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Abstract-Cultured glial (C-6) and neuronal (neuroblastoma) cells were utilized to define the role of 
thiamine in the regulation of fatty acid and cholesterol biosynthesis. Glial cells subjected to thiamine 
deficiency exhibited rates of fatty acid synthesis that were only 13% of the rates in thiamine-supple- 
mented cells. The decrease in fatty acid synthetic rate was accompanied by a comparable decrease 
in the activities of fatty acid synthetase and acetyl-CoA carboxylase, the two critical enzymes in the 
pathway. lmmunochemical techniques demonstrated that the decrease in activity of fatty acid synthetase 
reflected a decrease in enzyme content and that this change in content was caused by a decrease 
in enzyme synthesis. The disturbance of fatty acid synthesis was exquisitely sensitive to thiamine-i.e. 
marked improvement was evident within hours of replenishment with only 0.01 pgiml of thiamine. 
Total recovery occurred in 1-2 days. Thiamine-deficient glia also exhibited reduced rates of cholesterol 
biosynthesis, i.e. 60% of the rates in thiamine-supplemented cells. This effect was accompanied by 
a comparable reduction in activity of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, the rate- 
limiting step in cholesterol biosynthesis. Unlike the glial cells, the neuronal cells exhibited either no 
or only a slight reduction in lipid synthesis under similar conditions of thiamine deficiency. 

The data have important implications for the genesis of the neuropathology in states of altered 
thiamine homeostasis and for the mechanisms of regulation of lipid synthesis. 

OUR INTEREST in undertaking this investigation of a 
potential role for thiamine in the regulation of fatty 
acid and/or cholesterol biosynthesis was stimulated 
by two well-established disturbances associated with 
thiamine deficiency. The first relates t o  the neuropath- 
ologic, and the second, to  the metabolic consequences 
of deficiency of this vitamin. 

The occurrence of necrotic lesions in brain stem 
and diencephalon in Wernicke’s encephalopathy (VIC- 
TOR ef a/., 1971), related to thiamine deficiency, and 
in Leigh’s disease (FRIEDE, 1975). related to a disturb- 
ance of thiamine metabolism, emphasizes the impor- 
tance of thiamine for the maintenance of cellular in- 
tegrity in the nervous system. The metabolic basis 
for the disturbance of cellular integrity has remained 
obscure. Thus, although the activities of the three 
thiamine-dependent enzymes, pyruvate decarboxylase, 
z-ketoglutarate decarboxylase and transketolase, are 
depressed in brain of thiamine-deficient animals 
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(DREYFIJS. 1965: HOLOWACH et al., 1968; MCCAND- 
LESS & SCHENKER, 1968: MCCANDLESS et a/.,  1976), 
levels of ATP (HOLOWACH er a/..  1968) and flux 
through the pentose phosphate cycle (M&AND)LESS 
et a!., 1976) are  not depressed concomitantly. In view 
of the importance of fatty acids and sterols in cellular 
membranes. a role for a disturbance of the synthesis 
of these lipids in thiamine deficiency is important to  
investigate. No previous study of the effects of thia- 
mine deficiency on lipid synthesis in brain is available, 
and the data relative to  effects in liver have been in- 
consistent (WILLIAMS & ANDERSON, 1959: MILLER et 
a!., 1965; ITOKAWA er al., 1973; GUBLER ef a/.. 1974) 
and not accompanied by studies of the critical 
enzymes. 

An important metabolic consequence of thiamine 
deficiency, diminished activity of pyruvate decarboxy- 
lase, would be expected to lead to diminished levels 
of aatyl-CoA. Since many of our previous observa- 
tions (see VOLPE & VAGELOS. 1976. for review) are 
compatible with the hypothesis that the synthesis of 
the important lipogenic enzyme. fatty acid synthetase. 
is regulated by intermediates of carbohydrate metabo- 
lism at  the triose phosphate step or beyond, including 
perhaps acetyl-CoA. thiamine deficiency appeared to 
be an excellent model to further test this hypothesis. 

Because of the topographic and cellular specificity 
of the pathology in thiamine deficiency (DREYFUS & 
VKTOR, 1961; COLLINS. 1967) and the feasibility of 
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producing thiamine deficiency in cultured C-6 glial 
and neuroblastoma cells (SCHWARTZ et a/ . ,  1975; 
SCHWARTZ & MCCANDLESS, 1976). we elected t o  
study these cultured cells of neural origin with the 
following objectives: ( I )  t o  determine whether thia- 
mine deficiency and replenishment have major  effects 
on the regulation of fatty acid a n d  cholesterol biosyn- 
thesis. (2) t o  determine the enzymatic loci of these 
effects. (3) t o  define the mechanism causing changes 
in the activity of fatty acid synthetase. and (4) t o  com- 
pare  the quantitative aspects of the effects in the glial 
vs t he  neuronal cells. 

