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Abstract Abstract 
Phytoll  is a branched chain fatty alcohol, which is abundantly present in nature as part 
off  the chlorophyll molecule. In its free form, phytol is metabolized to phytanic acid, 
whichh accumulates in patients suffering from a variety of peroxisomal disorders, includ-
ingg Refsum Disease. The breakdown of phytol to phytanic acid takes place in three steps, 
inn which firstly, the alcohol is converted to the aldehyde, secondly the aldehyde is con-
vertedd to phytenic acid, and finally the double bond is reduced to yield phytanic acid. 
Byy culturing fibroblasts in the presence of phytol, increases in the levels of phytenic and 
phytanicc acid were detected. Interestingly, fibroblasts derived from patients affected 
byy Sjogren Larsson Syndrome (SLS), known to be deficient in microsomal fatty alde-
hydee dehydrogenase (FALDH) were found to be deficient in this. In addition, fibroblast 
homogenatess of these patients, incubated with phytol in the presence of NAD+ did not 
producee any phytenic acid. This indicates that FALDH is involved in the breakdown of 
phytol. . 

Introduction Introduction 
Phytoll  (3,7,ll,15-tetramethylhexadec-2-en-l-ol, Fig. 1) is a branched chain fatty alco-
holl  abundantly found in nature as part of the chlorophyll molecule. Studies in the 1960s 
havee shown that phytol is metabolized to phytanic acid, a fatty acid that accumulates in 
aa variety of peroxisomal diseases. Phytanic acid is degraded by a process called oc-oxida-
tion,, because a methyl group on the three position makes f3-oxidation impossible (1). 
Thee enzyme responsible for the first step of a-oxidation is Phytanoyl-CoA hydroxylase 
(PAHX),, which has a peroxisomal localization. In patients suffering from Refsum disease, 
thee large majority of whom are deficient in PAHX, phytanic acid accumulates to very 
highh levels, which leads to a variety of severe, progressive clinical symptoms, including 
retinitiss pigmentosa, peripheral neuropathy, anosmia, and cerebellar ataxia (2). 
Too avoid the progression of symptoms, Refsum disease patients are prescribed a diet low 
inn phytanic acid. However, despite the fact that relatively large amounts of phytol are 
takenn in via the diet, littl e attention has been paid to this precursor of phytanic acid. 
Thiss is mainly because phytol is part of the chlorophyll molecule, which as a whole can-
nott be digested. Studies with animals fed radio-labeled chlorophyll have shown that 
onlyy a small percentage of phytol is released and absorbed in the digestive tract (3). 
Mostt likely, this is due to the strong ester bond linking the phytol moiety to chlorophyl-
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lin.. Bacteria present in the gut of ruminant animals are able to break this bond, which 
explainss the high levels of phytanic acid found in tissues of these animals. In contrast, 
whenn free phytol is administered to the diet, it is absorbed efficiently (3). However, 
theree is littl e insight in the amounts of free phytol present in meat and dairy products 
derivedd from ruminant animals. Furthermore, there are some reports that free phytol is 
alsoo present in vegetable oils and nuts (4 and references therein). 
AA high level of free phytol in the diet leads to an increase of phytanic acid and its ot-oxi-
dationn product pristanic acid. The mechanism of the conversion of phytol to phytanic 

NADPH H 

NADP* * 

NADH H 

Phytanicc acid 

Figuree 1. Pathway for the degradation of phytol to phytanic acid. On the left hand side the 
degradationn pathway proposed for mammals is shown, whereas on the right that for ruminant 
animalss is depicted. 

acidd is not well known. Animal studies have shown that feeding of a diet supplemented 
withh phytol is associated with an increase of phytenic acid in addition to phytanic acid 
(5).. From this finding it was proposed that the degradation pathway of phytol first 
involvess the conversion of the alcohol into the acid, after which the double bond is 
reducedd to form phytanic acid (Fig. 1). An alternative pathway was thought to exist in 
ruminantt animals, in which the double bond is removed first to yield phytanal, which 
inn turn is converted to the acid. Support for the former model came from studies by 
Muralidharann and Muralidharan in the 1980s (6, 7), in which dependence on NAD+ as 
cofactorr was found and some investigation of the substrate kinetics was carried out. 
However,, there is no information in literature with respect to the nature of the indi-
viduall  enzymes catalyzing the different reactions. 
Itt is suggested that for the production of phytenic acid, phytol is first converted to the 
aldehydee phytenal by an alcohol dehydrogenase, followed by an aldehyde dehydroge-
nasee step, with both steps being NAD+ dependent (6). The conversion of phytenic acid to 
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phytanicc acid, which involves the reduction of the double bond, is thought to be NADPH 
dependent,, although no clear evidence has ever been produced. 
Too investigate the degradation of phytol in more detail, we have set up a gas chroma-
tography-masss spectrometry (GC-MS) method to measure the intermediate products in 
culturedd human fibroblasts as well as in fibroblast homogenates. Using this experi-
mentall  set-up, we found that the conversion of phytol to phytenic acid was deficient 
inn fibroblasts derived from patients suffering from Sjogren Larsson Syndrome (SLS), 
characterizedd by a deficiency of a microsomal fatty aldehyde dehydrogenase (FALDH, 
ALDH10)) due to mutations in the encoding gene ALDH10 (8). This demonstrates that 
FALDHH is required for the conversion of phytenal to phytenic acid and provides evidence 
supportingg the degradation mechanism of phytol via phytenal to phytenic acid and ul-
timatelyy to phytanic acid. 

