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Extract 

Propionic acid significantly inhibited "CO z production from 
[I- "ejpalmitate at a concentration of 10 11 M in control fibrobla sts 
and 100 11M in methyl malonic fibroblasts. This inhibition was 
similar to that produced by 4-pentenoic ac id. Methylmalonic acid 
also inhibited ' 'C0 2 production from [V 'ejpalmitate, but only at a 
concentration of I mM in control cells and 5 mM in methyl malonic 
cells. 

Propionic acid (5 mM) also inhibited ureagenesis in rat liver 
slices when ammonia was the substrate but not with aspartate and 
citrulline as substrates. Propionic acid had no direct effect on either 
carbamyl phosphate synthetase or ornithine transcarbamylase. 

These findings may explain the fatty degeneration of the liver and 
the hyperammonemia in propionic and methyl malonic acidemia. 

Speculation 

It has been shown that 4-pentenoic acid will produce many of the 
features of Reye's sy ndrome in rats. The fact that propionic acid 
inhibits some of the same reactions as 4-pentenoic acid raises the 
possibility that other short chain fatty acids less unusual than 
4-pentenoic acid could produce the features of Reye's sy ndrome. 

Propionic an d methylmalonic ac idemi as are rare in born e rrors 
of metaboli sm. These disorders have some of the same features, 
such as hyperamm onemia (15) and fatty dege neration of the li ver 
(8, II , 12), as those of Reye 's sy ndrome. Massive accumulat ion of 
a speci fi c short chai n is one obvio us diffe rence. It has been 
specul ated th at short cha in fatty ac ids may be an end ogenous toxin 
in Reye's sy ndrome ( 10, 16 , 18). 

4-Pentenoic ac id wi ll produce hyperammonemia, hypoglycem ia, 
and fatty degenerat ion of the li ver in rats and has been proposed as 
a possi ble model fo r Reye 's sy nd rome (4). We reasoned that 
perhaps the mecha ni sm of hypera mm one mia and fatty degenera
tion of th e li ve r in prop ionic ac idemia and met hyl malonic ac idemi a 
was similar to the mechani sm in 4-pentenoic ac id -treated rats. 

4-Pentenoic acid is known to inhibit the ox idati on of fatty ac id s 
and it is th ought th at thi s accou nt s for some of the other features of 
it s toxici ty such as the hypoglyce mi a ( 15). 4-Pentenoic ac id a lso 
inhibits ureage nesis, proba bl y a t either the step of carbamyl 
ph osphate sy nthet ase o r mitochondri al ornithin e upt ake (5) . 
Results of the present stud y show th at propionic acid a lso inhibits 
fatty ac id oxidati on and ureagenes is, which may explain the fatt y 
degenerat ion of the liver and the hypera mmonemi a often associ
ated with propionic ac idemia. 

