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Abstract-(l) Administration of large amounts of glycine to rats injected with the toxic amino acid 
hypoglycin prevents death, hypoglycaemia and hypothermia, and greatly decreases the rise in the plasma 
concentrations of isovalerate plus 2-methylbutyrate, butyrate and of MCPA, an end-product of hypo- 
glycin metabolism. (2) Isovalerate given intravenously to normal rats is rapidly metabolised with a 50% 
decrease in plasma concentrations after 11 min, and this time is shortened to 5 min by the simultaneous 
administration of glycine. The hypoglycin metabolire MCPA-CoA inhibits butyryl-CoA dehydrogenase 
(EC 1.3.2.1) and isovaferyl-CoA dehydroge~ase in liver in uiuo, and this inhibition was largely prevented 
by administration of glycine at the same time as hypoglycin. (3)Preincubation of liver mitochondrial 
fractions with glycine and MCPA prevented the development of inhibition of @-oxidation caused by 
MCPA alone. (4) Glycine also decreased the inhibition of pyruvate carboxylase in intact mitochondria 
by MCPA or by isovalerate. (5) The inhibition of glucose synthesis from pyruvate in isolated hepatocytes 
by hypoglycin was decreased by inclusion of glycine in the incubation medium. (6) It was concluded 
that tissue concentrations of glycine are rate-limiting for the formation of the glycine conjugates of 
isovalerate and of MCPA, catalysed by glycine N-acyltransferase (EC 2.3.1.13) which has a low Km for 
most acyl-CoA esters and a high K,,, for glycine. Glycine therefore decreases inactivation of some 
acyl-CoA dehydrogenases by MCPA-COA, and the competitive inhibition by various acyl-CoA esters 
of the activation by acetyl-CoA of pyruvate carboxylase, and hence decreases the inhibition of gluco- 
neogenesis from pyruvate. (7) It is suggested that administration of large amounts of glycine may be 
of use in human ackee poisoning. 

Administration of hypoglycin (methylene~yclopro- 
pyialanine), the toxic hypoglycaemic principle of the 
Jamaican ackee fruit, Blighia sapida, causes pro- 
found disturbances of metabolism in many animal 
species [l-7]. These may include h~~glycaemia, 
isov~Ie~cadae~a, excretion of unsaturated dicar- 
boxylic acids [8] and hypothermia. In rats [3,4] and 
mice [9] the isovalericacidaemia was greater than in 
two fatal human cases [8]. Hypoglycin is transami- 
nated to MCPPt in the cytosol and is then oxidatively 
deaminated to MCPA-CoA in the mitochondrial 
matrix [7, lo]. MCPA-CoA inhibits, apparently 
irreversibly, several acyl-CoA dehydrog~nases 
[ 11,121. Isovaleryl-CoA and Z-methylbutyryl-CoA, 
which are metabolites of leucine and isoleucine 
respectively, accumulate in the mitochondrial matrix 
when their further metabolism is blocked by inhi- 
bition of isovaleryl-CoA and 2-methylbutyryl-CoA 
dehydrogena~s. H~oglycaemia is caused by 
impai~ent of gluconeogenesis following inhibition 
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$ Abbreviations: MCPP, methyienecyc~opropylpyru- 
vate; MCPA, methylenecyclopropylacetate; MCPA-COA. 
me~hylenecyclopropylacetyl-CoA; CoA, coenzyme A (sum 
of all forms); CoA, coenzyme A (esterified form); CoASH 
(free form); HEPES, iV-Z-hydroxyethylpipemzine-N’- 
ethanesulphonic acid; MOPS, 3-(N-morpholino)-propane- 
&phonic acid; EDTA, ethy~enediamine-tetra-acetic acid; 
EGTA, ethanedioxybis-(e~ylamine)-tetra-acetic acid. 

of @oxidation at the stage of butyryl-CoA dehydro- 
genase (EC 1.3.2.1) (U-16), and indirectly of pyru- 
vate carboxylase (EC 5.4.1.1) by acyl-CoA esters 
accumulating in the matrix as a consequence of the 
primary inhibitions by MCPA-CoA (11,X517). 
Excess concentrations of acyl-CoA esters may either 
be hydrolysed in all tissues to the corresponding free 
acids causing an acidaemia or be conjugated in the 
liver and kidneys to their acyl-glycine conjugates, 
catalysed by glycine iV-acyltransferase (EC 2.3.1.13). 
This enzyme has a low Km for most of its acyl-CoA 
substrates and a high K,,, for glycine [18]. Therefore 
the rate of formation of harmless glycine conjugates 
of MCPA and of branched-chain fatty acids from 
their acyl-CoA esters depends on local tissue con- 
centrations of glycine rather than on the total amount 
of glycine in the animal. 

