
chromatography. Further purification is 
required to determine whether the bio- 
logical effects of atrial extract are elicited 
by a single substance. The isolated 
smooth muscle preparations used in this 
study provide a rapid and simple in vitro 
bioassay for the quantitative detection of 
bioactive substances derived from the 
atria during such purification efforts. 
Such a volume-regulating system in the 
atria could explain the decrease in vascu- 
lar resistance and the natriuresis and 
diuresis caused by distention of the atria 
(3, 6). 

The relation of the bioactive atrial 
substance to other reported natriuretic 
factors derived from plasma and urine 
extracts is uncertain. The "natriuretic 
hormone" described by de Wardener (7) 
has a molecular weight of less than 500, 
is not sensitive to proteolytic digestion, 
and lacks amino acids. An apparently 
different natriuretic factor, purified from 
the plasma of salt-loaded dogs, is a heat- 
stable, acidic peptide of low molecular 
weight that appears to be derived from a 
larger precursor (8). This natriuretic fac- 
tor, however, has been shown to potenti- 
ate vasoconstriction by norepinephrine, 
whereas our rat atrial extract actually 
reversed norepinephrine-induced con- 
traction of the isolated blood vessel seg- 
ment (Fig. 1). 

We propose that mammalian atria 
have the potential to regulate fluid vol- 
ume. The atria are in an ideal location to 
detect volume changes and appear to be 
the source of substances that influence 
renal function and vascular tone (Fig. 3). 
We envision that the atria detect an 
increase in the extracellular fluid volume 
and respond by releasing bioactive sub- 
stances into the bloodstream that stimu- 
late a rapid loss of fluid through the urine 
and peripheral vasodilation. 

MARK G. CURRIE 
DAVID M. GELLER 
BARBARA R. COLE 
JOHN G. BOYLAN 

Wu YUSHENG 
SANDRA W. HOLMBERG 

PHILIP NEEDLEMAN 
Departments of Pharmacology and 
Pediatrics, Washington University 
School of Medicine, 
St. Louis, Missouri 63110 

References and Notes 

1. J. D. Jamieson and G. E. Palade, J .  Cell Biol. 
23, 151 (1964). 

2. A. J. DeBold, Proc. Soc .  Exp. Biol. Med.  161, 
508 (1979). 

3. K. L. Goetz, G. C. Bond, D. D. Bloxham, 
Physiol. R e v .  55, 157 (1975); 0. H. Gauer, J .  P. 
Henry, C. Behn, Annu.  Rev .  Physiol. 32, 547 
1197nl. 

4. A: J : ' D ~ B O I ~ ,  H. B. Borenstein, A. T. Veress, 
H. Sonnenberg, Life Sci. 28, 89 (1981); R .  
Keeller, Cnn.  J .  Physiol. Pharmncol. 60, 1078 

(1982); J. P, Briggs, B. Steipe, G. Schubert, J .  
Schnermann, Pfliregers Arch.  395, 271 (1982); 
H .  Sonnenberg, W.  A. Cupples, A. J .  DeBold, 
A. T. Veress, Can.  J .  Physiol. Pharmacol. 60, 
1149 (1982). 

5. N .  C. Trippodo, A. A. MacPhee, F. E. Cole, H.  
L. Blakesley, Proc. Soc .  Exp. Biol. Med.  170, 
502 (1982). 

6. A. C. Guyton, Textbook of Medical Physiology 
(Saunders, Ph~ladelph~a, 1976), p. 271-272; C.  

L. Pelletier and J .  T .  Shepherd, Circ. Res .  33, 
171 114771 . * >  ,.,,a,. 

7. H .  E. De Wardener, Clin. Sc i .  53, 1 (1977); F. J .  
Haddy, Biochem. Pharmacol. 31, 3159 (1982). 

8. K .  A. Gruber, J .  M. Whitaker, V. M. Buckalew, 
Nutlrre (London) 287, 743 (1980); W. C.  Plun- 
kett. P. M. Hutchins. K. A. Gruber. V. M. 
Buckalew, Hjpertensron 4, 581 (1982) 