MaterialsMaterials and methods 

CulturedCultured Skin Fibroblasts 
Fibroblastss were cultured in Nutrient mixture Ham's F-10 with L-glutamine and 25 mM 
HEPESS (Gibco, Invitrogen, Merelbeke, Belgium) supplemented with 10% fetal calf serum 
(Gibco),, penicillin (100 U/ml) and streptomycin (100 ug/ml, Gibco) at 37°C and with 
5%% C02. The FALDH-deficient fibroblasts were from established SLS patients as concluded 
fromm the clinical history, deficient FALDH activity and distinct mutations in the ALDH10 
genee (9). 

IncubationsIncubations of cultured fibroblasts with phytol 
Phytoll  (mixture of Z- and E-isomers, Merck, Darmstadt, Germany) was dissolved in 
ethanol,, one hundred times diluted in medium to the desired concentration and sub-
sequentlyy added to cells for the indicated time periods. The fibroblasts were harvested 
andd branched chain fatty acid composition was quantified by GC-MS using deuterated 
phytanicc acid as an internal standard, as described (10). Briefly, samples were subjected 
too acidic and alkaline hydrolysis, after which fatty acids were extracted with hexane. 
Thee organic layer was evaporated to dryness under nitrogen at 40°C. The samples were 
derivatizedd with N-tert-Butyldimethylsilyl-N-methyl-trifluoroacetamide (MTBSTFA, 
Aldrich,, Steinheim, Germany) and pyridine (50 pi each) at 80°C for 30 minutes on an 
Agilentt Technologies model 5890/5973 GC-MS system equipped with a CPsil 19CB capil-
laryy column (25 m X 0.25 mm I.D., film thickness 0.25 mm, Varian, Palo Alto, CA), with 
electronn impact ionization applied at 70 eV. MS acquisition was performed in the single 
ionn monitoring mode, monitoring the [M-57]+ ions of the various compounds. Phytenic 
acidd was synthesized as described, and isomers were separated using high performance 
liquidd chromatography (HPLC) (11). 

IncubationsIncubations of fibroblast homogenates with phytol 
Fibroblastss were harvested, taken up in phosphate buffered saline (PBS) and homog-
enizedd by sonication (2 cycles of 10 seconds at 9 Watts) on ice. The incubation mixture 
consistedd of 40 pg protein/mL, 50 mM glycine buffer (pH 9.2), 1 mM NAD\ 0.1 % So-
diumm Cholate and 1 mg/ml methyl- -cyclodextrin (Fluka, Buchs, Switzerland) in a total 
volumee of 500 pL. Reactions were performed at 37°C and initiated by the addition of 
2000 uM phytol dissolved in dimethyl sulfoxide (DMS0). After 60 minutes, the incubation 
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wass terminated by the addition of 100 uL IN HC1. Then 2 mL of hexane was added, after 
whichh the organic layer was evaporated to dryness under nitrogen at 40°C. The sample 
wass then derivatized with MTBSTFA and analyzed as described in the previous section. 

Results Results 
Too study the degradation mechanism of phytol, human fibroblasts were cultured for 
fourr days in the presence of 5, 25 and 50 uM phytol. GC-MS analysis of the fatty acid 
compositionn of the harvested cells showed an increase in the levels of pristanic and 
phytanicc acid, which was not observed in cells cultured without phytol (Fig. 2A, B). 
Thee amount of these metabolites directly correlated with the concentration of phytol 
presentt in the medium (Fig. 2A, B). In addition, a third peak was observed with a 
similarsimilar response to phytol as seen for pristanic and phytanic acid. Using an authentic 
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Figuree 2. Production of (A, D) pristanic acid, (B, E) phytanic acid and (C, F) phytenic acid in 
fibroblastss cultured in the presence of phytol. (A-C) Cells were cultured for four days in the pres-
encee of 0, 5, 25 or 50 pM phytol. (D-F) Control cells and cells derived from SLS patients were cul-
turedd for four days in the presence of 25 pM phytol. Branched chain fatty acids were measured 
ass described under Materials and Methods. Values represent the mean  standard deviation (SD) 
off  duplicates expressed in nmol/mg protein. * P, < 0.05; **  P, < 0.01 as calculated by Student's 
t-Test,, compared with control fibroblasts incubated with 25 pM phytol. 