METHODS 

FATTY AC ID OX IDAT ION 

Fibrob las ts from a skin biopsy of a patient with B, z-unrespon
sive methylmalonic acidem ia and a control patient were sto red in 
liquid nitrogen until used. The ce ll s, grow n to confluen ce in Eag le's 
esse nti a l medium with 15% fetal ca lf serum , were washed with 
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phosphate-buffered sa line, ha rvested with a brief trea tment wi th 
tryps in- EDTA, washed twice with phos ph ate-b uffered saline, and 
then suspended in phosphate-buffe red sa line (145 m M N a, 4.15 
m M K, 140 m M c/, 9 .36 m M PO" pH 7.4) . I n most cases the cells 
we re incubated in 3 ml phosphate-bu ffered sa line cont aining 0.5 
I1Ci ll- I4Cj palm it ate (19), final concentration approxima tely 3 11M 
added in 10 II I hexane. Increasing the amo unt of hexane to 100 II I 
did not impair palmit ate ox idation. In two experiments (Fig. 3) the 
fibroblasts were incubated in 3 ml ca lcium-free Krebs-Ringer 
phosphate buffer (2) co nt ain ing 5 g/ 100 ml essent ia lly fatt y ac id 
free bovine se rum albumin (20), I mM pa lm itate, and the same 
amount of [1 - 14CJ pa lmitate as ab.ove. Other com pou nds were 
added as indicated in the tables and fi gures. Fibroblasts were 
always added las t. All incubati ons we re for I hr at 37° under 100% 
O 2 shaken at 120 cpm in a Dubn off metabolic bath. Flasks were 50 
ml with a side arm for a scintill atio n via l th at co nt a ined a str ip of 
filter paper (2.5 by 5 cm) sat urated with 0.1 ml I M hyamine 
hydrox ide in methanol (21). S in ce hyami ne inhibited the ox idatio n 
of pa lmitate, the main compartment and the sc in ti ll at ion via l were 
separa ted by a piece of a luminum foil durin g the incubation. The 
reacti on was sto pped by the inj ecti on of 0.5 mIlO M H 2SO, and 
the foil was wide ly ruptured with a long cu rved need le: CO 2 was 
complete ly co llected durin g a further 3D-min incubation. The 
sci ntill at ion vial was then removed and 10 ml scintill at ion fluid 
added. After si tting ove rnight at 4 ° th e sa mples were counted in a 
sci ntill ati on cou nter (22). Co unting efficiency was consiste ntl y 
between 77% and 80% as determined using a mcs exte rn al stan
da rd . S in ce a ll comparisons made a re between fibroblasts from 
the sa me suspension and incubated at the same time , results were 
stand ardi zed by dividing the counts for individual fl asks by the 
mean number of co unt s in the co ntrol fl asks and multiplying by 
100. 

Protein was determined by the method of Lowry (9) wit h bovine 
serum albumin as stand ard. 

UREAGENES IS 

The method for the determinati on of urea production in li ve r 
sl ices is repo rted in detail elsewhere (5). Briefly, rat li ver sli ces 
were incubated for 2 hr in Krebs- Rin ge r ph osp hate buffer co nt a in 
ing the additi ons indicated in Table 3. A neutrali zed perchloric 
ex tra ct of the tissue plus medium was passed through a column 
(0.5 by 5 cm) of anion exchange res in to remove amm oni a and urea 
was determ ined by hydrolysis with urease followed by the meas ure
ment of the li berated am monia with phenol-hypochlorite. Base li ne 
urea was meas ured in a sim ilar fashi on allowing the ca lcula ti on of 
net prod ucti on or urea per g wet weigh t for a 2-hr incubation. 

Carba myl ph ospha te sy nthetase and o rnith ine transcarbamylase 
were assayed as previously described (5). 

RESULTS 

FATTY AC I D OX IDAT ION 

Propioni c ac id significantl y inhibited palmitate ox idati on at a 
co ncentration of 0.01 mM and above in "control" fibroblasts and 
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Table I. Effect of Propionic, 4-pentenoic, meth~~lmalonic, and butyric acid on 14C02 production from [I-'4C]palmitate in control 
fibroblasts' 

L4C0,  production (mean 1 SD) for various conc. of inhibitor 

Inhibitor 0 mM 0.001 mM 0.01 mM 0. I mM 1 mM 5 mM 

Propionic acid 100 + 3.0 91.3 i 8.4 88.2 + 4.0 76.3 + 3.1 50.4 i 6.0 
p < 0.001 p < 0.001 p < 0.001 

4-Pentenoic acid 100 + 15.3 99.0 + 14.0 98.2 + 11.2 65.4 + 6.5 62.9 + 3.9 
p < 0.01 p < 0.001 

Methylmalonic acid 100 + 12.5 96.7 + 9.6 90.0 i 16.2 89.1 =t 10.6 83.0 + 7.6 
p < 0.05 

Butyric acid 100 + 7.8 87.5 + 8.5 85.6 + 12.0 
p < 0.05 p < 0.05 

' Results are expressed as a percentage of the mean ' T O ,  production in flasks with no addition. Results are the mean + 1 SD of five samples. The 
Student ?-test was used to compare results with various concentrations of inhibitor with results with no addition. Ifp > 0.05 nop value is given. The mean 
oxidation of palmitate in flasks with no addition (assuming no dilution by endogenous substrate) was 168, 208, and 196 lo-" mol/mg proteinlhr in the 
propionic 4-pentenoic and methylmalonic acid experiments, respectively. Protein was not determined in the butyric acid experiment. 

