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Summary 

CG-Clo-dicarboxylic and C6-Clo-w-1-hydroxy monocarboxylic 
acids were measured in postmitochondria1 (10,000 2) fractions of 
rat liver after incubation with hexanoic, octanoic,-ind decanoic 
acids. In livers both from fed and starved rats, the proportion of 
decanoic acid converted to sebacic acid was high (approximately 
25%) with only minor accumulation of the intermediate 10-hydroxy 
decanoic acid (1-2%). The conversion of octanoic and hexanoic 
acids to suberic and adipic acids, respectively, was low (4%). The 
intermediate Shydroxy octanoic and 6-hydroxy hexanoic acids 
were also accumulated in very small amounts ( 4 % ) .  It was 
concluded that cytochrome-P-450-mediated w-hydroxylation was 
of decisive importance for the production rate of the dicarboxylic 
acids. Analysis of kinetic parameters of human and rat liver 
microsomal o- and w-1-hydroxylation of hexanoic, octanoic, de- 
canoic, and dodecanoic acids gave the following results: in rats, 
the apparent Km values for the w-hydroxylation for dodecanoic 
and decanoic acids are low, i.e., 171 and 3.1 pmole/liter, respec- 
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tively, whereas they are high for octanoic and hexanoic acids (8211 
and 8822 pmole/liter, respectively). In two different humans, the 
corresponding Km values for dodecanoic, decanoic, octanoic, and 
hexanoic acids are 3.6-186,522-247,4861-3892, and 6825-10400 
pmole/liter, respectively. Based on these results, it is argued that 
adipic and suberic acids found in urine from rats and humans with 
acyl-CoA dehydrogenation deficiencies are not biosynthesized by 
direct w-oxidation of hexanoic and octanoic acids, but most prob- 
ably by means of P-oxidation of sebacic and dodecanedioic acids, 
produced by direct o-oxidation. 

The affinities of the w-1-hydroxylation systems for the four 
monocarboxylic acids is similar in rats and humans. The apparent 
Km values for dodecanoic acid in rats and in the two human livers 
are low, i.e., 139 and 92-131 pmole/liter, respectively. The Km 
values for decanoic, octanoic, and hexanoic acids are all high in 
both rats and humans, ie., in the range from 638 pnole/liter (for 
decanoic in one of the human livers) to more than 20,000 pmole/ 
liter (for hexanoic acid in both species). It is argued that 5-hydroxy 
hexanoic, 7-hydroxy octanoic, and 9-hydroxy decanoic acids found 
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in some patients with acyl-CoA dehydrogenation deficiencies are 
produced by /I-oxidation of 11-hydroxy dodecanoic acid, which 
may be produced directly by w-1-hydroxylation of dodecanoic acid. 

Abbreviations 

BSTFA, bis (trimethylsilyl) trifluoroacetamide 
DEGA, diethylglutaric acid 
EI, electron impact 
GC, gas chromatography 
MS, mass spectrometry 
SIM, selected ion monitoring 
TMCS, trimethylchlorosilane 

A characteristic biochemical finding in patients with 'nonke- 
totic' CsClo-dicarboxylic aciduria (6, 11, 13, 21, 30, 37), glutaric 
aciduria type I1 (8, 10, 12, 31, 36), ethylmalonic-adipic aciduria 
(25) and riboflavin responsive multiple acyl-CoA dehydrogena- 
tion defect (15) is the urinary excretion of pathologic amounts of 
the three dicarboxylic acids, adipic, suberic and sebacic acids. In 
some of the patients, the finding of 5-hydroxy hexanoic acid has 
also been reported (6, 12, 13, 15), and in a single case 7-hydroxy 
octanoic and 9-hydroxy decanoic acids have been found (6, 24). 
Several workers including ourselves, have suggested that the di- 
carboxylic and w-1-hydroxy acid in these types of patients are 
formed, respectively, by w- and w-1-oxidation of the chain-length 
corresponding monocarboxylic acids, which are accumulated in- 
tracellularly due to a deficiency of medium-chained fatty acyl- 
CoA dehydrogenation (4, 13). 