MATERIALS AND METHODS 

Materials 

Malonyl-CoA. acetyl-CoA. ~~-3-hydroxy-3-methyIglu- 
taryl-CoA (P-L Biochemicals. Milwaukee, WI), NADPH, 
ATP, dithiothreitol, thiamine hydrochloride (Sigma, St. 
Louis, MO), and Dowex AG 1-X8 ( 2 W O O  mesh, formate) 
(BioRad Laboratories, Richmond, CA) were obtained from 
the designated sources. Sodium [2-L4C]acetate (specific 
radioactivity, 53.2-58.8 Ci/mol). 3 H , 0  (specific radioac- 
tivity, 1.8 mCi/mmol), ~-[4,5-~H]leucine (specific radioac- 
tivity, 31.4342 Ci/mmol). sodium [14C]bicarbonate 
(specific radioactivity 9.6 Ci/mol), and DL-3-hydroxy-3- 
methyl[3-L4C]glutaryI-CoA (18.g26.2 Ci/mol) were 
obtained from New England Nuclear (Boston, MA). 
Radioactive products were counted in a preblended scintil- 
lation fluid (3a70. Research Products International, Elk 
Grove Village, IL). All sera, antibiotics and other reagents 
for cell culture were obtained from Grand Island Biologi- 
cal Company (Grand Island. NY) and tissue culture flasks 
from Falcon (Oxnard, CA). 

Methods 

Cell culture. The cells used in this study, C-6 glial cells. 
cloned originally from a rat astrocytoma. and neuroblas- 
toma cells (Neuro 2a), derived from a murine tumor, were 
obtained from the American Type Culture Collection 5 
years ago and maintained in this laboratory since. During 
that time, utilizing cells derived either from intact mono- 
layers or frozen samples, we have detected n o  significant 
changes in the qualitative or quantitative aspects of the 
regulation of fatty acid or cholesterol synthesis, as defined 
in previous reports (VOLPE & MARASA. 1975a, 1976a, 
1976b, 1977, VOLPE & HENNESSY, 1977). The various 
methods of cell culture have been described (VOLPE & 
MARMA 1975a). 

The culture medium utilized was modified from those 
described by HIGUCHI (1970), DONTA (1973) and BARLEY 
et al. (1972). as previously described (VOLPE & MARASA, 
19760). For the current studies this basic medium was pre- 
pared without thiamine. Thiamine was removed from fetal 
calf serum by dialysis for 3 days with 5 changes of 20 vol 
of phosphate-buffered s a h e  (0.14 M-NaCI, 0.01 M-potas- 
sium phosphate. pH 7.4). In the experiments described cul- 
ture flasks contained 10% (v/v) dialyzed fetal calf serum 
in medium that contained either no added thiamine ('thia- 
minedeficient') or added thiamine, 400 pg/ml ('thiamine- 
supplemented'), unless otherwise indicated. Culture 
medium was changed daily for the first 4 days of each 
experiment, every 48h  thereafter, but always 24h prior 
t o  determinations. 

For each experiment cells were derived from a single 

flask. Size of each inoculum of both C-6 glial and neuro- 
blastoma cells was identical and based on cell number, 
determined on a Gentian violet-stained aliquot and 
counted in a hemocytometer. Inocula were adjusted to give 
a final concentration of 0.5 x 106/ml in either 25-cm' or 
75-cm' flasks. 

Furry acid synthrsis. Sjnthesis of fatty acids was evalu- 
ated by measuring the incorporation of radioactivity into 
these products from [2-I4C]acetate or 'H,O (VOLPE & 
MARASA. 19750. 1977). Pulses wi th  the radioactive precur- 
sors were performed in fresh medium, and cellular fatty 
acids were isolated by TLC. 

Protein $ynthesi,s. Synthesis of total protein was evalu- 
ated by measuring the incorporation of radioactivity into 
total protein from ~-[4,5-'H]leucine (VOLPE & MARASA, 
l976b). Protein was isolated by trichloroacetic acid precipi- 
tation. 

Fatty acid synthetase. acetyl-CoA carboxylase assays. 
Cellular extracts utilized for assay of these enzymes were 
prepared as described (VOLPE & MARASA, 1975~).  Fatty 
acid synthetase was determined by the spectrophotometric 
assay (MARTIN et al.. 1961). One unit of enzyme activity 
is defined as the amount required to catalyse the oxidation 
of I nmol of NADPH/min at 37°C. 