Table 2. Effect of propionic, 4-pentenoic, and methylmalonic acid on 14C02 production from [I-14C]palmitate in' methylmalonic 
fibroblasts' 

"CO, production (mean =t SD) for various conc. of inhibitor, % 

Inhibitor 0 mM 0.001 mM 0.01 mM 0.1 mM I mM 5 mM 

Propionic acid 100 =t 16.2 92.9 + 6.5 90.5 + 9.8 71.5 + 11.7 70.5 + 7.4 78.4 + 5.5 
p < 0.02 p < 0.01 p < 0.05 

4-Pentenoic acid 100 + 19.4 97.0 + 17.2 92.9 i 14.4 74.9 + 22.5 66.0 + 13.2 78.8 i 8.4 
p < 0.01 p < 0.05 

Methylmalonic acid 100 + 3.5 95.7 + 9.4 95.8 i 11.9 94.9 i 12.4 95.2 + 6.2 89.3 1 6 . 6  
p < 0.02 

Results are expressed as a percentage of the mean "CO, production in flasks with no addition. Results are the mean + I SD of five samples. The 
Student 1-test was used to compare results with various concentrations of inhibitor with results with no addition. Ifp > 0.05 nop value is given. The mean 
oxidation of palmitate in flasks with no addition (assuming no dilution by endogenous substrate) was 196, 193, and 225 10-lZ mol/mg protein/hr in the 
propionic, 4-pentenoic, and methylmalonic acid experiments, respectively. 
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Fig. I .  Effect of propionic acid on "CO, production from [I-l4C]palmi- 
tate in the presence of I mM palmitate and 5 g/100 ml bovine serum 
albumin in methylmalonic and control cells. Each bar represents the mean 
of two samples. 

at  a concentration of 0.1 m M  and above in methylmalonic 
fibroblasts (Tables I and 2). This inhibition is very similar both in 
the concentration required and in the extent of inhibition to  that 
produced by 4-pentenoic acid in the same system (Tables I and 2). 
Methylmalonic acid was significantly inhibitory only at  a concen- 
tration of 1 m M  in control cells and 5 m M  in methylmalonic cells 
(Tables 1 and 2). Butyric acid, the only other short chain fatty acid 
tested, inhibited I4CO2 production at the lowest concentration 
tested (0.1 m M  in "control" cells (Table I)). 

Propionic acid also inhibited palmitate oxidation when palmi- 
tate was present in a I m M  concentration (Fig. I). 

UREAGENESIS 

Propionic acid in a concentration of 5 m M   significant!^ !P < 
0.02) inhibited ureagenesis in rat liver slices with ammonia a s  
substrate (Table 3). Propionic acid did not significantly inhibit 
urea production with aspartate and citrulline as  substrates (Table 
3). The extent of the inhibition with ammonia a s  substrate was 
about the same when ornithine was also present (Table 3). 
Propionic acid did not directly inhibit either carbamyl phosphate 
synthetase o r  ornithine transcarbamylase (Table 4) .  

DISCUSSION 

Patients with propionic acidemia may have plasma concentra- 
tions of propionic acid as  high as  5.4 m M  (8). Patients with 
methylmalonic acidemia may have plasma concentrations of 
methylmalonic acid of 3 m M  and may also have elevated propionic 
acid levels (1, I I). Thus,  the concentrations of short  chain fatty 
acids used in this study are within the range that might be expected 
in patients with these disorders. 
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Table 3. Effect of propionic acid on ureagenesis in rat liver slices' 

Rat NH, NH, + Prop Asp + Cit Asp + Cit + Prop NH, + Om NH, + Om + Prop 

I 41.9 24.7 33.3. 25.3 45.5 - 27.2 
2 33.0 22.3 22.0 26.0 38.4 30.8 
3 28.1 13.9 17.4 19.1 48.4 24.3 
4 35.3 7.3 26.7 19.8 35.3 9.8 
5 41.7 37.5 33.8 33.2 55.3 49.0 

Mean 36.0 21.1 26.6 24.7 44.6 28.2 
p < 0.02 NS p < 0.02 

Results are in micromoles of urea produced per g wet weight per 2 hr. NH,, aspartate (Asp), and citrulline (Cit) were added in a final concentration 
of 10 mM, ornithine (Om) 2 mM, propionic acid (Prop), 5 mM. 