9 March 1983 

Dicarboxylic Aciduria: Deficient [ l -14~]~c tanoate  Oxidation 
and Medium-Chain Acyl-CoA Dehydrogenase in Fibroblasts 

Abstract. Dicarboxylic aciduria, an inborn error of metabolism in man, is thought 
to be caused by defective P-oxidation of six-carbon to ten-carbon fatty acids. 
Oxidation of[]- '4~]octanoate was impaired in intactjibroblasts from three unrelated 
patients with dicarboxylic aciduria (19 percent of control), as was the activity of 
medium-chain (octanoyl-)acyl-CoA dehydrogenase in the supernatants of sonicated 
jibroblast mitochondria (5 percent of control). These data conjirm that dicarboxylic 
aciduria is caused by an enzyme defect in the P-oxidation cycle. 

Dicarboxylic aciduria (DCA) is a met- 
abolic disorder of man characterized by 
episodic hypoglycemia without accom- 
panying ketosis and the excretion of ele- 
vated amounts of C6-CI0 w-dicarbox- 
ylic acids in the urine (1-3). These dicar- 
boxylic acids, primarily adipic (hexane- 
dioic), suberic (octanedioic), and sebaclc 
(decanedioic), are formed by microsomal 
w-oxidation of fatty acids of either medi- 
um- or long-chain length which are then 
shortened to medium-chain dicarboxylic 
acids by mitochondrial p-oxidation (4). 
Although excretion of these dicarboxylic 
acids has been found in patients with 
other metabolic derangements (5, 6), 
nine to ten patients with DCA have been 
identified in whom other entities can be 
excluded on clinical and biochemical 
grounds (1-3). The presence of C6-CI0 
DCA without associated ketosis has sug- 
gested that mitochondrial p-oxidation of 
fatty acids is impaired in these patients, 
since this catabolic pathway is responsi- 
ble for the stepwise degradation of C4- 

C18 fatty acids to acetyl coenzyme A 
(acetyl-CoA) in mammals, as well as the 
production of acetoacetate and 6-hy- 
droxybutyrate. Increased fatty acid w- 
oxidation and the resultant formation of 
dicarboxylic acids has been observed 
both in vivo and in vitro when the catab- 
olism of fatty acids is impaired either by 
toxins or by inherited enzymatic defi- 
ciencies (6). The most important enzyme 
of p-oxidation with activity toward fatty 
acids of medium-chain length is the mito- 
chondrial acyl-CoA dehydrogenase 
(E.C. 1.3.99.3) that demonstrates speci- 
ficity for C4-CI4 acyl-CoA's with maxi- 
mal activity toward C6-CI0 acyl-CoA's, 
with separate enzymes showing maximal 
activities toward the analogous short- 
chain (E.C. 1.3.99.2) and long-chain 
(E.C. 1.3.99.4) substrates (7). This en- 
zyme, termed Y1-fatty acyl-CoA, gener- 
al acyl-CoA, or medium-chain acyl-CoA 
dehydrogenase (MCADH) is probably 
essential for normal functioning of the p- 
oxidation pathway (7); deficient activity 

Table 1. The oxidatlon of I4C-labeled substrates by human dlplold skin fibroblasts. Culture of 
normal diploid skin fibroblasts and 14C-substrate oxidatlon studies were performed as described 
(15), with the cells (passages 7 to 12) being harvested 8 days after subculture (1:4). All assays 
were done in triplicate and all values are expressed as means i standard error of the mean. The 
final concentration and specific activ~ty of each substrate were as follows: [I-14C]butyrate, 1 
mM, 10 mCi1mmole; [l-14C]octanoate, 1 mM, 4.7 mC11mmole; [l-14C]palmitate, 0.2 mM, 5.0 
mciimmole; [1,4-'4C]succ~nate, 2.0 mM, 1.0 mCi1mmole; [2-'4C]leucine, 1.5 mM, 0.5 mC11 
mmole. The results obtained with five normal cell lines were compared to those from the three 
DCA cell lines. 