Acetyl-CoA carboxylase was assayed by measuring the 
recovery of acid-stable radioactivity after incubation with 
[I4C]bicarbonate (MARTIN & VAGELOS, 1962), modified as 
described (VOLPE & MARASA, 1975~). One unit of enzyme 
activity is defined as the amount required to catalyse the 
fixation of 1 nmol of [14C]bicarbonate/min at  37°C. 

Iinttiunologicu/ procedures. The immunochemical tech- 
niques utilized antibody prepared against homogeneous 
rat liver fatty acid synthetase (VOLPE et a/.. 1973), which 
has been shown to be immunologically identical to the 
enzyme of the glial cells (VOLPE & MARASA, 19750). The 
antihod) was partially purified from serum by ammonium 
sulfate precipitation and DEAE-Sephadex (BAUMSTARK et 
a/.. 1964). Quantitative precipitin analyses (KABAT & 
MEYER, 1961: VOLPE ef at.. 1973) and isoropic-immunoche- 
mica1 analyses (VOLPE et a i .  1973: VOLPE & MARASA, 
1975~) were utilized to compare the amount of immuno- 
precipitable enzyme per unit of activity among various 
extracts and to measure synthesis of fatty acid synthetase, 
respectively. In the latter experiments, after cells were 
exposed to ~-[4,5-'H]leucine, 10 pCi/ml. for 1 h,  22-38", 
ammonium sulfate fractions of cell extracts were prepared 
and subjected to immunoprecipitation (VOLPE & MARASA. 
1975a). 

Sterol synthesis and digiroiiiii precipitation. Synthesis of 
sterols was evaluated by measuring the incorporation of 
radioactivity into these products from [2-I4C]acetate 
(VOLPE & HENNESSY. 1977). The basic isolation procedure 
for digitonin-precipitable sterols (3-P-hydroxysterols) was 
modified from POPJAK (1969). as described (VOLPL & HEN- 

HMG-CoA reductase assay. Cellular extracts utilized for 
assay of this enzyme were prepared as described (VOLPE 
& HENNESSY, 1977). The enzyme was assayed by a modifi- 
cation of the method of BROWN er al. (1973) and the radio- 
active product, [14C]mevalonate, isolated by ion-exchange 
chromatography essentially according to AVICAN et al. 
(1979, as described (VOLPF & HENNESSY, 1977). One unit 
of enzyme activity is defined as  the amount required to 
catalyse the formation of I pmol of mevalonate/min at 
37°C. 

Protein deterniiiiation. Cellular protein was determined 
by the method of LOWRY et 01. (1951) or by a micro-biuret 
procedure (MUNKRES & RICHARDS, 1965). 

Statistical procedures. Statistical significance was deter- 
mined by Student's t test (SNEDECOR. 1956). The t test was 
carried out for all the data for which means & S.E.M. are 
presented, and all differences discussed in the paper are 
significant at the P < 0.01 level or better. 

NESSY. 1977). 
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TABLE 1.  EFFECT OF THIAMINE DEFICIENCY ON FATTY ACID SYNTHESIS IN C-6 GLlAL 
CELLS 

Fatty acid synthesis Protein 
Days in (c.p.m./mg protein x (mg/flask) 
medium Th+ Th - Th + Th - 

5 6.5 & 0.8 8.1 ? 1.0 0.48 ? 0.06 0.42 f 0.05 
7 91.1 -t 8.5 58.3 5 6.1 1 .Ol f 0. I 1  0.89 i 0.08 
9 137.2 & 14.0 17.9 f 1.4 2.40 ? 0.08 1.09 k 0.11 

Cells were transferred to 18 25-cm2 flasks, 9 of which contained thiamine-deficient 
(Th - )  medium. and 9, thiamine-supplemented (Th +) medium. At the times indicated 
in the table, rates of fatty acid synthesis from [2-'4C]acetate and protein concentration 
were determined in each of 3 flasks from the deficient and supplemented groups (see 
Methods). Values are means 2 S.E.M. obtained from separate determinations on each 
of 3 flasks. Similar results were obtained in  3 separate experiments. 

RESULTS 

&fleet of rhiumine deficiency on futtj uciif synthesis in 
C-6 gliul cells 

We evaluated first the effect of thiamine deficiency 
on fatty acid synthesis from [2-'4C]acetate in the glial 
d l s  (Table 1). After 7 days, cells in thiamine-deficient 
medium exhibited an approx 2-fold lower rate of fatty 
acid synthesis than did cells in thiamine-supple- 
mented medium. No significant decrease in growth 
rate, as determined by the rate of increase in total 
protein in the culture flasks, was apparent at that 
time. Over the next 2 days both fatty acid synthesis 
and the growth rate decreased markedly. Thus, after 
9 days, cells in thiamine-deficient medium exhibited 
an approx 7-fold lower rate of fatty acid synthesis 
than did cells in thiamine-supplemented medium. 