The w- and w-1-oxidation pathways are catalyzed by enzyme 
systems comprised of cytochrome-P-450-dependent monooxygen- 
ase localized in the cytoplasmic reticulum (the microsomes) (1, 7, 
9,22,38) and microsomal and cytoplasmatic alcohol and aldehyde 
dehydrogenases (2, 3, 26). 

Several investigators have studied the w/w-1-hydroxylation of 
decanoic (Clo) and dodecanoic ( C I ~ )  acids in kidney and liver 
from a variety of species (1,7, 9, 19,22,23, 32, 38). Hexanoic (C6) 
and octanoic ((28) acids have, however, received limited attention 
(19, 23, 32), especially in humans (32). In an attempt to elucidate 
whether w-oxidation can in fact play a role in the biologic for- 
mation of adipic, suberic, and sebacic acids, we recently investi- 
gated the ability of whole living rats and of the postmitochondrial 
fraction of rat liver to synthezise CeC16-dicarboxylic acids from 
the chain-length corresponding monocarboxylic acids (27). We 
found that the production rate of C1,,-Clr-dicarboxylic acids was 
high, while C16-, C8- and especially C6-dicarboxylic acids were 
produced only in very limited amounts. 

In the present study, attention was focused primarily on the 
monooxygenase enzy& systems, catalyzing the-initial ; and a- 
1-hvdroxvlation of the monocarboxvlic acids. These enzvme svs- 

2 ,  

teks are'of special interest becausdit has been shown that me- 
dium-chain monocarboxylic acids are toxic to cellular metabolism 
(17, 33, 39). The hydroxylation of these acids can therefore be 
considered as a detoxification mechanism of possible biologic 
importance in patients with acyl-CoA dehydrogenation deficien- 
cies. The enzyme kinetic results presented in this paper, combined 
with determination of the intracellular medium-chain monocar- 
boxylic acid concentrations in normal human liver tissue and in 
liver tissue from a child with 'nonketotic' dicarboxylic aciduria, 
indicate that the formation of adipic, suberic, 5-hydroxy hexanoic 
and 7-hydroxy octanoic acids most probably proceeds through 
w-/w-1-hydroxylation of dodecanoic acid and, for the w-hydrox- 
ylation, decanoic acid followed by /3-oxidation of the resulting 
dicarboxylic/o-1-hydroxy acids. 

MATERIALS AND METHODS 

Liver tissue. Autopsy tissue was obtained within 10-18 h after 
death from two humans, aged 4 months and 50 years, who had 
died from congenital heart disease and cerebral hemorrhage, 
respectively. Both livers were without visible pathologic changes. 

Rat livers were obtained from female rats of the Wistar strain 
weighing between 200-250 g. Fed rats were given standard labo- 
ratory diet and water ad libitum and starved rats were starved for 
48 h with access to water ad libitum before they were killed by a 
blow to the head and spinal dislocation. For the studies on 'fresh' 
livers, the postmitochondrial and microsomal fractions were iso- 
lated immediately and kept frozen at -20°C until used. For the 
studies of the microsomal hydroxylation in 'aged' livers, the killed 
rats were left at room temperature for 6-8 h, after which they were 
kept at 4°C for 18 h before removal of the liver in order to mimic 
the treatment of the human tissue. 

The liver tissue was, after removal, chilled in ice and homoge- 
nized in four parts 0.1 mole/liter phosphate buffer, pH 7.5, at O°C, 
using Ultra-Turrax and Potter-Elvehjelm homogenizers. The post- 
mitochondria1 fraction was obtained by centrifuging the homog- 
enate at 10,000 x g for 30 min. This 10,000 x g supernatant 
fraction was kept frozen at -20°C until analysis or used to prepare 
the microsomal fraction by centrifuging it at 105,000 x g for 60 
min. The microsomes were washed once with 0.1 mole/liter 
phosphate buffer, pH 7.5, and recentrifuged at 105,000 x g for 60 
min. All centrifugations were carried out at 0-5OC. The washed 
microsomal fractions were suspended in 0.1 mole/liter phosphate 
buffer, pH 7.5, to a protein concentration of approximately 6 
g/liter and kept frozen at -20°C until used. 

