
Abstract. The identification of 2-hydroxyphytanoyl-CoA 
lyase (2-HPCL), a thiamine pyrophosphate (TPP)-depen-
dent peroxisomal enzyme involved in the α-oxidation of 
phytanic acid and of 2-hydroxy straight chain fatty acids, 
pointed towards a role of TPP in these processes. Until 
then, TPP had not been implicated in mammalian per-
oxisomal metabolism. The effect of thiamine deficiency 
on 2-HPCL and α-oxidation has not been studied, nor 
have possible adverse effects of deficient α-oxidation 
been considered in the pathogenesis of diseases associ-

ated with thiamine shortage, such as thiamine-responsive 
megaloblastic anemia (TRMA). Experiments with cul-
tured cells and animal models showed that α-oxidation is 
controlled by the thiamine status of the cell/tissue/organ-
ism, and suggested that some pathological consequences 
of thiamine starvation could be related to impaired α-ox-
idation. Whereas accumulation of phytanic acid and/or 
2-hydroxyfatty acids or their α-oxidation intermediates 
in TRMA patients given a normal supply of thiamine is 
unlikely, this may not be true when malnourished.

Keywords. Beriberi, 2-hydroxyfatty acids, peroxisomes, phytanic acid, thiamine-responsive megaloblastic anemia, 
vitamin B, Wernicke-Korsakoff syndrome.

Introduction

In mammals, long chain 3-methyl-branched fatty acids 
such as the naturally occurring phytanic acid (3,7,11,15-
tetramethylhexadecanoic acid), are shortened by one 
carbon atom (α-oxidation). This process, which occurs 
in peroxisomes, includes the following steps (Fig. 1): (1) 
activation to a CoA-ester, (2) hydroxylation of carbon 2 
of the CoA-ester, and (3) cleavage between carbon 1 and 

2, resulting in the generation of a 2-methyl-branched fatty 
aldehyde and formyl-CoA. The aldehyde is subsequently 
dehydrogenated (4) to a 2-methyl-branched fatty acid 
(pristanic acid in the case of phytanic acid breakdown), 
which will be further degraded by peroxisomal β-oxida-
tion. Formyl-CoA is converted to formate, which will be 
oxidized to CO2 (for review see [1, 2]). The most proto-
typical clinical picture of an isolated defect in α-oxida-
tion is adult Refsum disease, which is characterized by 
retinitis pigmentosa, night blindness and anosmia; poly-
neuropathy, deafness, ataxia and ichthyosis are also quite 
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common (for review see [3]). Increased phytanic acid 
levels, which are the biochemical hallmark of Refsum 
disease, usually result from mutations in the gene cod-
ing for the second enzyme of the α-oxidation pathway, 
phytanoyl-CoA hydroxylase [4, 5]. 2-Hydroxyphytanoyl-
CoA lyase (2-HPCL), a tetrameric protein with homology 
to oxalyl-CoA decarboxylases and dependent on thiamine 
pyrophosphate (TPP), catalyzes the cleavage reaction [6]. 
Recently, it was shown that this enzyme also cleaves the 
CoA esters of straight chain 2-hydroxylated fatty acids 
(Fig. 1), and that peroxisomes play an important role in 
the α-oxidation of long chain 2-hydroxyfatty acids, con-
stituents of certain sphingolipids [7].
2-HPCL provided the first example of a TPP-dependent 
enzyme in mammalian peroxisomes. TPP is the active form 
of thiamine, a water-soluble vitamin of the B-complex, 
and functions as a cofactor of various enzymes mainly 
involved in cellular glucose and energy metabolism: the 
pyruvate dehydrogenase complex, 2-ketoglutarate dehy-
drogenase, branched-chain keto-acid dehydrogenase and 
transketolase (Fig. 1). Like other micronutrients, thia-
mine is not synthesized by higher eukaryotes. Therefore, 

adequate nutritional levels of thiamine and subsequent 
absorption, via both a high-affinity saturable transporter 
and a low-affinity unsaturable transport mechanism, are 
essential for normal development and physiology. Upon 
entry into cells, most thiamine is converted by thiamine 
pyrophosphokinase to TPP, which is generally the pre-
dominant form of vitamin B (75–90% of total).
Severe thiamine deprivation as seen in gross malnutrition, 
chronic alcoholism and AIDS affects the nervous system by 
causing peripheral neuropathy and central nervous system 
lesions, referred to as the Wernicke-Korsakoff syndrome. 
Similar clinical manifestations and brain morphological 
changes have been described in animals given a thiamine-
deficient diet and/or thiamine anti-metabolites such as 
oxythiamine (OT) or pyrithiamine (PT) [8–14]. The latter 
compounds block the coenzyme functions of thiamine. PT 
readily crosses the blood-brain barrier and PT-diphosphate 
competitively inhibits the activity of thiamine pyrophos-
phokinase [15]. OT-diphosphate competes with TPP for 
binding to apo-enzymes. Moreover, these cations cause 
a decrease in thiamine availability by competition for the 
saturable component of the thiamine/H+ antiport [15–17].