To determine whether these effects on the incorpor- 
ation of radioactivity from [2-14C]acetate into fatty 
acids reflected an alteration in de noco fatty acid syn- 
thesis and were not related to changes in uptake of 
acetate or conversion to acetyl-CoA, or in pool sizes 
of fatty acid precursors, we evaluated the effects of 
thiamine deficiency on the activities of acetyl-CoA 
carboxylase and fatty acid synthetase and on the syn- 
thesis of fatty acids from -'H,O (Table 2). Cells were 
grown in thiamine-deficient or supplemented medium 
for 7 days before enzymatic activities and fatty acid 
synthesis were determined. The decrease in fatty acid 

synthesis observed in the thiamine-deficient cells with 
-'H,O as precursor was similar to the decrease 
observed with [2-'4C]acetate. Moreover, a close cor- 
relation was apparent between the decreases in the 
activities of acetyl-CoA carboxylase and fatty acid 
synthetase and in the rate of fatty acid synthesis from 
'HzO. Thus, the decrease in the fatty acid synthetic 
rate is apparently caused by the decrease in the activi- 
ties of these two important lipogenic enzymes. 

Effect of thiamine deficiency and replenishment on fatty 
acid and protein synthesis in C-6 glial cells 

We next asked whether the effect on fatty acid syn- 
thesis might be a reflection of a nonspecific toxic 
effect of the deficient state, which might be reflected 
in a decrease in total protein synthesis. In addition 
we estimated the specificity of the effects by determin- 
ing whether the cells could recover after marked 
effects on fatty acid synthesis were induced and by 
determining the quantity of thiamine needed to effect 
recovery (Table 3). No  decrease in incorporation of 
['Hlleucine into total protein was evident even after 
10 days of growth in the thiamine-deficient medium. 
Despite this an approx 5-fold decrease in the rate 
of fatty acid synthesis occurred. Moreover, the exqui- 
site sensitivity of this effect to thiamine was demon- 
strated by the observation that complete recovery of 
fatty acid synthesis resulted after growth for 3 days 
in just 0.01 pg/ml of thiamine. 

TABLE 2. EFFECT OF THIAMINE DEFICIENCY ON FATTY ACID SYNTHETASE. ACETYL-COA CARBOXYLASE AND 
FATTY ACID SYNTHESIS (FROM 'H,O) IN C-6 CLIAL CELLS 

Thiamine Fatty acid Acetyl-CoA Fatty acid 
in synthetase activity carboxylase activity synthesis 

medium (units/mg protein) (unitsimg protein) (c.p.m./mg protein x lo-') 

+ 6.56 & 0.51 2.21 0.11 2.00 _+ 0.14 
- 3.27 k 0.22 1.21 f 0.08 0.73 k 0.06 

Cells were transferred to 12 25-cm2 flasks, 6 of which contained thiamine-deficient ( - ) .  and 6. 
thiamine-supplemented medium ( + I  for 7 days. At that time the actibities of fatty acid sknthetase 
and acetyl-CoA carboxylase and the rates of fatty acid sknthesis from ' H 2 0  were determined in each 
of 3 flasks from the deficient and supplemented group (see Methods). Values are means s.I..M. obtained 
from separate determinations on each of 3 flasks. Similar results were obtained in 2 separate experi- 
ments. 
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TABLE 3. EFFECT OF THIAMINE DEFICIENCY AND REPLENISHMENT ON FATTY ACID AND 
PROTEIN SYNTHESIS I N  C-6 GLIAL CELLS 

Thiamine in  
Days in medium Fatty acid synthesis Protein synthesis 
medium (pgml)  (c.p.m./mg protein x lo-’) (c.p.m./mg protein x lo-’) 

7 0 34.0 & 2.9 39.1 k 4.4 
7 400 65.1 & 4.4 32.2 k 4.8 

10 400 84.1 8.0 35.2 f 3.9 
10 0 16.2 _+ 1.2 43.9 & 5.2 
3+ 0.01 88.9 _+ 1.7 35.6 5 4.4 
3’ 400 86.0 & 7.1 36.7 & 4.7 