Autopsy samples of livers for measurements of medium-chain . monocarboxylic acids were obtained from one patient with indi- 
cations of a medium-chain acyl-CoA dehydrogenase defect (J.G. 
in ref. 11) who died at the age of 4 years during a hypoglycemic 
attack, and from two children aged 4 month and 2 years, respec- 
tively, who had died from diseases exibiting no pathologic changes 
in the liver. The livers were removed from the bodies within 20 h 
after death and kept frozen at -70°C until analysed. 

Chemicals. 6-Hydroxy hexanoic, 8-hydroxy octanoic, and 10- 
hydroxy decanoic acids were synthezised as follows: C6-, Cs- and 
Clo-dicarboxylic acids (Koch-Light, Colnbrook, U.K.) (16 
mmole), respectively, were treated with an equimolar amount of 
thionylchloride (16 mmole, 2.0 g) in 25 ml boiling dioxane for 5 
h. The dioxane was then removed in vacuo. The dicarboxylmon- 
ochloride was dissolved in cold ethanol and treated three times 
with 0.5 g sodium borohydride within 30 rnin at O°C, after which 
time the reaction mixture was left at room temperature for 30 min. 
Excess borohydride was destroyed by the addition of Bio-Rad 50 
WXZ (H+) ion exchange resin, whereafter the solvent was re- 
moved and the residue hydrolysed in boiling 1 mole/liter sodium 
hydroxide for 1 h. The resulting mixture of unreacted dicarboxylic 
acid and w-hydroxy monocarboxylic acid was then separated by 
silicic acid chromatography using appropriate mixtures of tertiary 
amylalcohol and methylenechloride as the eluting solvent. The 
identity and purity of the acids were checked by MS of the 
underivatized compounds and by GC/MS of the trirnethylsily- 
lated (BSTFA/ 1% TMCS) compounds. 

5-Hydroxy hexanoic acid was synthezised from 5-0x0-hexanoic 
acid (Sigma, St. Louis, MO, U.S.A.). 500 mg (3.8 mmole) 5-0x0- 
hexanoic acid was esterified in 2 ml boiling ethanol containing 
100 p1 concentrated sulphuric acid for 6 h. After cooling, the 
mixture was diluted with 10 ml distilled water, saturated with 
sodium chloride and extracted with ethylacetate. Acids were re- 
moved by shaking the solution with a saturated solution of so- 
dium-hydrogen carbonate. The organic phase was then dried with 
magnesium sulphate and evaporated. The residue was dissolved 
in 25 ml cold ethanol and treated three times with 0.5 g sodium 
borohydride within 30 min. The reaction mixture was treated and 
the synthesis checked as described above. 

7-Hydroxy octanoic acid was synthezised in exactly the same 
way, except that 7-0x0-octanoic acid was synthezised from cyclo- 
hexanone and acetylchloride according to Hiinig et al. (18). 

9-Hydroxy decanoic acid was synthezised following the electro- 
chemical method of Hamberg and Bjorkhem (16) using ethylhy- 
drogen suberate and 3-acetoxy-butyric acid as the starting mate- 
rials (34). The product was purified by silicic acid chromatography 
and characterized in the same way as the other hydroxy acids. 
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12-Hydroxy-dodecanoic acid, dodecanoic acid, and NADPH 
were obtained from Sigma. Hexanoic and decanoic acids were 
purchased from BDH Chemicals Ltd. (Poole, U.K.) and octanoic 
acid from Merck (Darmstadt, F.R.G.). DEGA and 4-phenylbu- 
tyric acid (internal standards for GC) were obtained from Ega- 
Chemie (Albuch, F.R.G.). 