Table 4. Effect o f  propionic acid on carbamyl phosphate 
synthetase and orrrithine rranscarbamylase' 

No propionic 5 mM propionic 
acid, acid, 

Enzyme pM/g wet wt/hr vM/g wet wt/hr 

Carbamyl PO, synthetase 561; 560 581; 555 
Ornithine transcarbamylase 13,900; 12,300 14.300; 13,300 

' Enzyme activity was determined in duplicate using liver from one rat. 

Elevated propionic acid concentrations have also been observed 
in Reye's syndrome (up to 0.24 m M  (17)). Thus, patients with this 
disorder have levels of  propionic acid equivalent to those found to  
inhibit fatty acid oxidation in fibroblasts, but lower than the 
concentration found to  consistently inhibit ureagenesis. 

These studies were done with fibroblasts since neither propionic 
nor methylmalonic acid can be metabolized via the major pathway 
by fibroblasts from the patient with methylmalonic acidemia. 
Thus, the inhibition of fatty acid oxidation observed with these 
compounds in these cells is not because they serve as an alternate 
source of energy. This is not the case with butyric acid which may 
have reduced palmitate oxidation by serving as an alternate fuel. 
On the other hand, the control cells can oxidize propionic and 
methylmalonic acid. Thus, the inhibition observed with these cells 
may be simple substrate competition. This makes difficult any 
comparison of the inhibition in control and methylmalonic fibro- 
blasts. 

The mechanism of the inhibition of vllmitate oxidation in these 
experiments is unknown. The inhibi . could be anywhere from 
the uptake of palmitate to the final or   ti on of acetyl-CoA in the 
citric acid cycle. Two possibilities are a olock caused either by ( 1 )  
depletion of free CoA or  carnitine or both, or (2) a direct effect of 
the acyl-CoA on an enzyme or  transport process. 

Examples of the inhibition of fatty acid oxidation by both 
mechanisms are known. Pentanoic and cyclopropanc carbouylic 
acids. which inhibit palmitate oxidation in rat liver mitochondria 

depletion of CoA (and carnitine) seems t o  occur with a number of 
nonmetabolizable o r  slowly metabolizable short chain fatty aicds. 
we believe this is the most likely mechanism for propionic acid. If 
so, then the oxidation of propionyl-CoA in control fibroblasts 
must be slow enough to  allow its accumulation or, alternately, the 
inhibition in control fibroblasts may be simple substrate competi- 
tion. The fact that 4-pentenoic acid is not a more potent inhibitor 
of fatty acid oxidation suggests that the inhibition of acetoace- 
tyl-CoA thiolase by 2,4-pentdienoyl-CoA may not be important in 
this species in this tissue. 

If propionic acid inhibits fatty acid oxidation in the liver and if 
propionic acid inhibits fatty acid oxidation more than it inhibits 
esterification, this could account for the fatty degeneration of the 
liver in propionic acidemia. 

Propionic acid also inhibited ureagenesis from ammonia in rat 
liver slices. The lack of inhibition of ureagenesis by propionic acid 
with aspartate and citrulline as substrates suggests that the block is 
either at  the carbamyl phosphate synthetase or the ornithine 
transcarbamylase steps. Patients with argininosuccinate synthe- 
tase, argininosuccinase, or  argininase deficiencies have elevated 
plasma citrulline, argininosuccinate and arginine, respectively 
(16). The fact that these compounds do  not accumulate in propi- 
onic acidemia (8) indicates that the block in the urea cycle in pa- 
tients with this disorder probably precedes these steps. The.inhibi- 
tion of ureagenesis caused by propionic acid was about the same 
when ornithine was added and there was no direct effect of pro- 
pionic acid on either carbamyl phosphate synthetase or  ornithine 
transcarbamylase, suggesting the block is not due to  depletion of  
ornithine or  a direct enzyme inhibition by propionic acid. A 
number of possible sites for the block include: ( 1 )  a direct enzyme 
inhibition by a metabolite of propionic acid such as propionyl-CoA 
(2) inhibition of the transport of citrulline or  ornithine across the 
mitochrondrial membrane or (3) depletion of a substrate for the 
carbamyl phosphate synthetase step. In any case. the inhibition or  
ureagenesis by propionic acid may explain the hyperammonemia 
observed in propionic acidemia. 