Cells were transferred to 36 25-cm’ flasks. 24 of which contained thiamine-deficient 
medium. and 12. similar medium supplemented with the standard quantity. i.e. 
400pgirnl. of thiamine, After 7 days the rates of fatty acid synthesis from [2-I4C]ace- 
tate and of protein synthesis from C3H]leucine were determined in each of 3 flasks 
from the deficient and supplemented groups (see Methods). The remaining 6 flasks 
with the thiamine supplementation (400 pg/ml) were continued In similar medium for 
3 additional days. The remaining 18 flasks with thiamine-deficient medium were 
divided into 3 groups: thiamine-deficient. thiamine-replenished. 0.01 pg/ml (see * in 
table). and thiamine-replenished. 400 pg/ml (see * in table). and grown for 3 additional 
days. A t  that time. 10 days after the start of the experiment. rates of fatty acid and 
protein synthesis were determined as described above. Values are means & S.E.M. 
obtained from separate determinations on each of 3 flasks. Similar results were 
obtained in 2 separate experiments 

To examine the rapidity of recovery of fatty acid 
synthesis in thiamine-deficient cells after thiamine re- 
plenishment and to evaluate further the relation 
between the effects on fatty acid synthesis and those 
on cell growth, we determined the time course of re- 
covery after 8 days of thiamine deficiency (Fig. 1). 
Two major points are apparent from the data. First, 
a sharp increase in the rate of fatty acid synthesis 
occurred in the thiamine-replenished cells between 6 

7 0 7 ’ 1  

- 7- ‘PROTEIN (Th-1 
I 
d i i 12 16 io 24 f4 

HOURS 

FIG. 1. Recovery of fatty acid synthesis after replenishment 
of thiamine-deficient C-6 glia with the vitamin. C-6 glial 
cells were transferred to 39 25-cmZ flasks and grown for 
8 days in thiamine-deficient medium. At that time (zero 
h) the rate of fatty acid synthesis (FAS) and the protein 
concentration were determined in each of 3 flasks. The 
medium was changed-in the remaining 36 flasks so that 
18 contained 400pg/ml of thiamine (Th+), and 18. fresh 
thiaminedeficient medium (Th -). At the indicated times 
the rate of fatty acid synthesis and the protein concen- 
tration were determined in each of 3 flasks from the defi- 
cient and the replenished cells. Values are means obtained 
from separate determinations on each of 3 flasks. Similar 

results were obtained in a separate experiment. 

and 12 h after addition of the vitamin. The  rapid re- 
covery continued over the next 36 h, and after 48 h, 
the rate of fatty acid synthesis in the replenished cells 
was identical to  the rate in cells that were not thia- 
mine-deficient during the 10 days of the experiment 
(data not shown). Second, in contrast to  the response 
of fatty acid synthesis, the rate of cell growth, based 
upon the amount of protein in the culture flasks, did 
not increase sharply until 24-48 h of replenishment. 

Effect of thiamine deficiency on synthesis of fatty acid 
synthetase in C-6 g / i d  ce//s 

To determine the mechanism whereby thiamine 
deficiency caused the decrease in the activity of fatty 
acid synthetase. we utilized immunochemical tech- 

+ o  L e * e U  2 FATTY ACID SYNTHETASE ADDED (UNITS1 

FIG. 2. Quantitative preclpitin reactions of fatty acid syn- 
thetase of c-6 glial cells grown in thiamine-deficient (0) 
or thiamine-supplemented (0) medium. Cells were grown 
in the respective media for 7 days before assay of fatty 
acid synthetase and performance of the quantitative preci- 
pitin reactions (see Methods). Values are means obtained 

from separate determinations on each of 3 Basks. 
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TABLE 4. EFFECT OF THIAMINE DEFICIENCY ON SYNTHESIS OF FATTY ACID SYNTHETASE IN C-6 GLIAL CELLS 

Thiamine Fatty acid synthetase Specific radioactivity Relative rate 
in activity Fatty acid synthetase (A) Total protein (B) of synthesis 

medium (units/mg protein) (c.p.m./mg protein x (c.p.m./mg protein x lo-’) (A/B x 100) 

+ 6.18 7.23 2.73 2.65 
- 2.37 4.03 3.20 1.26 

Cells were transferred to 8 75-cm’ flasks, 4 of which contained thiamine-deficient (-) medium, and 4, thiamine-supple- 
mented ( + )  medium. After 8 days an isotopic-immunochemical analysis was carried out (see Methods). Values for 
fatty acid synthetase activity are means obtained from separate determinations of the 4 flasks from each group. Values 
for specific radioactivity of synthetase and protein are means obtained from separate determinations of 2 pooled pairs 
of flasks from each group. Values did not vary more than 5-10%. A similar result was obtained in a separate experiment. 

niques. Quantitative precipitin analyses, performed 
with a constant amount of antibody and increasing 
amounts of enzyme extract, revealed identical equiva- 
lence points for extracts from cells grown either in 
thiamine-deficient or thiamine-supplemented medium 
for 7 days, although specific enzymatic activities of 
the extracts differed by 2.4-fold. This finding indicates 
that the difference in specific activities reflect a differ- 
ence in content rather than in catalytic efficiency of 
the enzyme. 