The stationary phase for GC, Dexsil 300, was purchased by 
Dexsil Chemical Co. (Hamden, U.S.A.) and column support, 
Chromosorb W (HP) from KochLight. BSTFA containing 1% 
TMCS was obtained from Pierce Chemical Co. (Rockford, 
U.S.A.). All other chemicals were of analytical grade. 

Analytical procedure. The assays with postmitochondrial frac- 
tions from rat liver, in which the production of o-hydroxy-mon- 
ocarboxvlic acids and dicarboxvlic acids were measured. were 
performkd essentially as previouily described (27), except that the 
resulting acids were trimethylsilylated with 100 pl BSTFA/l% . . 

TMCS and not methylated. 
The biosynthesis of o-hydroxy and o-1-hydroxy-monocarbox- 

ylic acids in isolated microsomes was measured in an assay 
containing approximately 300 pg microsomal protein, 1.7 m o l e /  
liter NADPH, appropriate amounts of hexanoic, octanoic, deca- 
noic or dodecanoic acids (0.10-20 mmole/liter depending on the 
Km for the actual acid), 0.1 mole/liter phosphate and 0.2 mole/ 
liter potassium chloride in a total reaction volume of 3.0 ml at pH 
7.5. The reactions were initiated by the addition of the microsomes, 
and incubated at 37 "C. After 30 min, 20 p1 of a solution containing. 
400 mg DEGA/liter was added together with 2 ml barium hy- 
droxide to stop the reaction. The rest of the procedure was as 
described previously (27), except that the acids also in this case 
were trimethylsilylated with 300 pl BBSFA/l% TMCS. 

Measurements of the hydroxy and dicarboxylic acids so pro- 
duced were performed by using a Hewlett-Packard 5985 GC/MS- 
computer system in the SIM mode using methane as the chemical 
ionisation reaction gas. The monitored ions: adipic acid, 29 1.1 m/ 
z (MH+); suberic acid, 303.1 m/z ([M-15]+); sebacic acid, 33 1.1 
m/z ([M-15]+); 5-hydroxy-hexanoic acid, 187.1 m/z ([M-89]+); 6- 
hydroxy-hexanoic acid, 26 1.1 m/z ([M- 15]+); 7-hydroxyoctanoic 
acid, 215.1 m/z ([M-89]+); 8-hydroxy-octanoic acid, 289.1 m/z 
([M-15]+); 9-hydroxy-decanoic acid, 243.1 m/z ([M-89]+); 10-hy- 
droxy-decanoic acid, 333.1 m/z (MH+); 1 1-hydroxy-dodecanoic 
acid, 345.1 m/z ([M- 15]+); 12-hydroxy-dodecanoic acid, 36 1.1 m/ 
z (MH+); and DEGA, 317.1 m/z ([M-15]+). These ions were 
specific for the various compounds at the retention times at which 
they appear. The concentrations of the acids in the reaction 
mixtures were calculated from standard curves made by enrich- 
ment of reaction mixtures with the pure compounds, except for 
1 1-hydroxy-dodecanoic acid. The detector response factor for this 
acid was estimated from the detector response factors for the other 
acids. The limit of detection was approximately 0.1 pg/assay for 
all the acids, and the coefficient of variation was 10-15%. 

The GC/MS conditions were as follows: the column was a glass 

coil (180 x 3 mm internal diameter) packed with Dexsil 300 on 
Cromosorb W (HP). When hydroxy-hexanoic and hydroxy-octan- 
oic acids were measured, the column temperature was pro- 
grammed from 130°C at 10°C/min. When hydroxy-decanoic and 
hydroxy-dodecanoic acids were determined, it was programmed 
from 159°C at 10°C/min. Injection and GC/MS interface tem- 
peratures were 300°C and the methane carrier gas flow rate was 
10 ml/min. The ion source temperature was 200°C and the 
ionisation energy was 200 eV. 