I4CO, production by intact fibroblasts per hour (pmoleimg protein) 

Cell line [l-I4C]- [I-14c]- [l-14c]- [2-I4C]- [ l  ,4-14C]- 

butyrate octanoate palmitate leucine succinate 
-- 

Normal control 2450 + 143 2070 i 204 102 + 15 779 i- 67 945 + 71 
DCA 1760+150 3 8 6 2  69 59 k 12 736 + 83 979 + 128 

Percent of 72 19 58 94 116 
control 



Table 2. The oxidation of I4C-labeled substrates by isolated fibroblast mitochondria. Fibroblast 
mitochondria were isolated precisely as described (12) ,  except that the digitonin step was 
omitted. Reaction conditions were as noted in Table 1, with the following differences: 250 to 500 
pg of mitochondrial protein was used per assay, the buffer utilized consisted of 100 mM KC], 50 
mM tris-HCI, pH 7.5, 5 mM MgCI,, 1 mM ATP, 1 mM EGTA, and the incubation time was 112 
hour. The concentration and specific activity of the substrates were as noted in Table 1 .  When 
[l-14C]butyrate and [I-14C]octanoate were used, 2.5 mM ATP, 0.5 mM carnitine, and 0.1 mM 
CoA were added to incubation medium. With [l-'4C]palmityl-CoA (0.1 mMand 1.0 mCilmmole) 
as substrate, 2.5 mM ATP and 0.5 mM carnitine were added. All assays were done in triplicate 
and all values are expressed as means i. standard error of the mean. 

14C02 production by intact mitochondria per hour 

Cell line (pmoleimg protein) 

[1-14C]butyrate [ I  -14C]octanoate [I-14C]palmityl-CoA 

Normal control 9700 + 3300 3210 i 1200 590 i. 60 
DCA 4350 + 2670 158 + 114 190 

Percent of control 45 5 32 

of MCADH could produce the defective 
ketogenesis, hypoglycemia, and organic 
aciduria observed in DCA. 

The oxidation of 14c-labeled sub- 
strates in vitro by intact diploid fibro- 
blasts to  I4CO2 has been used successful- 
ly to demonstrate oxidative defects in 
many inborn errors of ammo acid and 
fatty acid metabolism (8); this approach 
avoids the potential medical complica- 
tions ~nvolved in performing metabolic 
studies with either the patients them- 
selves or surg~cally obtained biopsy 
specimens of liver and muscle. Intact 
skin fibroblasts from three unrelated pa- 
tients with well-documented DCA (1, 9) 
demonstrate markedly impaired oxida- 
tion of [ ~ - ~ ~ C ] o c t a n o a t e  (19 percent of 
control levels; N = 22; P < .05), where- 
as the oxidation of [I-14C]butyrate and 
[ ~ - ~ ~ C ] ~ a l m i t a t e  is mildly decreased (72 
and 58 percent of control, respectively; 
P < .05; Table 1). Very few comparable 
data are available In the literature; Nay- 
lor et al. (2) stated that fibroblasts from 
another child with DCA oxidized [I-  
14C]palmitate normally but oxidized [U- 
14Clpalmitate at 50 percent of control 
levels (10, 11). Our data show that DCA 
cells are most defective in the oxidation 
of fatty acids of medium-chain length, as  
evidenced by the severe and fairly isolat- 
ed deficiency in [l-14C]octanoate oxida- 
tion. The normal rates of [ I  , 4 - 1 4 ~ ] s u c -  
cinate and [2-14C]leucine oxidation by 
DCA fibroblasts suggest that other oxi- 
dative pathways are intact in these cells 
(8). 