Figure 1. α-Oxidation of 3-methyl-branched and 2-hydroxy straight chain fatty acids and its relation with TPP. The scheme shows the 
involvement of TPP in the α-oxidation of 3-methyl-branched (left side, e.g. dietary phytanic acid) and 2-hydroxy straight chain fatty acids 
(right side, e.g. 2-hydroxyoctadecanoic acid, derived from sphingolipids or possibly other fatty acids) and in some enzymes involved in 
glucose and energy metabolism. R1 stands for 3,7,11-trimethyldodecyl and R2 for tetradecyl. See text for details.



Cell. Mol. Life Sci.  Vol. 63, 2006 Research Article       1555

Thiamine-responsive megaloblastic anemia syndrome 
(TRMA, also known as Rogers syndrome) is a rare au-
tosomal recessive disorder characterized by diabetes, 
megaloblastic anemia and deafness (OMIM 249270). 
In addition, optic atrophy, congenital heart defects and 
stroke-like episodes have been reported. Using positional 
cloning/candidacy approaches, three groups identified 
the disease gene as SLC19A2, which encodes a high-af-
finity thiamine transporter (THTR-1) that is present on 
the plasma membrane and on mitochondria [18–20]. 
THTR-1, a protein of 497 amino acid residues, is one of 
three members of the solute carrier family SLC19A [21]. 
The other members of this family include the reduced 
folate carrier (SLC19A1) [22, 23] and a recently identi-
fied second thiamine transporter without folate transport 
activity (SLC19A3) [24, 25].
Until now, thiamine deficiency has not been linked to 
perturbation in α-oxidation. One objective of the current 
study was to document the thiamine dependence of the 
α-oxidation pathway in cultured cells and in an animal 
model. Given the partial overlap in phenotype between 
Refsum disease and TRMA, the α-oxidation process was 
analyzed in cells from TRMA patients to see whether it 
was affected and could contribute to the pathophysiology 
of TRMA.

Materials and methods

Materials. Co-carboxylase (TPP), OT hydrochloride and 
PT were ordered from Sigma, thiamine monophosphate 
(TMP) chloride from Fluka, thiamine hydrochloride from 
Janssen Chimica. Phytol was obtained from Riedel-de 
Haen. [1-14C]Palmitic acid and [1-14C]pyruvate were from 
New England Nuclear. 3-Methyl-[1-14C]hexadecanoic 
acid [26], 2-methyl-[1-14C]hexadecanoic acid [26], 2-
hydroxy-3-methyl-[1-14C]hexadecanoic acid [26], 2-hy-
droxy-3-methyl-[1-14C]hexadecanoyl-CoA [26] and 2-
hydroxy-[1-14C]octadecanoic acid [7] were synthesized 
as described previously.

Animals. Animal studies were approved by the Univer-
sity Ethics committee. Weaned Wistar rats, weighing 
56–61 g, were kept in a constant light-dark cycle and on 
either a standard laboratory chow diet or a thiamine-de-
pleted diet, which were obtained from Ssniff (Bio-Ser-
vices). Subgroups were injected intraperitoneally for 8 
consecutive days either with OT (4 mg/100 g in 0.5 ml 
0.9% NaCl) or PT (50 μg/100 g in 0.5 ml 0.9% NaCl) 
as described by Okazaki et al. [27] and animals were 
weighed daily. Supplementation of chow with phytol 
(0.5%) was performed as described previously [28].

Cell isolation and cell culture. Primary mouse fibro-
blasts [28] and rat hepatocytes [29] were isolated es-

sentially as described before. Fibroblasts from several 
TRMA patients were obtained from different pediatric 
centers and included two unrelated patients (A.R., M.M.; 
both homozygous for 239insA [18]), two siblings from 
one family (A. Z., K. Z.; both homozygous for 724delC 
[20]) and three siblings from a second family (I. Y., N. Y., 
Z. Y.; mutation(s) not yet identified; Van Maldergem L. 
and Gelb B., unpublished data). Control human fibro-
blasts were kindly provided by Dr. G. Matthys (Leuven, 
Belgium). Rat C6 glial cells were obtained from ATCC.
Adherent cells were cultured at 37 °C and 5% CO2 in 
Dulbecco’s modified Eagle’s medium (Invitrogen), sup-
plemented with 10% FCS (Invitrogen) or 2% Ultroser 
G (BioSepra), Glutamax (Invitrogen) and a mixture of 
antibiotics and antimycotics (Invitrogen). Thiamine-free 
DMEM-F12 was obtained from Life Technologies (In-
vitrogen), but its thiamine content, verified by standard 
lab techniques, was 9 nM (versus ∼6400 nM for control 
medium). Hence, it is referred to as thiamine-depleted 
medium.

