means+ S.E. of three experiments.

Addition mM ['*C]Thiamine uptake Distribution Percent
(pmol /10° cells per 30 s) ratio (%)
None 0.209 +0.020 2.34+0.218 100
Ouabain 0.1 0.156 +0.010 1.74+0.114 75
0.5 0.141 £0.010 1.57+0.113 67
None 0.235+0.008 2.59+0.038 100
2.4-Dinitrophenol 0.5 0.164 + 0.003 1.83+0.034 70

1 0.104 £ 0.009 1.16 +£0.106 44
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EFFECT OF THIAMINE ANALOGS ON THIAMINE UPTAKE BY A HIGH AFFINITY PROCESS

The uptake of ['*Clthiamine was assayed as described in the text. Nonradioactive thiamine or thiamine analog (25 uM) was added to
the cell suspensions simultaneously with 0.4 xM ['*C]thiamine and the mixtures were incubated for 30 s. The data presented are
corrected for the contribution of nonsaturable component. The distribution ratio is the ratio of the amount of intracellular thiamine
taken up to 0.4 uM [*C]thiamine in the medium. The resuits presented are the means+ S.E. of three experiments.

Addition [**C]Thiamine uptake Distribution Percent
{(pmol /10° cells per 30 s) ratio (%)
None 0.350+0.012 2.97+0.103 100
Thiamine 0.168 £0.011 1.4240.093 48
Thiamine monophosphate 0.344 +0.033 2.90+0.277 98
Thiamine pyrophosphate 0.351+£0.013 2.98+0.075 100
Pyrithiamine 0.175 £ 0.005 1.52 +£0.005 50
Oxythiamine 0.273+0.021 231+0177 78
Chloroethylthiamine 0.116 +:0.014 0.984+0.116 33
Dimethialium 0.096 + 0.004 0.81+0.036 27
Thiamine sulfuric acid ester 0.344+0.015 29140120 98
Thiamine acetic acid 0.356 £0.016 3.05+0.130 102

Effect of quarternary ammonium compounds on
thiamine uptake

In a previous paper from our laboratory [3], we
showed that a choline medium was not useful in
studying the dependence of Na™ of dimethialium
uptake by rat liver cells in the medium. Therefore,
the effect of several quarternary ammonium com-
pounds on thiamine uptake by rat hepatocytes was
studied further. Table IV shows that betaine and
carnitine which have a carboxyl group in their
molecules do not inhibit thiamine uptake. On the
other hand, choline and acetylcholine at con-
centrations of 1 mM inhibited thiamine uptake 47
and 66%, respectively. They inhibited thiamine

TABLE 111

uptake competitively and the K, values were
calculated to be 0.61 mM for choline and 0.31 mM
for acetylcholine, respectively (data not shown).
These results suggest that choline and acetylcho-
line, which have no negatively charged group in
their molecules, can bind competitively to the
thiamine carrier of isolated rat hepatocytes.

Effect of preloading of rat hepatocytes with
pyrithiamine on thiamine uptake

From the finding described above, it was
thought that a reason for the biphasic phenome-
non shown in Fig. 3 might be the phosphorylation
of thiamine by thiamine pyrophosphokinase,

EFFECT OF PYRITHIAMINE ON THIAMINE TRANSPORT AND METABOLISM IN ISOLATED RAT HEPATOCYTES

The accumulation of intracellular ['*C]thiamine and the further phosphorylation to thiamine pyrophosphate for 30 s of incubation in
the presence or absence of pyrithiamine were measured by paper electrophoresis as described in the text. The data were obtained after
subtracting the contribution of nonsaturable component from the total uptake. The distribution ratio is the ratio of the intracellular
concentration of thiamine compounds to 3 uM thiamine in the medium. The resuits are the means + S.E. of three experiments.

Addition M [**CJThiamine [**C]Thiamine pyrophosphate
pmol /10 cells per 30 s distribution ratio pmol/10° cells per 30 s distribution ratio
None 1.19 +0.110 1.79+£0.165 0.231 +0.010 0.347£0.015
Pyrithiamine 15 0.973+0.064 1.46 +0.097 0.042+0.012 0.063+0.018
30 0.766 +0.134 1.15+0.201 0.020 +0.002 0.030 +0.003
60 0.674+0.035 1.01£0.053 0.028 +0.008 0.042+£0.012
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TABLE IV

EFFECT OF QUARTERNARY AMMONIUM COMPOUNDS ON THIAMINE UPTAKE BY A HIGH AFFINITY PROCESS

The uptake of ['*C]thiamine was assayed as described in the text. Quarternary ammonium compounds (1 mM) were added to the liver
cell suspensions simultaneously with 0.4 uM ['4Cjthiamine and the mixtures were incubated for 30 s. The data are corrected for the
contribution of nonsaturable component. The distribution ratio is the ratio of the amount of intracellular thiamine taken up to 0.4 pM
['4C]thiamine in the medium. The results presented are the means + S.E. of three experiments.