Since the p-oxidation of fatty acids 
occurs in the mitochondrial matrix, we 
have studied the oxidation of I4C-labeled 
fattv acids in fibroblast mitochondria iso- 

dehydrogenase, isovaleryl-CoA dehy- 
drogenase (12), and that mitochondrial 
oxIdation of both straight- and branched- 
chain fatty acids is defective in glutaric 
aciduria type I1 (13). Intact mitochondria 
from DCA fibroblasts oxidize [ ~ - ' ~ C ] o c -  
tanoate very poorly (Table 2), at only 5 
percent of control levels ( N  = 4; 
P < .05); the oxidation of [I-14C]butyr- 
ate and [l-14C]palm~toyl-CoA by these 
same DCA m~tochondrial preparations is 
less severely impaired (45 and 32 percent 
of control, respectively; P > .2). Thus 
the oxidative defects in intact fibroblasts 
(Table I )  are also present in the isolated 
mitochondria. The higher rates of [ I -  
14C]octanoate oxidation in intact fibro- 
blasts, compared to isolated mitochon- 
dna ,  may reflect the con t r~but~on  of per- 
oxisomal p-oxidation toward catabolism 
of this substrate in the intact cell. This 
o x ~ d a t ~ v e  system demonstrates some ac- 
tivity toward C7-C8 acyl-CoA's, al- 
though it is most active with C14-C22 
substrates (14). 

Table 3. Acyl-CoA dehydrogenase activity 
measured with three different substrates. The 
activity was determined as described (12) by 
using the supernatants of sonicated mitochon- 
dria to which was added 7.8 pg of electron- 
transferring flavoprotein from pig liver. Con- 
centrations of all acyl-CoA's were 50 pM, 
except palmityl-CoA (25 pM) The rate of 
reduction af dichlorophenolindophenol was 
calculated from the change in absorbance 
(OD6,) during the first mlnute of reaction in 
the presence of 1 mM N-ethylmaleimide. 

Acyl-CoA dehydrogenase 
activity per minute 

Cell (pmolelmg protein) 
line 

Butyryl- Octanoyl- Palmltyl- 
CoA CoA CoA 

lated from both normal controls and one Normal 379 + 65 660 + 151 545 + 74 
of the DCA cell lines. We have previous- control 
ly used similar mitochondria1 prepara- DCA 209+  36 34 t 15 432 t 38 
tions to  demonstrate that isovaleric Percent 55 5 79 
acidemia is due to  an isolated deficiency :introl 
of a separate, branched-chain acyl-CoA 