Fatty acid oxidation in cultured cells. Fibroblasts and rat 
C6 glial cells were grown to near confluence in 25-cm2 
flasks and incubated for 24 h with 4 μM substrate [30], 
either [1-14C]palmitic acid (mitochondrial β-oxidation), 2-
methyl-[1-14C]hexadecanoic acid (peroxisomal β-oxidation 
of branched fatty acids), 3-methyl-[1-14C]hexadecanoic 
acid or 2-hydroxy-[1-14C]octadecanoic acid (α-oxida-
tion). Depending on the substrate, the amounts of 14CO2, 
[14C]formate, labeled acid soluble β-oxidation products 
and label incorporated into cellular lipids were analyzed 
essentially as described before [30, 31].

Preparation of cell lysates and homogenates and en-
zyme measurements. Cells, grown to confluence in 
175-cm2 flasks, were harvested by trypsinization, washed 
twice with PBS and finally homogenized by sonication 
(Branson Sonifier; output 4) in 1 ml 0.25 M Tris-HCl 
pH 7.2 or 10 mM potassiun phosphate buffer pH 7.4. 
Liver pieces were freeze-clamped, stored at –80 °C un-
til use and then homogenized in 7 volumes of 0.25 M 
sucrose, 5 mM Mops-NaOH pH 7.0 and 0.1% ethanol 
(2-HPCL activity) or in 9 volumes of 0.4 M HClO4 (thia-
mine measurements, see below).
2-HPCL activity was quantified as described previously 
[6]. Incubations (37 °C) were started by the addition of 
100 μl cell lysate (prepared in Tris-HCl buffer) or 50 μl 
liver homogenate to 150 or 200 μl reaction medium, re-
spectively. Final concentrations were 50 mM Tris-HCl 
pH 7.5, 0.8 mM MgCl2, 20 μM TPP, 6.6 μM BSA, and 
40 μM 2-hydroxy-3-methyl-[1-14C]hexadecanoyl-CoA 
(2000 dpm/nmol), referred to as standard conditions. 
When using 2-hydroxy-[1-14C]octadecanoic acid as a 
substrate (5000 dpm/nmol; 50 μM final concentration), 
the reaction mixture contained 4 mM ATP, 0.5 mM CoA, 
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2 mM NAD+, 12.5 μM BSA, and 20 μM TPP in modi-
fied Krebs-Henseleit buffer (2.4 mM MgSO4, 25 mM 
NaHCO3, 4.8 mM NaCl, 120 mM KCl, 1.2 mM KH2PO4, 
20 mM HEPES-NaOH pH 7.5). Reactions were termi-
nated after 10 min by addition of 125 μl HClO4 (6%, 
w/v). After removal of protein, the acidified superna-
tant was used to measure 14C-labeled formate [31]. Dur-
ing the incubation, the primary product, formyl-CoA, is 
(bio)chemically converted to [14C]formate [31, 32]. Fur-
ther oxidation of this metabolite to 14CO2 is negligible 
in tissue homogenates and cell lysates in the absence of 
NAD+ [32].
The decarboxylation of [1-14C]pyruvate was measured 
essentially as described by Robinson et al. [33]. Briefly, 
100 μl cell lysate (prepared in phosphate buffer) was 
added to 400 μl reaction medium containing 10 mM 
potassium phosphate pH 7.4, 1 mM EDTA, 1 mM DTT, 
1% BSA, 2 mM MgCl2, 0.15 mM CoA, 1.6 mM NAD+, 
0.1 mM TPP and 0.25 mM [1-14C]pyruvate (2220 dpm/
nmol). Incubations were performed for 45 min at 37 °C 
in closed glass vials and 14CO2 was trapped, after acidifi-
cation, on paper strips soaked in KOH.

Determination of thiamine and its phosphate esters. 
The quantification of thiamine, thiamine monophosphate 
(TMP) and thiamine pyrophosphate (TPP) was based on 
the formation of thiochrome derivatives by alkaline oxi-
dation (adapted from [34, 35]). Briefly, perchloric cell or 
tissue extracts (100 μl; 0.4 M HClO4 final) were deriva-
tized with K3[Fe(CN)6] (20 μl; 30.4 mM in 15% NaOH) 
after adding 10 μl methanol. After 60 s, 20 μl 1 M H3PO4 
was added. Aliquots were injected on a C18-amide col-
umn (Alltima HP, 150 × 4.6 mm, 5 μm, Alltech) on a Wa-
ters 1525 HPLC, coupled to a Waters 2475 fluorescence 
detector (excitation 367 nm; emission 435 nm). The thio-
chrome derivatives were eluted with a gradient of solvent 
A/B (A: 140 mM potassiun phosphate buffer pH 7, 12% 
methanol; B: 70% methanol): linear from 100/0 to 50/50 
in 10 min, followed by 50/50 to 0/100 in 5 min.