SUMMARY 
to about the same extent and at  the same inhibitor concentration as 

Propionic acid inhibits I4CO, production from palmitate in both observed wi th  propionic and 4 - ~ e n t e n 0 i c  acids i n  this  
control  and methylmalonic fibroblasts, This inhibition was similar probably inhibit fatty acid oxidation by depleting free CoA and 
to that produced by 4-pentenoic acid. Propionic acid also inhibited perhaps carnitine (3, 7, 13, 14). 

The inhibition of fatty acid oxidation by 4-pentenoic acid in rat ureagenesis in rat liver slices. These findings may explain the fatty 
degeneration of  the liver and hyperammonemia in propionic and liver mitochondria is probably by the second mechanism, the direct 
methylmalonic acidemia. inhibition of an enzyme by a CoA derivative. Although 4-pen- 
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Extract 

Lysine-ketoglutarate reductase (EC. 1.5.1.8) deficiency in skin 
fibroblasts has been previously reported in patients with familial 
hyperlysinemia, providing an adequate explanation for the biochem- 
ical derangements noted clinically. In the present study, analysis of 
liver obtained at autopsy from a patient with familial hyper- 
lysinemia confirmed the lysine-ketoglutarate reductase deficiency 
but, unexpectedly, also revealed an absence of saccharopine dehy- 
drogenase ( EC. 1.5.1.9) and saccharopine oxidoreductase activity. 
Skin fihrob!asts from two sih!ings with !he disease and a third 
patient from an unrelated family were also deficient in all three 
enzymes (lysine-ketoglutarate reductase, average 9%; saccharopine 
dehydrogenase, average 4%; saccharopine oxidoreductase, < 10% 
of normal). The possibility that saccharopine dehydrogenase is a 
substrate-inducible enzyme was investigated by maintaining normal 
skin fibroblasts in a medium with minimal lysine concentration, and 
exposing hyperly4nemic fibroblasts to elevated saccharopine con- 
centrations. There was no significant modification in saccharopine 
dehydrogenase activity. 

Speculation 

Multiple enzyme defects have now been recognized in three 
genetic diseases, maple syrup urine disease, orotic aciduria, and 
hyperlysinemia, presumably arising from single mutations. It is not 
unlikely that additional examples will emerge as investigators 
increase their efforts in this direction. The simultaneous loss of 

enzymes may provide insights into mechanisms of control and/or the 
evolutionary development of enzymes. 

Familial diseases with a Mendelian pattern of inheritance are 
generally attributed to  mutation of a single gene. I t  follows from 
the "one gene-one enzyme" dictum that the primary defect 
should involve one enzyme. The broader statement of the concept 
"one gene-one polypeptide" suggests that more than one gene 
may direct the synthesis of one enzyme but leaves undisturbed the 
thcsis that a genetic disease should cause one defective enzyme. 
Experience with an ever enlarging series of genetic diseases has 
supported the general applicability of the concept. There have been 
two noteworthy exceptions: maple syrup urine disease and orotic 
aciduria. The present study shows that familial hyperlysinemia is 
also an exception. 

Familial hyperlysinemia was described in 1964. Elucidation of 
the enzyme defect followed a logical sequence. A severe reduction 
in the capacity to degrade lysine was demonstrated in two siblings 
after the administration of radioactive lysine (26, 27). Studies of 
skin fibroblasts grown in tissue culture identified the defective 
enzyme as Iysine-ketoglutarate reductase (EC. 1.5.1.8) (6). This 
enzyme catalyzes the first step in the degradative pathway of 
lysine. the conversion of lysine to saccharopine (Fig. I ) .  

The recent death of an affected child in the original family has 
permitted an investigation of lysine metabolism in liver. The 
unexpected observation that more than one enzyme was defective 
led to further studies using skin fibroblasts of affected children. 
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