To determine whether the decrease in synthetase 
content was related to a change in enzyme synthesis, 
we performed an isotopic-immunochemical experi- 
ment (Table 4). Cells were grown in thiamine-deficient 
or supplemented medium for 8 days before exposure 
to C3H]leucine and subsequent isolation of fatty acid 
synthetase by immunoprecipitation and total protein 
by trichloroacetic acid precipitation. A close correla- 
tion was observed between the decreases in the rela- 
tive rate of synthesis and the specific activity of the 
enzyme in the deficient cells. Thus, the decrease in 
synthetase content in the deficient cells is caused by 
a decrease in rate of synthesis of the enzyme. 

Eflect of thiamine dejciency on faty acid synthesis in 
neuroblastoma cells 

In view of neuropathological observations of the 
lesions observed in states of thiamine deficiency in 
uiuo (see Discussion) that indicate earlier involvement 
of the glial than the neuronal cell, we next asked 
whether thiamine deficiency affected lipid synthesis in 
neuroblastoma cells in a manner different from the 
glial cells (Table 5). Indeed, there was no difference 
in the rate of fatty acid synthesis observed in the neur- 
onal cells after 7 days in the deficient or supplemented 
medium and only a 24% lower rate in the deficient 

cells after 10 days. These observations should be con- 
trasted with the 2-fold and 7-8-fold lower rates 
observed in the glial cells after similar periods of defi- 
ciency (Table 1). In contrast to  the lesser effect on 
fatty acid synthesis in the neuronal vs the glial cells. 
cell growth was affected more in the former than in 
the latter cell type. This lends additional support to 
the data indicating that the changes in fatty acid syn- 
thesis in the glial cells are not secondary to changes 
in cell growth. 

Effect of thiamine deficiency on sterol synthesis and 
HMG-CoA reductase in C-6 glial and neuroblastoma 
cells 

To determine whether sterol synthesis and the rate- 
limiting enzyme thereof, HMG-CoA reductase, are 
affected by thiamine deficiency, the glial and neuronal 
cells were studied after 7 days in the thiamine-defi- 
cient medium (Table 6). In the thiamine-deficient glial 
cells the rate of sterol synthesis was reduced to 
approx 60% of that in the supplemented cells. As 
observed for fatty acid synthesis, the neuronal cells 
did not exhibit the responsiveness of the glial cells. 
i.e. no significant reduction in sterol synthesis 
occurred in the deficient neuroblastoma That the 
reduction in sterol synthesis in the glial cells is 
mediated at the level of HMG-CoA reductase is indi- 
cated by the concomitant decrease in activity of this 
enzyme, the rate-limiting step in cholesterol biosyn- 
thesis in these cells (VOLPE & HENNESSY. 1977). 

DISCUSSION 

This investigation has dealt with the role of thia- 
mine in the regulation of fatty acid and cholesterol 
biosynthesis in cultured cells of neural origin. The 

TABLE 5. EFFECT OF THIAMINE DEFICIENCY ON FATTY ACID SYNTHESIS IN NEUROBLASTOMA 
CELLS 

Fatty acid synthesis Protein 
Days in (c.p.m./mg protein x to- 7 (mg/flask) 
medium Th + Th - Th + Th- 

5 10.5 k 1.2 10.8 k 1 . 1  0.21 f 0.02 0.21 k 0.02 
7 12.0 + 1.0 10.9 f 1.0 0.30 k 0.04 0.23 f 0.01 

10 12.5 5 0.9 9.5 i 0.7 0.48 k 0.03 0.28 0.02 

See legend to Table 1. 
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TABLE 6. EFFECT OF THIAMINE I>EFICIENC\ OF! STEROL SYNTHtSIS A N D  HMG-CoA 
RldX'CTASk IS C-6 GLIAL ASI> NEUROBLASTOMA CtLLS 

Sterol synthesis HMG-CoA reductase activit) 
Cell type (c.p.m. mg protein x 1 o P )  (units;mg protein) 

Glia 6.05 + 0.51 3.61 f 0.29 6.28 041 3.70 + 0.29 
Neuroblastoma 4.91 + 0.48 4.69 f 0.54 10.7 f 1 . 1  10.1 k0 .9  

C-6 glial and neuroblastoma cells each were transferred to 6 25-cm' flasks and  
6 75-cm' flasks. 3 of which contained thiamine-deficient medium (Th - ). and  3. thia- 
mine-supplemented (Th+) medium. After 7 days the rate of cterol slnthesia from 
[2-I4C]acetate (25-cm' flasks) and the activity of HMG-CoA reductase (75-crn' f l x k s )  
were determined in each of 3 flasks from the deficient and supplemented groups (see 
Methods). Values are means ? S.E.M. obtained from separate determinations on each 
of 3 flasks. Similar results were obtained in 2 separate experiments. 