Results

To document the influence of thiamine/TPP on α-oxida-
tion, we modulated the intracellular concentration of this 
vitamin, either by adding compounds interfering with 
thiamine uptake/metabolism or by growing cells in thia-
mine-depleted medium.
As rat C6 glial cells possess the highest basal α-oxidation 
rate for 3-methyl-branched fatty acids amongst different 
cultured cells analyzed (Foulon V., Casteels M., Van Veld-
hoven P.P., unpublished data), the first experiments were 
performed on these cells. When the cells were grown in 
the presence of increasing concentrations of OT for at 
least 2 days, α-oxidation of 3-methylhexadecanoic acid 

and 2-hydroxyoctadecanoic acid was depressed in a dose-
dependent manner, up to 90–98% at 1 mM (Fig. 2). The 
OT effect was quite specific, as the treatment did not 
affect the β-oxidation of long 2-methyl-branched fatty 
acids, another peroxisomal pathway. Mitochondrial β-
oxidation of long straight chain fatty acids was also unaf-
fected by the addition of OT (Fig. 2). Furthermore, when 
2-HPCL activity was measured in lysates of C6 cells, 
grown in OT-containing medium, a severe decrease was 
noticed, even when TPP was present in the assay (Fig. 3a, 
b). When the cells were grown in thiamine-depleted me-
dium, however, α-oxidation rates (data not shown) and ly-
ase activity (Fig. 3a, b) were only mildly affected. The ac-
tivity of pyruvate decarboxylase, another TPP-dependent 
enzyme, was severalfold lower in thiamine-depleted cells 
when measured in the absence of TPP, but was restored to 
almost normal levels upon addition of the cofactor to the 
incubation mixture (Fig. 3c).
As in C6 glial cells, α-oxidation in human skin fibro-
blasts cultured in thiamine-depleted medium was little af-
fected. On the other hand, addition of 1 mM OT resulted 
in a 50% reduction in the oxidation rate of 3-methylhexa-
decanoic acid and 2-hydroxyoctadecanoic acid (Fig. 4). 
The decreased α-oxidation was not due to a nonspecific 
effect of OT on peroxisomes since β-oxidation of 2-meth-
ylhexadecanoic acid was normal (Fig. 4).
In mouse fibroblasts, similar findings were obtained: 
overall α-oxidation of 3-methylhexadecanoic acid was 
not affected by the use of thiamine-depleted medium, but 
was reduced after adding 1 mM OT (data not shown).
Together, these data indicate that 2-HPCL activity, and 
consequently the overall α-oxidation, is markedly af-

Figure 2. Effect of oxythiamine on α-oxidation in confluent C6 
glial cells. Nearly confluent rat C6 glial cells, grown in the pres-
ence of increasing concentrations of OT for 48 h, were incubated 
with 4 μM 3-methyl-[1-14C]hexadecanoic acid (■), 2-hydroxy-[1-
14C]octadecanoic acid (▲), or [1-14C]palmitic acid (♦). Results 
represent the sum of 14CO2 and [14C]formate (α-oxidation) or 
sum of 14CO2 and labeled acid soluble products (ASM) (β-oxida-
tion), measured as described in the Materials and methods, and 
are mean values of two determinations. When grown in absence 
or presence of 1 mM OT for 48 h, oxidation rates for 2-methyl-
[1-14C]hexadecanoic acid were 7.25 versus 8.50 nmol/24 h/mg pro-
tein, those for 2-hydroxy-3-methyl-[1-14C]hexadecanoic acid 6.37 
versus 0.59 nmol/24 h/mg protein.
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fected by the intracellular thiamine concentration or by 
thiamine anti-metabolites.
To study the in vivo effects of thiamine deprivation on 
α-oxidation, animal models for thiamine deficiency were 
tested. In a first set of experiments, young rats (about 