Hexanoic, octanoic, decanoic, and dodecanoic acids were ex- 
tracted from liver tissue as follows: 50 mg frozen liver was mixed 
with 1.5 rnl water, 4 ml 99% ethanol, and 100 pl of a solution 
containing 400 mg 4-phenylbutyric acid/liter (internal standard). 
This mixture was homogenized using an Ultra-Turrax homoge- 
nizer and the homogenate was then centrifuged at 1000 x g for 10 
min. The ethanol in the supernatant solution was removed by a 
stream of nitrogen and the remainder (- 1 ml) was then diluted 
to 8 ml with saturated sodium chloride. The acids were repeatedly 
extracted by diethylether. The organic phases were combined, 
dried with magnesium sulphate and mixed with 1 ml of a solution 
of 220 mmole/liter sodium methanolate in methanol in order to 
bind the acids as their sodium salts. The solvent was thereafter 
removed with a stream of nitrogen and the remainder trimethyl- 
silylated at 60°C for 2 h with BSTFA/l% TMCS. The concentra- 
tion of the monocarboxylic acids was determined by SIM GC/ 
MS using EI as the ionisation mode. The monitored ions were: 
hexanoic acid, 173.1 m/z ([M-15]+); octanoic acid, 201.1 m/z ([M- 
15]+); decanoic acid, 229.1 m/z ([M- 15]+); dodecanoic acid, 257.1 
m/z ([M-15]+); and 4-phenylbutyric acid (internal standard), 236.1 
m/z (M+). The GC column was the same as that used for the 
hydroxy acid analyses. It was programmed from 100°C at 15"C/ 
min. Injection port and GC/MS interface temperatures were 
250°C and the helium camer flow rate was 20 ml/min. The ion 
source temperature was 200°C and the ionisation energy was 70 
eV. 

RESULTS 

Table 1 shows the results from the experiment in which the C s  
Clo-monocarboxylic acids were incubated with postmitochondrial 
liver fractions (10,000 g) from fed and starved rats. In accordance 
with our previously published results (27), sebacic acid was pro- 
duced in very large amounts (approximately 25% of the added 
decanoic acid), whereas production of suberic and adipic acids 
was low (<I% of added monocarboxylic acids), but significantly 
elevated compared to the assays in which no exogeneous mono- 
carboxylic acids were added. 

The amounts of the corresponding o-hydroxy-monocarboxylic 
acids produced showed a different picture. In the fed rats, the 
production of 10-hydroxy-decanoic acid was only 1/15 of that of 
sebacic acid and in the starved rats it was not elevated compared 

Table 1. Production rates of o-hydroxy monocarboxylic acids and dicarboxylic acids in postmitochondrial fractions (10,000 g) of rat liver 
homogenate fortSfied by NA DPH and NA D (nmole/mg protein/30 min) 

Added mono- 6-OH-hexanoic 8-OH-octanoic 10-OH-decanoic 
carboxylic acid Adipic acid acid Suberic acid acid Sebacic acid acid 

None (n = 4) f S.E. 0.77 f 0.01' 0.09 + 0.02 0.30 f 0.05 0.07 f 0.01 0.77 + 0.23 0.36 f 0.03 
(0.20+0.00)2 (0.00+0.00) (0.06+0.01) (0.06+0.01) (0.07f0.01) (0.56f0.06) 

99% limit 0.73-0.81 0.01-0.17 0.10-0.50 0.03-0.11 O.OG1.71 0.24-0.44 
(0.18-0.22) (0.00-0.00) (0.04-0.08) (0.04-0.08) (0.05-0.09) (0.3 1-0.8 1) 

Hexanoic acid 1.2S3 0.9S3 0.28 0.10 0.34 0.50 
6.24 pmole/assay (0.35)3 (0 .~4)~  (0.06) (0.07) (0.05) (0.46) 
Octanoic acid 0.61 0.18 1.503 1 .083 0.47 0.38 
6.24 pmole/assay (0.15) (0.C'o) (0.81)3 (0.24)3 (0.08) (0.48) 
Decanoic acid 0.69 0.14 0.18 0.06 23.93 1.693 
1.56 pmole/assay (0.16) (0.00) (0.08) (0.08) (1 1.4)3 (0.47) 