data indicate that thiamine deficiency has a major 
effect on these biosyntheses in the glial cells. Thus, 
the rate of fatty acid synthesis in thiamine-deficient 
glia was reduced to as low as approx 15"" of the 
rate in thiamine-supplemented cells. The decrease in 
fatty acid synthetic rate was accompanied by a com- 
parable alteration in the activity of acetyl-CoA car- 
boxylase and fatty acid synthetase, the two enzymes 
that function in sequence in the synthesis of fatty 
acids. The mechanism of the effect on fatty acid syn- 
thetase activity was shown to involve a decrease in 
enzyme synthesis. The rate of cholesterol biosynthesis 
was also reduced in the thamine-deficient glial cells, 
i.e. to approx 60% of the rate in thiamine-supple- 
mented cells. The enzymatic locus of this effect was 
shown to be HMG-CoA reductase. In contrast to the 
effects in the glial cells, under similar conditions of 
thiamine deficiency neuronal cells exhibited either no 
or only a slight reduction in fatty acid and cholesterol 
synthesis. 

These data may have major implications for the 
genesis of the neuropathological lesions in conditions 
of thiamine deficiency (e.g Wernicke's encephalo- 
pathy) or altered thiamine metabolism (e.g. Leigh's 
disease). Fatty acids and cholesterol are major con- 
stituents of cellular membranes, and alterations in 
these critical membrane constituents can result in 
marked effects on a variety of cellular functions 
(FARIAS et a/., 1975). Indeed, it is quite apparent in 
the present studies that the disturbances of fatty acid 
and cholesterol biosyntheses are followed closely by 
a disturbance of cell growth. The relation of Lipid syn- 
thesis and cell growth is a highly important one, and 
it is clear that the study of thiamine-deficient and 
replenished dial  cells provides an excellent model to 
define this relationship further. At any rate, the fact 
that the syntheses of fatty acids and cholesterol are 
severely disturbed in the &a1 cells is compatible with 
data derived from experimental studies (COLLINS, 
1967), which indicate that the glial cell is the site of 
the early lesion in thiamine deficiency. Thus, the data 
provide at least one rational hypothesis for the pre- 
viously undehed  biochemical basis for the disturb- 
ance of cellular integrity in disorders of thiamine 
homeostasis. 

A role for thiamine in the regulation of the biosyn- 
theses of fatty acids and cholesterol is established 
clearly for the first time. The precise basis for this 
regulatory role is not definitely known. although the 
ultimate effect is exerted at the level of the critical 
enzymes in the two biosynthetic pathways. The effect 
on fatty acid synthetase clearly involves synthesis of 
this enzyme. Our previous observations of the regula- 
tion of fatty acid synthesis in extraneural tissues in 
vioo (VOLPE & VAGELOS, 1974; VOLPE & MARASA, 
19756, c) and glial cells in culture (VOLPE & MARASA. 
19760, 6) suggest that the synthesis of fatty acid syn- 
thetase is regulated by intermediates of carbohydrate 
metabolism at the triose phosphate step or beyond, 
including perhaps acetyl-CoA. The present data sup- 
port that hypothesis and perhaps specifically impli- 
cate levels of acetyl-CoA, since pyruvate decarboxy- 
lase activity has been shown to be severely depressed 
in glial cells subjected to a degree of thiamine depri- 
vation similar to that produced in the present work 
(SCHWARTZ & MCCANDLESS, 1976). However, pyru- 
vate decarboxylase activity is also depressed in thia- 
mine-deficient neuroblastoma cells (SCHWARTZ & 
MCCANDLESS. 1976). which did not exhibit the 
marked effects on fatty acid synthetic rate. Deter- 
minations of intracellular acetyl-CoA levels, and par- 
ticularly the specific pool that might regulate the syn- 
thesis of fatty acid synthetase. are needed to resolve 
this issue decisively. Whether similar or alternative 
mechanisms account for the effect of thiamine defi- 
ciency on HMG-CoA reductase is a provocative topic 
for future research. 

REFERENCES 

AVIGAN J., BHATHENA S. J. & SCHREINER M. E. (1975) J .  

BARLEY F. W., SATO G. H. & ABELES R. H. (1972) J. h i d .  

BAUMSTARK J. S., LAFFIN R. J. & BARDAWIL W. A. (1964) 

BROWN M. S., DANA S. E. & GOLDSTEIN J. L. (1973) Proc. 

Lipid Res. 16, 151-154. 

Chem. 247, 4270-4276. 