50 g) were divided into four groups. One group received 
a thiamine-deficient diet; the other groups were fed a 
control diet and were daily injected intraperitoneally with 
OT, PT, or saline, respectively. On days 7, 11 and 13, he-
patocytes were isolated from one rat of each group and 
the degradation of different fatty acids was determined. 
The oxidation capacity for 3-methylhexadecanoic acid 
as well as for 2-hydroxy-3-methylhexadecanoic acid, a 
synthetic 3-methyl-branched substrate that can be short-
ened by α-oxidation in the absence of phytanoyl-CoA 
hydroxylase (V. Foulon, M. Casteels and P.P. Van Veld-
hoven, unpublished results), and 2-hydroxyoctadecanoic 
acid was more depressed in hepatocytes from OT-injected 
animals and rats fed a thiamine-deficient diet than in he-
patocytes from PT-injected rats (Fig. 5a). The effect of 
thiamine deprivation clearly increased with treatment du-
ration. Although the α-oxidation rate dropped three- to 
fourfold in some conditions, no pathological symptoms 
were observed.
In a second set of experiments, weaned rats were fed either 
a control diet or a thiamine-deficient diet. The rats of the 
latter group were also injected with OT. Half of the ani-
mals on these diets received supplementary phytol. After 
10 days, the OT-treated rats fed a thiamine-deficient diet 
had lost weight (final weight of 40–45 g) and were in very 
poor condition. Rather unexpectedly, addition of phytol to 
the food resulted in early death of all animals on a thia-
mine-deficient diet (and prevented assessment of their α-
oxidation status in isolated hepatocytes). Animals on the 
control diet with and without phytol supplementation were 

Figure 3. Effect of thiamine depletion on TPP-dependent enzymes in 
C6 glial cells. Rat C6 glial cells were grown in standard medium in 
the absence or presence of 1 mM OT or thiamine-depleted medium 
for 48 h. 2-HPCL activity {2-hydroxy-3-methyl-[1-14C]hexadecanoyl-
CoA (a) and 2-hydroxy-[1-14C]octadecanoic acid (b) as substrate} and 
pyruvate decarboxylase activity (c) were measured on cell lysates as 
described in the Materials and methods, either without (black bars) 
or with (white bars) the addition of 20 μM (2-HPCL) or 0.1 mM TPP 
(pyruvate decarboxylase) to the assay mixtures. Control activity was 
defined as the activity measured in lysate prepared from C6 glial cells 
grown in standard medium, with TPP added to the incubation mixture 
(for pyruvate decarboxylase: 107 pmol/min/mg protein; for 2-HPCL: 
64 ± 5.6 pmol/min/mg protein for a, mean ± SEM of three experi-
ments, and 64 pmol/min/mg protein for b, mean of two experiments).

Figure 4. Effect of thiamine deprivation on fatty acid oxidation in 
human fibroblasts. Control fibroblasts, grown in standard medium 
(black bars), in the presence of 1 mM OT (gray bars) or in thia-
mine-depleted medium (open bars) for at least 5 days, were incu-
bated with 4 μM 3-methyl-[1-14C]hexadecanoic acid (3-Me-C16), 
2-hydroxy-[1-14C]octadecanoic acid (2-OH-C18), 2-methyl-[1-
14C]hexadecanoic acid (2-Me-C16) or [1-14C]palmitic acid (C16). 
Labeled CO2, formate and ASM were measured as described in 
the Materials and methods. Results were calculated as the sum of 
CO2 and formate (α-oxidation) or CO2 plus ASM (β-oxidation), 
and are shown as percentage of control activity (mean ± SEM of 
four cell lines, except for C16 and 2-OH-C18 where only two cell 
lines were used).
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healthy and gained weight normally (120–125 g). Analysis 
of α-oxidation capacity in isolated hepatocytes of rats from 
the surviving three groups showed a significant decrease 
when the animal was made thiamine deficient (Fig. 5b). 

Moreover, 2-HPCL activity was not detectable in liver ho-
mogenates of the thiamine-deficient rats (Fig. 5c).
In view of the important influence of the thiamine status 
on the α-oxidation in cells and animals, fibroblasts from 