' Fed rats, 31.8 mg protein/assay. 
Starved rats, 26.1 mg protein/assay. 
Significantly different from at the 99% signiticance level. 
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to the control assays. In the assays with added octanoic acid, there 
were accumulations of 8-hydroxy-octanoic acid in amounts com- 
parable to the accumulation of suberic acid. The amount of 
hydroxy-hexanoic acid accumulated was higher than that of adipic 
acid in the assays with added hexanoic acid; however, the total 
production of w-hydroxy acids and dicarboxylic acids was very 
low in the assays with added hexanoic acid and octanoic acid 
compared to the assay incubated with decanoic acid. 

These results focused attention on the kinetic parameters of the 
initial o- and o-1-hydroxylation process, which give rise respec- 
tively to w-hydroxy and w-I-hydroxy monocarboxylic acids. In 
order to evaluate if 'ageing' (18-20 h before removal of the livers) 
influences the kinetic parameters of the interaction between the 
w- and w-1-hydroxylation enzymes and the monocarboxylic acids, 
a comparative study of the hydroxylations of decanoic acid (as a 
representative for the medium-chain monocarboxylic acids) in 
'fresh' and 'aged' rat liver microsomes was performed. 

The production rate of 9-hydroxy-decanoic and 10-hydroxy- 
decanoic acid was linear with incubation time up to 45 min and 
with microsomal protein up to 0.1 mg and 0.5 mg for 'fresh' and 
'aged' microsomes, respectively. The kinetic analyses were there- 
fore performed with 0.05 mg 'fresh' and 0.25 mg 'aged' microsomes 
at 30 min. 

The data of this analysis, which were evaluated by means of the 

hyperbolic statistical computer program developed by Cleland (5), 
revealed that 'ageing' of the microsomes does not alter the appar- 
ent Km values for the w- and w-1-hydroxylation (data not shown). 
The values for Vmax naturally cannot be directly compared 
because some degree of destruction of the enzymes probably took 
place. In fact, the production rate diminished 3-5-fold during 
ageing of the livers. From these results we found it legitimate to 
investigate the kinetic parameters for thew- and w-1-hydroxylation 
of hexanoic, octanoic, decanoic, and dodecanoic acids in micro- 
somes from 'aged' livers of rats and humans. 

The result of a typical experiment with octanoic acid as the 
substrate is depicted in Figure 1, which shows the GC/MS anal- 
ysis, and in Figure 2, which illustrates the linearity of the double 
reciprocal plots and the precision of the measurements. The 
precision was estimated from a duplicate determination of each 
production rate. Final results are shown in Table 2. 

In rats, the affinity of the a-hydroxylation enzyme for decanoic 
and dodecanoic acids is high. On the other hand, hexanoic and 
octanoic acids are very poor substrates with apparent Km values 
in the range of 8000 pmole/liter. The relative production rate, 
represented by Vmax seems to be inversely proportional to the 
chain-length. For the w-1-hydroxylation, the affiity towards de- 
canoic acid is not highest. ~ The affinity seems to &crease with 
increasing chain length. The parameter obtained for the w-l- 

mi n. 
Fig. 1. Selected ion monitoring (SIM) traces on (A) Trimethylsilylated extract from assay mixture (omitting substrate) enriched with 62.5 nmole 7- 

hydroxy and 8-hydroxy octanoic acids, and (B) Trimethylsilylated extract from assay mixture incubated 30 min at 37OC with 30 nmole (10 mmole/liter) 
octanoic acid. The peaks: (I) 7-hydroxy octanoic acid, (2) 8-hydroxy octanoic acid, and (3) diethylglutaric acid (internal standard). The ion fragments 
to be monitored are shown to the left. Each trace is normalized so that the highest peak is full scale. (GC/MS conditions, see text). 
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Fig. 2. Double reciprocal plot of the influence of varying octanoic acid concentration on the initial rate of 7-hydroxy and 8-hydroxy octanoic acids 
in (A) rat liver microsomes and in (B) human liver microsomes. The assay condition is stated in the text. 