Addition [**C]Thiamine uptake Distribution Percent
(pmol /10° cells per 30 s) ratio (%)
None 0.203 +0.006 2.48+0.072 100
Betaine 0.208 +0.009 2.55+0.110 102
Carnitine 0.211 4 0.005 2.57 +0.065 104
Choline 0.108 + 0.002 1.31+0.028 53
Acetylcholine 0.069 +0.003 0.86+0.016 34

closely involved in a low affinity process; this
results in an increase in the rate of thiamine up-
take at low thiamine concentrations (0.1-0.5 uM).
Therefore, a kinetic study of ['*C]thiamine uptake
for 30 s of incubation over a concentration range
from 0.1 to 20 pM was performed using cell
suspensions prepared from rat liver preloaded with
pyrithiamine, a potent inhibitor of thiamine pyro-
phosphokinase. After subtracting the diffusion
component from the total uptake, the biphasic
pattern shown in Fig. 3 disappeared and a single
carrier system for thiamine with a K, of 40.5 pM
and V. of 28.8 pmol/10° cells per 30 s was
retained (data not shown). The K, value obtained
above closely agreed with the K| value of the low
affinity process of thiamine uptake in Fig. 3.

Discussion

Chen [1] first reported that the process of hepatic
transport of thiamine was active and Na™-depen-
dent, with an apparent K, of 0.31 mM and V,,, of
0.7 pmol/ml intracellular fluid per 5 min. The
values of K, and V,, were determined over a
concentration range from 10 pM to 1 mM which
was much higher than physiological concentra-
tions of thiamine. Lumeng et al. {2] also reported
on the active transport of thiamine at a concentra-
tion of 3 uM in the medium, which was still one
order of magnitude higher than that of blood
plasma, but they did not perform a kinetic study
on thiamine uptake.

In this paper, the kinetics of thiamine uptake by
rat hepatocytes were studied over a concentration

range from 0.1 uM to 4 mM, and the results show
that there are two processes for thiamine uptake
by rat liver cells, one with a high K, value (34.1
pM) and the other with a low K| value (1.26 pM).
Although the low affinity process of hepatic thia-
mine uptake was previously characterized in detail
[2,3], the K, value of the low affinity process
obtained in the present study was approximately
one-tenth of the value reported by Chen [1], and it
was consistent with the value of K, for di-
methialium uptake described in our previous paper
[3]- A kinetic study using cell suspensions prepared
from rat liver preloaded with pyrithiamine shows
that the biphasic pattern disappeared and there is
a single carrier system for thiamine uptake with a
K, value (40.5 pM) similar to that of the low
affinity process (34.1 uM) of an active and Na*-
dependent uptake of thiamine. The reason for the
biphasic phenomenon seen in Fig. 3 might be that
thiamine pyrophosphokinase is closely connected
with the thiamine uptake system (a low affinity
system in Fig. 3). Thus, thiamine taken up in
concentrations up to 0.5 uM is rapidly phos-
phorylated by thiamine pyrophosphokinase with a
K, of 0.45 uM for thiamine [5] in the cytosol,
resulting in an increase in the initial rate of thia-
mine uptake. In other words, thiamine pyrophos-
phokinase might be involved in the thiamine up-
take system to trap thiamine transported in the
form of thiamine pyrophosphate and make the
uptake of thiamine more effective at physiological
concentrations of thiamine (0.1-0.2 uM) [11,12].
The rapidity of the accumulation of thiamine
pyrophosphate in liver cells shown in Fig. 4 is



different from that of Lumeng et al. [2]. This
might be due to the difference of the concentration
of thiamine used in the experiments. Furthermore,
Lumeng et al. studied the effect of pyrithiamine on
thiamine transport and metabolism after 15 min of
incubation. Under the conditions used in their
experiments, thiamine transport reached a steady-
state level and it was therefore difficult to know
whether pyrithiamine inhibited thiamine transport
or not. During the uptake of thiamine for 30 s,
pyrithiamine inhibited not only the phosphoryla-
tion of thiamine but also thiamine transport, as
shown in Table IIIL.

Both thiamine monophosphate and thiamine
pyrophosphate at a concentration of 25 pM in-
hibited thiamine uptake only slightly in a medium
containing 0.4 pM thiamine, although thiamine,
dimethialium and chloroethylthiamine strongly in-
hibited thiamine uptake. This supports our previ-
ous results [7] in which thiamine phosphates were
found to be practically unavailable for liver cells.
It was also suggested that thiamine phosphates
have a low affinity for a carrier in the thiamine
uptake system because of a negative charge of
phosphate group at C-5 in the thiazole moiety.
Similarly, thiamine sulfuric acid ester and thia-
mine acetic acid, which have a negatively charged
group at C-5 in the thiazole moiety, were not
inhibitory on thiamine uptake by rat liver cells.

Herzberg and Lerner [4] reported that choline
inhibited thiamine transport in the small intestine.
In the present study, choline and acetylcholine
were strong inhibitors of thiamine uptake by rat
liver cells. On the other hand, betaine and carni-
tine which are quarternary ammonium compounds
having a carboxyl group in their molecules did not
inhibit thiamine uptake. These results suggest that
not only quarternary nitrogen but also net charge
in the molecule is involved in the binding of these
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compounds to a carrier in the thiamine uptake
system of hepatocytes. Choline and acetylcholine
inhibited thiamine uptake competitively, and the
K, value of the thiamine uptake system for choline
was much higher than the K, value for choline
uptake by liver previously reported [6]. Further
kinetic study will be needed to clarify mutual
interaction of these two uptake system.
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