Figure 5. Hepatic fatty acid oxidation and 2-HPCL activity of thiamine-deficient rats. Hepatocytes, isolated from age-matched rats 
subjected to different treatments, were incubated with substrates for α-oxidation {3-methyl-[1-14C]hexadecanoic acid (3-MeC16), 2-hy-
droxy-3-methyl-[1-14C]hexadecanoic acid (2-OH-3-Me-C16) or 2-hydroxy-[1-14C]octadecanoic acid (2-OH-C18)}, or for β-oxidation ([1-
14C]palmitic acid). To compensate for possible effects of the animal’s health on the yield/quality of the hepatocytes prepared on the different 
days, the ratio of the α-oxidation rates versus the β-oxidation rates of palmitic acid was determined for each condition and further related 
to this ratio obtained in the control animal. For the experiment shown in (a), rats were divided into four different groups: control group (♦), 
OT-treated group (■), PT-treated group (▲), and rats fed a thiamine-deficient diet (x). Hepatocytes were isolated on days 7, 11 and 13. Re-
sults presented are relative ratios based on single determinations. In (b), relative ratios calculated from single determinations on hepatocytes 
obtained from rats fed a control diet (1, black bars), a control diet supplemented with phytol (2, gray bars), or a thiamine-free diet and ad-
ditional injections with OT (3 and 4; open bars) are shown. In (c), the lyase activity towards 2-hydroxy-3-methyl-[1-14C]hexadecanoyl-CoA 
(2-OH-3-Me-C16-CoA) measured in homogenates prepared from freeze-clamped pieces of livers of another set of animals, fed a control 
diet (1, black bar), a control diet supplemented with phytol (2, gray bar), a thiamine-free diet plus OT (3, open bar) and thiamine-free diet 
plus OT plus phytol (4, dark gray) is shown. (d ) The thiamine content of freeze-clamped pieces of livers of the same animals as in (c), using 
the same symbols. Results represent the sum of thiamine, TMP and TPP and are expressed as % of control based on duplicate measurements 
of one (groups 1 and 3) or two animals (groups 2 and 4). Control value was 28.8 nmol total thiamine/g liver. TPP levels were between 42% 
to 65% of total thiamine content; due to storage, the actual TPP levels may be higher at time of sacrifice. ND, not detectable.

a
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patients affected with TRMA, a disease model linked to 
thiamine transport, were analyzed. The α-oxidation ca-
pacity of these cells was somewhat variable, likely due to 
differences in passage number and growth conditions. In 
some cultures, however, α-oxidation rates were decreased 
compared with control cells. This becomes more obvi-
ous upon comparison with their peroxisomal β-oxidation 
capacity, measured under similar conditions (Fig. 6). In 
cells from some patients, the addition of 1 mM OT re-
sulted in a substantial reduction of the overall α-oxidation 
rates, namely 71% (K.Z.), 82% (A.R.) and 96% (M.M.), 
being markedly higher than in control fibroblasts (48 ± 
5.2%) (Fig. 6). The role of thiamine in the α-oxidation 
process was further analyzed in two well-growing TRMA 
fibroblast cultures (K.Z., M.M.). Due to poor growth, the 
other established TRMA cell lines could not be investi-
gated in thiamine-depleted medium, whereas the fibro-
blasts of the TRMA patients in which the mutation has not 
been identified yet were not studied further. When the two 
TRMA cell lines were cultured in such medium, both 3-
methylhexadecanoic acid and 2-hydroxyoctadecanoic acid 
breakdown was severely inhibited, but neither peroxisomal, 
nor mitochondrial β-oxidation was decreased (Fig. 7). The 
mitochondrial pathway was even stimulated (Fig. 7), but 
this might be due to an isotope effect as during thiamine 
deficiency acetyl-CoA levels are lowered [36].

Discussion

Previous research on the effects of thiamine deficiency 
in patients and animals has focused on the pentose phos-
phate shunt enzyme transketolase and on enzyme com-
plexes involved in oxidative decarboxylation reactions 
(pyruvate dehydrogenase, 2-ketoglutarate dehydrogenase 
and branched-chain keto-acid dehydrogenase). Here, we 
show that 2-HPCL, a recently discovered peroxisomal 
TPP-dependent enzyme, has to be considered as well. 
Since this enzyme is essential for the α-oxidation of 3-
methyl-branched fatty acids and of 2-hydroxyfatty acids, 
the breakdown of these substrates may also be influenced 
by the thiamine status of cells and animals. This has been 
proven experimentally in rat C6 glial cells and human and 
mouse fibroblasts by manipulation of the growth medium 
and in rat models by dietary treatments. It should be noted 
that thiamine deficiency does not affect other peroxisomal 
pathways, such as the degradation of 2-methyl-branched 
fatty acids (our data) and plasmalogen synthesis [37]. So 
far, defects in α-oxidation have only been linked to inher-
ited disorders, including peroxisome biogenesis defects 
and Refsum disease. The problems in the latter, which 
are thought to be caused by increased phytanic acid lev-
els, highlight the importance of a functional α-oxidation 
pathway. We suggest here that the α-oxidation may also 
be impaired in disorders with thiamine deficiency.

Figure 6. α-Oxidation in TRMA fibroblasts. α-Oxidation rates 
for 3-methyl-[1-14C]hexadecanoic acid (3-Me-C16) in control and 
TRMA fibroblasts, grown in standard medium (black bars) or me-
dium with 1 mM OT (open bars) for at least 5 days, are shown. Per-
oxisomal β-oxidation rates (2-methyl-[1-14C]hexadecanoic acid, 2-
Me-C16) (gray bars) are shown as comparison. Results were calcu-
lated as the sum of 14CO2 plus [14C]formate (α-oxidation) or 14CO2 
plus 14C-labeled ASM (β-oxidation) and are mean values ± SEM 
of four control cell lines, and of two (M. M.; A. R.), three (I. Y.; 
Z. Y.; M. M.) or four (N. Y.) separate experiments for TRMA cells. 
Values for K. Z. and A. Z. and for conditions with OT are based on 
duplicate measurements in a single experiment.