Table 2. Kinetic parameters, apparent Km and Vmax, for the interaction of hexanoic, octanoic, decanoic, and dodecanoic acids with the 
microsomal w- and w-I-hydroxylation systems from rats and humans 

Rats Human I (50 years) Human I1 (8 months) 

Km Vmax Km Vmax Km Vmax 
Substrate pmole/liter m o l e .  min-' . mg-' pmole/liter mole .  min-' -mg-' pmole/liter nmole .min-' .mg-' 

w-Hydroxylation 
Hexanoic acid 8822 + 3106 7.7 + 1.3 10400 + 1795 4.3 + 0.4 6825 + 4744 9.2 + 2.6 
Octanoic acid 8211 + 970 3.3 + 0.2 3892 + 834 2.6 + 0.2 4861 + 480 3.5 f 0.1 
Decanoic acid 3.1 + 0.8 2.2 + 0.1 247 + 99 1.1 + 0.2 522 + 78 2.0 + 0.1 
Dodecanoic acid 171 + 36 0.50 + 0.05 186 + 37 0.40 + 0.04 3.6 + 2.9 0.46 + 0.04 

w-I-Hydroxylation 
Hexanoic acid >20000 >20 >20000 >20 >20000 >20 
Octanoic acid 4827 + 388 5.4 + 0.1 3490 + 847 4.2 + 0.3 2841 + 531 4.1 + 0.2 
Decanoic acid 1126 + 139 10.9 + 0.8 1850 + 192 5.5 +- 0.3 638 + 151 5.9 + 0.6 
Dodecanoic acid 139 + 16 1.2 + 0.1 131 + 13 1.2 + 0.1 92 + 39 0.9 + 0.2 

hydroxylation of hexanoic acid is only rough estimates because it the affinty for both the w- and the w-1-hydroxylations are in- 
was impossible to obtain more precise values from the technique versely proportional to the chain length of the monocarboxylic 
used. acids. 

For  humans, the picture is similar, except that the affinity of The production rates of the hydroxy acids in the humans, 
the w-hydroxylation enzyme for decanoic acid is approximately represented by the Vmax values, follow nearly the same pattern 
100 times smaller than that of the rat enzyme. That means that to that seen in the rats. That is, an inverse relationship between 
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Table 3. Concentration of CsCIz-monocarboxylic acids in liver 
tissue from a patient with acyl-CoA DH defect (J. G.) (ref: I I )  and 

from two controls (fimole/z wet tissue) 

Hexanoic Octanoic Decanoic Dodecanoic 
Tissue from acid acid acid acid 

Patient J.G. 0.62 0.37 0.22 0.33 
(4 years) (1.0)l (0.6) (0.4) (0.5) 
Control 0.49 0.17 0.15 0.33 
(4 months) (0.8) (0.3) (0.2) (0.5) 
Control 0.44 0.20 0.15 0.38 
(2 years) (0.7) (0.3) (0.2) (0.6) 
' Concentration in mmole/liter. 

Vmax and chain length, except that the production rate for 9- 
hydroxy decanoic acid was somewhat higher than that of 7- 
hydroxy octanoic acid in all preparations. 

Table 3 shows the results of the determination of CsC12-mon- 
ocarboxylic acids in liver tissue from a patient with acyl-CoA 
dehydrogenase defect and from two control livers. The livers were 
removed 6-8 h after death. The values must therefore be evaluated 
with caution. The concentrations of the acids in the control livers 
were very high compared to what could be expected from in vitro 
experiments (35). We concluded that the concentrations measured 
in these autopsy livers are maximum concentrations for the acids. 
With an estimated water content of 60% in the tissue, the respective 
concentration of hexanoic and octanoic acids, of 1 and 0.6 mmole/ 
liter, in the patient is far below the apparent Km values for the 
w- and w- 1-hydroxylation systems towards these two monocarbox- 
ylic acids. 