Archs Biochem. Biophys. 108, 514521. 

natn. Acad. Sci., U.S.A. 70, 2162-2166. 
COLLINS G. H. (1967) Am. J. Path. 50, 791-814. 
DONTA S. T. (1973) E x p l  Cell Res. 82, 119-124. 



Thiamine and lipid synthesis in cultured glial cells 98 1 

DREYFUS P. M. (1965) J. Neuropath. exp. Neurol. 24, 
11%129. 

DREYFUS P. & VICTOR M. (1961) Am. J. Clin. Nutr. 9, 
414-425. 

FARIAS R. N., BLOJ B.. MORERO R. D., SINERIZ F. & 
TRUCCO R. E. (1975) Biochim. hiophys. Acta 415, 
23 1-25 1. 

FRIEDE R. L. (1975) Developmental Neuropathology. 
Springer, New York. 

GUBLER C. J., PETERSON J. W., TURPIN K. K., CRANE L. 
W., TURNER L. G. W. & BENNION M. (1974) J. Nutr. 
12, 169Cb1695. 

HOLOWACH J., KAUFFMAN F., l ~ o s s i  M. G., THOMAS C. 
& MCDOUGAL D. B., JR. (1968) J. Neurochem. 15, 
621-631. 

HIGUCHI K. (1970) J. Cell Physiol. 75, 65-72. 
ITOKAWA Y., SASAGAWA S. & FUJIWARA M. (1973) J. Nutr. 
Sci. Vitaminol. 19, 15-21. 

KABAT E. A. & MEYER M. M. (1961) Experimental Immuno- 
chemistry. Thomas, Springfield. 

LOWRY 0. H., ROSEBROUGH N. J., FARR A. L. & RANDALL 
R. J. (1951) J. hiol. Chem. 193, 265-275. 

MARTIN D. B., HORNING M. G. & VAGEMS P. R. (1961) 
J. hiol. Chem. 236, 663468. 

MARTIN D. B. & VAGELOS P. R. (1962) J. hiol. Chem. 237, 
1787-1792. 

MCCANDLESS D. W., CURLEY A. D. & CA~SIDY C. E. (1976) 
J. Nurr. 106, 1144-1151. 

MCCANDLESS D. W. & SCHENKER S. (1968) J. clin. Invest. 
47, 2268-2280. 

MILLER B., ANDERSON C. E.. VENNART G. P.. WILLIAMS 
J. N., JR. & PIANTAD~I  C. (1965) J. Nutr. 85, 21-28. 

MUNKRES K. 0. & RICHARDS F. M. (1965) Archs Biochefn. 
Biophys. 109, 466-479. 

POPJAK G. (1969) Meth.  Enrymol. 15, 393454. 
SCHWARTZ J. P., LUST W. D., SHIRAZAWA R. &' PASSON- 

NEAL' J. v. (1975) Molec. Cell. Biochem. 9, 73-78. 
SCHWARTZ J. P. & MCCANDLES D. W. (1976) Molec. Cell. 

Biochem. 13, 49-53. 
SNEDECOR G. W. (1956) Statistical Methods Applied to Ex- 

periments in Agriculture and Biology. Iowa State College 
Press, Ames. 

VICTOR M., ADAMS R. D. &i COLLINS G. H. (1971) The 
Wernicke-Korsakofl Syndrome. Blackwell Scientific, 
Oxford. 

VOLPE J. J. & HENNESSY S. H. (1977) Biochim. biophys. 
Acta 486, 408420. 

VOLPE J. J. & MARASA J. C. (1975a) J. Neurochem. 25, 
333340. 

VOLPE J. J. & MARASA J. C. (1975b) Biochim. biophys. Acto 
380, 454-472. 

VOLPE J. J. & MARASA J. C. (1975~) Biochim. biophys. Acra 
409, 235-248. 

VOLPE J. J. & MARASA J. C. (1976a) J. Neurochem. 27, 
841-845. 

VOLPE J. J. & MARASA J. C. (1976b) Biochim. Biophys. Acta 
431, 195205. 

V O L P ~  J. J. & MARASA J. C. (1977) Brain Res. 129. 91- 
106. 

VOLPE J. J. & VAGELOS P. R. (1974) Proc. natn. Acad. Sci., 

VOLPE J. J. & VAGELOS P. R. (1976) Physiol. Rev. 56, 

VOLPE J. J., LYLES T. 0.. RONCARI D. A. K. & VAGELC~ 

WILLIAMS J. N., JR. & ANDERSON C. E. (1959) J. Nutr. 

U .S .A .  71, 889-893. 

34W17. 

P. R. (1973) J. hiol. Chem. 248, 2502-2513. 

69. 229-234. 