Figure 7. Effect of thiamine deprivation in TRMA fibroblasts. 
Two control and two TRMA fibroblast cell lines (K. Z. and 
M. M.), grown in normal (black bars) or thiamine-depleted me-
dium (open bars) for at least 5 days, were incubated with 4 μM [1-
14C]hexadecanoic acid (C16), 2-methyl-[1-14C]hexadecanoic acid 
(2-Me-C16), 3-methyl-[1-14C]hexadecanoic acid (3-Me-C16) or 2-
hydroxy-[1-14C]octadecanoic acid (2-OH-C18), also in normal or 
thiamine-depleted medium. Results represent the sum of 14CO2 plus 
14C-labeled ASM (β-oxidation) or 14CO2 plus [14C]formate (α-oxi-
dation) measured as described in the Materials and methods, and 
are mean values of single determination on the different cell lines.
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Whereas addition of OT resulted in reduced α-oxidation 
rates in all cells investigated, α-oxidation was minimally 
affected when the cells were grown in thiamine-depleted 
medium. One obvious explanation is that thiamine, al-
though severalfold reduced, was still present in the me-
dium used. The experimentally determined concentra-
tion of 9 nM is well below the Km of the high-affinity 
thiamine transporter, but might be sufficient to maintain 
certain critical intracellular processes. Another possibil-
ity is that an OT metabolite, e.g. OT pyrophosphate, af-
fects somehow 2-HPCL. At least this is consistent with a 
preliminary analysis of the thiamine status in OT-treated 
C6 glial cells. When treated with 1 mM OT for 2 days, 
their TPP content was still 82% of control value (377 
versus 463 pmol/mg protein; TPP representing ∼80% of 
total thiamine content in both conditions) (M. Sniekers, 
P. Fraccascia, M. Casteels and P.P. Van Veldhoven, unpub-
lished results).
Two other observations are worth noting. The first is the 
susceptibility of 2-HPCL to thiamine depletion and OT 
treatment. The steady-state protein levels/activities of 
TPP-dependent enzymes upon withdrawal of thiamine or 
addition of anti-metabolites can be influenced by differ-
ent factors: cell-type dependent differences [38], uptake 
of thiamine/anti-metabolite by the organ/cells, affinity of 
the enzyme for TPP or analogues, turnover and intracel-
lular localization of the protein. Effects of thiamine con-
centration on mRNA levels have also been reported, both 
in mammals and yeast [39, 40]. For brain, thiamine levels 
are also controlled by the blood-brain barrier. In C6 glial 
and C-1300 neuroblastoma cells, pyruvate decarboxylase 
was more sensitive to thiamine deprivation than trans-
ketolase [41]. In brains of alcoholics, transketolase is 
more affected than the pyruvate dehydrogenase complex 
and 2-ketoglutarate dehydrogenase is unaffected [42]. In 
TRMA fibroblasts, transketolase activity was more sus-
ceptible to thiamine deprivation than control fibroblasts 
[38]. OT treatment reduced 2-HPCL activity in cultured 
cells, and, in liver from OT-treated rats fed a thiamine-
deficient diet, 2-HPCL even became undetectable. Since 
addition of TPP is not able to restore 2-HPCL activity to 
normal levels, loss of apoenzyme can be inferred. Similar 
findings have been reported for transketolase in rat brain 
[43]. As in the OT-treated cells (see above) and liver of 
OT-treated rats (Fig. 5d), thiamine(PP) is still present, 
this loss seems to be caused by OT pyrophosphate, com-
peting with TPP. Whether TPP plays a role in the tetra-
merization of 2-HPCL [6], and whether this process takes 
place in the cytosol or inside the peroxisome or is blocked 
by OT pyrophosphate, is presently not known. In addi-
tion, no experimental data are available with regard to 
the transport of thiamine or TPP across the peroxisomal 
membrane. Transport of thiamine followed by intra-per-
oxisomal conversion to TPP, however, seems less likely 
because the required enzymes do not possess an appropri-