DISCUSSION 

The experiment in which the enzyme systems of the postmito- 
chondrial rat liver fraction convert added decanoic acid to sebacic 
acid, with the accumulation of only very small amounts of the 
intermediate product, 10-hydroxy decanoic acid, indicates that the 
cytochrome-P-450-dependent monooxygenase is rate limiting at 
this level, and that the cofactor NAD was added in sufficient 
amounts. Results obtained for the oxidation experiments with 
octanoic-and hexanoic acid as substrates, in which both w-hydroxy 
and dicarboxylic acids were accumulated in small amounts, indi- 
cate that the activity of both the monooxygenase and the alcohol 
and aldehyde dehydrogenases are very low at Cs and C8 levels 
compared to those at Clo level. These results are consistent with 
those found in living rats, where octanoic and hexanoic acids are, 
only to a limited extent, converted to suberic and adipic acids, 
respectively, after ingestion, and where there is a substantial 
production of dicarboxylic acids from decanoic acid (27). It can 
be concluded that the activity of the monooxygenase is of decisive 

tion of decanoic and dodecanoic acids. Furthermore, because it 
has been shown that rat liver peroxisomes can /3-oxidize dodeca- 
nedioic acid (29), at least part of the /3-oxidation might occur in 
these organelles. 

The affinity profile for the w-1-hydroxylation in the rat micro- 
somes shows that the affinities are so low for hexanoic, octanoic, 
and also towards decanoic acids, that a direct w-1-hydroxylation 
in the intact rat liver is improbable. On the other hand, the affinity 
for dodecanoic acid is rather high, and a physiologic significance 
of w-1-hydroxylation is therefore indicated at this level. 

In humans, the very low Km for the w-hydroxylation system 
towards decanoic acid was not found; however, the Km values of 
200-500 pmole/liter, which is approximately 100 times greater 
than that in the rat, may have biologic significance. The apparent 
Km of 4-1 86 pmole/liter for dodecanoic acid may also be impor- 
tant in humans when the liberation of fatty acids from the fat 
deposits is excessive, i.e., ketosis and in patients with acyl-CoA 
dehydrogenation deficiencies, where medium-chain fatty acids 
have been indicated to be accumulated (6, 8, 10, 11, 12, 13, 15,25, 
30, 31, 36, 37). 

The affinities for octanoic acid and hexanoic acid are on the 
other hand so low that a direct w-hydroxylation of these two acids 
in human liver is only probable if the concentrations in the liver 
tissue are very high. Despite the very serious reservations with 
respect to the relevance of the concentrations of the mono-carbox- 
ylic acids in post mortem livers to the in vivo concentrations at the 
site of w- and w-1-oxidation, the results indicate that the concen- 
tration of octanoic and hexanoic acid were far below the Km 
values for the enzyme towards these two acids; therefore, the 
conclusion concerning the biosynthetic pathway of C&lo-dicar- 
boxylic acids in patients with acyl-CoA dehydrogenation deficien- 
cies is an initial w-oxidation of decanoic, dodecanoic, and possibly 
tetradecanoic acids to the corresponding dicarboxylic acids, which 
are subsequently /3-oxidized in mitochondria and peroxisomes to 
suberic and adipic acid. 

The results from the analysis of the kinetic parameters of the 
w-1-hydroxylation show that those in rats and humans are very 
similar. 

Considering again the estimated concentrations of the mono- 
carboxylic acids in the liver tissue from the patient with acyl-CoA 
dehydrogenase defect, the quantitatively most important pathway 
for the formation of 5-hydroxy-hexanoic acid in such and similar 
patients is via the w-1-hydroxylation of dodecanoic acid and 
possibly higher monocarboxylic acids followed by /3-oxidation of 
the produced w-1-hydroxy acids. 

With the single exception that the Km for the w-hydroxylation 
for decanoic acid is different in rats and humans, the similarities 
for all other affinities measured in this study are so great that it is 
legitimate to use the rat as a model for the investigation of certain 
aspects of the human acyl-CoA dehydrogenation deficiencies. 

significance for the 'detoxihcation' of hex&oic, octanoic, and 
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