74 

We used the widely accepted dichloro- 
phenolindophenol (DCIP) dye reduction 
method to assay the three straight-chain 
acyl-CoA dehydrogenases in both DCA 
and normal control fibroblast mitochon- 
dria (Table 3). Initially, apparent 
MCADH activity in the normal controls 
as assayed with octanoyl-CoA was much 
higher than was predicted (7) from previ- 
ous measurements of butyryl-CoA dehy- 
drogenase actlvity in similar prepara- 
tions (12, 15). Furthermore, apparent 
MCADH activity in the DCA mitochon- 
drial supernatants was dlstlnctly elevat- 
ed (38 rt 17 percent of control; N = 4; 
data not shown) when compared to the 
oxidation of [l-14C]octanoate by intact 
DCA cells and mitochondria. Elevation 
of apparent acyl-CoA dehydrogenase ac- 
tivity in mitochondrial sonic superna- 
tants, as  measured by the DCIP dye 
reduction assay, can be caused by hy- 
drolysis of the acyl-CoA substrates by 
acyl-CoA thioesterases (E.C. 3.1.2.2) 
and subsequent factitious reduction of 
DCIP by free CoA sulfhydryl groups 
(CoASH) (7). Thioesterases are found in 
microsomes, mitochondria, and the cy- 
tosol; demonstrate maximal hydrolytic 
activity toward C8-CZ0 acyl-CoA's; and, 
in general, are inhibited by N-ethylmalei- 
mide [NEM (16)]. Since NEM also acy- 
lates free sulfhydryls, which could also 
reduce DCIP, and does not inhibit puri- 
fied acyl-CoA dehydrogenases from rat, 
pig, and bovine liver (7, 17), this reagent 
can be added to crude cellular and mito- 
chondrial extracts to  permit accurate as- 
say of acyl-CoA dehydrogenase activity 
by the dye reduction method. Addition 
of 1 mM NEM to the supernatants of 
sonicated mitochondria lowered the ap- 
parent MCADH activity in control mito- 
chondria by ten rimes, and showed that 
the residual MCADH activity in the 
mitochondrial preparations from all 
three DCA cell lines was profoundly 
decreased (5 percent of control; P < .02; 
N = 13). Apparent short-chain acyl- 
CoA dehydrogenase activity, assayed 
with butyryl-CoA, was much nearer nor- 
mal (55 percent of control; P < .05) in 
DCA mitochondria, as was long-chain 
acyl-CoA dehydrogenase activity mea- 
sured with palmitoyl-CoA as substrate 
(79 percent of control; P > .2). The re- 
duced butyryl- and palmitoyl-CoA deby- 
drogenase activities in sonicated super- 
natants of DCA mitochondria paralleled 
the results obtained in intact cells and 
whole mitochondria and probably repre- 
sent the effect of deficient MCADH ac- 
tivity on the mitochondrial oxidation of 
short- and long-chain acyl-CoA sub- 
strates. 

These results strongly suggest that 
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DCA is due to deficient activity of the 
medium-chain acyl-CoA dehydrogenase, 
the enzyme responsible for initiating the 
@-oxidation of C6-CIO fatty acyl-CoA's. 
To  our knowledge, DCA is the first in- 
born error of metabolism in man that has 
been found to be caused by a deficiency 
of one of the enzymes of the P-oxidation 
cycle. This study underscores the utility 
of using purified mitochondria1 prepara- 
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tions from normal diploid fibroblasts to  
study the biochemistry of human meta- 
bolic diseases. The use of such mito- 
chondrial preparations from fibroblasts 
or other cultured human cells should Inhibition of Tumor Promotion by a 
allow us to pursue detailed investigations Biomimetic Superoxide Dismutase 
of the biochemistry of DCA, as well as  
other human disorders involving mito- Abstract. A low molecular weight, lipophilic, copper coordination complex with 
chondrial function, such as glutaric aci- superoxide dismutase-mimetic activity inhibited biochemical and biological actions 
duria type 11, ethylmalonic-adipic aci- of a tumor promoter in mouse epidermis. Such inhibitory effects implicate reactive 
duria (13, 15), and the etiologically het- oxygen species in the tumor promotion process. 
erogeneous group of human mitochon- 
drial myopathies (18). Tumor promoters are noncarcinogenic from molecular oxygen through enzy- 

WILLIAM J. RHEAD compounds that cause the development matic and nonenzymatic reactions. The 
BRAD A. AMENDT of tumors when applied repeatedly after univalent pathway of oxygen reduction 

KATHIE S. FRITCHMAN initiation with a single subthreshold dose generates, in turn, the superoxide radical 
SARA J. FELTS of a carcinogen. The phenomenon of (02-1, hydrogen peroxide (H202),  the 

Department of Pediatrics, College of two-stage carcinogenesis (initiation fol- hydroxyl radical (OH-), and finally wa- 
Medicine, University of Iowa, lowed by promotion) has been studied ter. The intermediates of oxygen reduc- 
Iowa City 52242 most thoroughly in mouse skin, where tion to water are highly reactive and 

esters of the tetracyclic diterpene, phor- present a challenge to the integrity of 
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