ate targeting signal (V. Foulon, M. Casteels and P.P. Van 
Veldhoven, unpublished data).
A second interesting observation relates to the toxicity 
of phytol under thiamine-deficient conditions. Phytol is 
a polyprenol found in chlorophyll, and is partially con-
verted to phytanic acid, which is degraded via α-oxida-
tion. In thiamine-depleted conditions, α-oxidation be-
comes likely defective, leading to the accumulation of a 
toxic compound, presumably 2-hydroxyphytanoyl-CoA 
or its precursor (phytanoyl-CoA or phytanic acid) or a 
metabolite (2-hydroxyphytanic acid). Not much is known 
about the bio-activity and toxicity of these compounds. 
One possible explanation is that these compounds, being 
lipophilic or detergent by nature, disturb membrane in-
tegrity and packing at high concentrations. For example, 
phytanic acid added to isolated adult rat brain mitochon-
dria causes membrane depolarization [44]. Another, and 
probably more important, mechanism to be considered is 
the modulation of transcription. Phytanic acid has been 
shown to bind and activate the nuclear receptors RXR 
[45–47] and PPAR-α [47], to enhance transcription of 
uncoupling protein-1 [48] and of fatty acid binding pro-
tein [49], and to induce adipocyte differentiation [48, 50]. 
Other reported cellular effects of phytanic acid are nitric 
oxide-dependent apoptosis in vascular smooth muscle 
[51], morphological changes in retinal pigment epithe-
lial cells, in particular generalized swelling, presence of 
lipid vacuoles and loss of apical microvilli, which are also 
seen in the retina of Refsum disease patients [52], and 
cytosolic calcium release, increase in reactive oxygen 
species and apoptosis due to mitochondrial impairment 
in rat hippocampal astrocytes [53, 54]. Based on the ex-
pression pattern of 2-HPCL [6], thiamine deficiency will 
lead to accumulation of toxic phytol derivatives mostly 
in liver, kidney, heart and muscle. It is worth noting that 
bovine serum, which is usually added to cultured cells, 
is a source of phytanic acid (10–230 μM in calf serum, 
0.12 μM in fetal calf serum) [55–57], complicating the 
interpretation of thiamine deficiency studies in cultured 
cells. In our α- and β-oxidation studies on cultured cells, 
however, a synthetic supplement (Ultroser G) was chosen 
instead of serum [30]. In addition, Ultroser G, used at 
0.2%, contributes only to 0.1 nM thiamine.
Given the established thiamine dependency of α-oxida-
tion, it seemed logical to investigate this pathway under 
conditions whereby cellular thiamine uptake is affected. In 
fibroblasts from TRMA patients, when grown in standard 
medium, α-oxidation appeared to be affected to a variable 
extent. When grown in thiamine-depleted medium, how-
ever, α-oxidation was almost completely blocked in the 
investigated cell lines, although there is likely still some 
uptake of thiamine due to the presence of a low-affinity 
unsaturable thiamine uptake component. At the estimated 
thiamine concentration, ∼9 nM under our conditions, the 
uptake would be 5–10% compared with control fibro-
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blasts [58]. Remarkably, this concentration of thiamine 
has been reported to be sufficient to rescue TRMA fibro-
blasts from cell death, a process that is triggered when 
the cells are grown in complete absence of thiamine [55]. 
The apoptotic events have recently been linked to a defec-
tive synthesis of RNA ribose (pentose phosphate shunt 
pathway) [59]. However, our data indicate that 2-HPCL, 
and consequently α-oxidation, might be more sensitive 
to thiamine depletion than this process. Hence, abnormal 
phytanic acid and 2-hydroxyfatty acid metabolism might 
occur in TRMA patients, certainly under less well-nour-
ished conditions. To prevent megaloblastic anemia, dia-
betes, and cardiac arrhythmia, TRMA patients are indeed 
dependent on the intake of large doses of lipophilic thia-
mine (benzoyloxymethyl-thiamine, benfothiamine).
In summary, thiamine depletion affects α-oxidation by 
lowering 2-HPCL levels and activity. Therefore, α-oxida-
tion is likely impaired when dietary thiamine is restricted 
(beriberi, Wernicke-Korsakoff syndrome). In contrast to 
other TPP-dependent enzymes, which are linked to energy 
metabolism (pentose phosphate shunt, citric acid cycle), 2-
HPCL is the first example of an enzyme directly involved 
in the breakdown of particular fatty acids, such as phytanic 
acid and 2-hydroxyfatty acids. Phytol-derived phytanic 
acid, present in ruminant fat and dietary products, and its 
 breakdown intermediates such as 2-hydroxyphytanoyl-
CoA, appear to be toxic if they accumulate. The same prob-
ably applies to 2-hydroxy straight chain fatty acids, origi-
nating from the turnover of sphingolipids, and their CoA 
esters. These observations may shed new light on some 
unexplained disparities seen in TRMA (affected tissues 
versus expression of SLC19A2), on the different clinical 
presentations of  TRMA and dietary thiamine deficiencies, 
as well as on the mechanisms underlying the pathogenesis 
in these disorders.
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