standardd as a reference, this peak was identified as phytenic acid (Fig. 2C). The Z- and 
E-isomerss of phytenic acid have distinct retention times on the GC-column, which led to 
thee observation that only E- and no Z-phytenic acid was formed, even though cells had 
beenn incubated with a racemic mixture of Z- and E-phytol (Fig. 3). 
Sincee phytenal is an intermediate in the conversion of phytol to phytenic acid, an alde-
hydee dehydrogenase is required in the second step to form phytenic acid. A candidate 
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enzymee for this reaction would be FALDH, encoded by the ALDH10 gene, which has been 
shownn to be reactive with a closely related compound, dihydrophytal as a substrate 
(12).. Therefore, phytol incubations were performed using fibroblast cell lines derived 

Figuree 3. Separation of isomers of phytenic 
acidd by GC-MS. (A) Analysis of standards for 
Z-- and E-phytenic acid separately and in an 
racemicc mixture and (B) phytenic acid formed 
byy control fibroblasts or fibroblasts derived 

E-phytenicc acid from a SLS-patient, cultured for 0 or 4 days in 
thee presence of 25 pM phytol. 

Raccmic--
phytenicc acid 

Z-phytenicc acid 

Controll  (t=4) 
SLSS (t=4) 
SLS(t=0) ) 

88 9 0 9 . 1 0 9 . 3 0 9 . 5 0 9 . 7 0 9 . 9 0 
T i m ee ( m i n ) 

fromm SLS patients, deficient in FALDH. As shown in Fig. 2F and Fig. 3B, these cell lines 
weree deficiënt in the production of phytenic acid from phytol. 
Too further substantiate this observation, enzyme assays in fibroblast homogenates were 
performed.. Incubation of homogenates with phytol in the presence of NAD* resulted in 
aa protein and time dependent production of phytenic acid (Fig. 4A, B). Homogenates 
off  FALDH deficient fibroblasts were found to be deficient in the production of phytenic 
acidd (Fig. 4C). 

Discussion Discussion 
Althoughh a model for the degradation of phytol was proposed as early as the 1960s, 
veryy littl e research has been done to elucidate the precise reaction mechanism and to 
characterizee the enzymes involved. In the present study, using fibroblast incubations 
withh phytol, it was shown conclusively that phytenic acid is a specific metabolite of 
phytoll  degradation. Furthermore, the finding that FALDH deficient fibroblast lines are 
deficientt in phytenic acid production implies that this enzyme is part of the degrada-
tionn pathway. Using a GC-MS method to analyse branched chain fatty acid composition 
inn fibroblast homogenates incubated with phytol, a deficiency in phytenic acid forma-
tionn was found in FALDH deficient cells from SLS patients, which strongly suggests that 
phytenall  is a specific substrate for FALDH. Due to the presence of some phytenic acid in 
thee phytol used as substrate (Fig. 3B), it is difficult to say whether this is a complete 
deficiencyy or whether some residual activity exists. Interestingly, only the production 
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off  E-phytenic acid was observed, even though incubations were carried out with a ra-
cemicc mixture of Z- and E-isomers of phytol as a substrate. It remains to be established 
howw this apparent stereospecificity of the reaction is achieved and whether FALDH or 
thee preceding alcohol dehydrogenase is responsible. 
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Figuree 4. Degradation of phytol to phytenic acid in fibroblast homogenates. (A) Dependence of 
proteinn concentration and (B) time course of the phytol degradation, with reaction conditions 
ass described in Material and Methods. (C) Fibroblast homogenates derived from SLS-patients are 
deficientt in phytenic acid production. Values in the bars represent the mean + SD of the activity 
expressedd in nmol/min/mg protein of (n=5 and 9 for control and SLS-patient derived cell lines, 
respectively).. **  P, < 0.01 as calculated by Student's t-Test, compared to control fibroblasts. 

AA deficiency of FALDH has been shown to be the cause of Sjogren Larsson Syndrome 
(SLS),, a metabolic disorder characterized by ichthyosis, mental retardation and spastic 
diplegiaa or tetraplegia (8, 13). In tissues and plasma of SLS patients an accumulation 
off  long chain fatty aldehydes and alcohols has been shown, which is thought to play a 
rolee in the onset of the symptoms (14). Levels of phytol have never been investigated 
inn these patients, but it is interesting to speculate on possible contribution of a phytol 
accumulationn to the disease, since phytol has been shown to be toxic to cells (5). 
Earlierr reports have suggested that FALDH is part of the microsomal fatty alcohol:NAD+-
oxidoreducatasee complex, also consisting of an alcohol dehydrogenase part (15). This 
complexx would therefore be a good candidate for the catalysis of the entire phytol to 
phytenicc acid conversion. Although FALDH has been characterized in great detail (12), 
relativelyy littl e research has focused on the alcohol dehydrogenase domain. Purification 
off  this domain will make it clear which alcohol dehydrogenase is involved in the phytol 
degradationn pathway. 
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