The prediction that administration of large 
amounts of glycine would decrease the toxicity of 
hypogly~n was confirmed. A prelimin~y account 
of some of this work has already appeared [19]. 

MATERIALS AND METHODS 

Chemicals. Hypoglycin (8.5%) pure was isolated 
from ackee seeds (11,20,21). The main impurities 
were leucine and isoleucine and there were no qual- 
itative differences in its biological effects compared 
with pure hypoglycin obtained by the hydrolysis of 
hypoglycin B (11,20,21). Acyl-CoA and acyl-carni- 
tine esters were prepared as previously described 
[22,23]. Isovale~l-gly~ne was a gift from Dr S, J. 
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Gatley. ~‘~~]Bicarbonate (specific r~ldio~icti~‘ity, 59.7 
m~i/mmole) was purchased from the R~~diochemicai 
Centre, Amersham, U.K. The sources of other 
materials used have been given [ 11, 121. 

Animals. Albino, male Wistar rats (usually 2SO- 
300 g) from a local inbred strain were used. 

Toxicity studies with hypoglwin. Rats were 
deprived of food overnight and then injected intra- 
peritoneally with hypoglycin (150 mgikg body wt as 
a 1% solution in 0.14 M NaCI). Glycine (75 mgikg 
body wt as an 0.33 M solution in 0. I4 M NaCl) was 
also given intraperitoneally where appropriate with 
hypoglycin and then subsequently every hour for 
6 hr to maintain high tissue c~~ncentr~~tl~~ns. This 
amount would give an extra concentration of glycine 
of about 5 mM in uic)o following each injection. 
assuming a uniform distribution throughout the body 
water without any metabolism or excretion. Controls 
were given 0.14 M NaCl, or 0.14 M NaCl followed 
by glycine. Blood samples (up to 0. I ml) were taken 
from the tail vein and glucose concentrations were 
measured by the glucose oxidasr (EC 1.1.3.4) 
method 1121 and rectal temperatures were monitored 
with a digital thermometer and a thermistor probe 
[ 121. Animals were killed by cervical dislocation and 
liver mitochondrial fractions prepared 1 I 11. All 
animals were kept at an ambient temperature of 22”. 

determination of plu.~~n~~ volatile fatt! acid con- 
centr~~~o~s. Blood was obtained from the tail vein 
of conscious rats, or through a polythene cannula 
(internal diameter No. 20 gauge) implanted in the 
right jugular vein of rats (1 SO-270 g) anaesthetised 
with e-chloralose [24]. and collected in heparinised 
tubes. The jugular veins were cannulated immedi- 
ately before collection of blood [24]. Plasma volatile 
fatty acid concentrations were determined by gas- 
liquid chromatography as previously described [ 121: 
isovaleric and 2-methylbutyric acids could not he 
separated by the method used. 

Chromatography of acyigiycine esters in urine. The 
24 hr urine output from 3 groups of 3 rats in indi- 
vidual metabolism cages was collected in vessels 
containing 2 ml H$O+ This (1 ml) was extracted 
with 2 ml of CHCl?/rr-butanol (5 : 1, v/v) and the 
extract chromatographed on sheets of silica gel with 
n-butanoliacetic acid/H20 (5 : 1 I, v/v/v) against stan- 
dards of authentic isovalerylglycine. The spots were 
detected by spraying with alkaline bromocresol 
purple (0.1 gi 100 ml of ethanol containing 0.1 ml of 
cont. NHx), and an estimate (+ 10%) made of the 
concentrations of isovalerylglycine [25]. 

Enzyme assays. Palmitoyl-CoA (long-chain) 
dehydrogenase (EC 1.3.2.2), butyryi-CoA dehydro- 
genase, isovaleryl-CoA dehydrogenase and malate 
dehydrogenase (EC 1.1. I .37) were assayed at 20” as 
previously described [11,12:23]. 

Preparation of mitochondriaf fractions. Mitochon- 
drial fractions were prepared from livers in (1.3 M 
mannitol, 5 mM HEPES, 0.1 mM EGTA, pH 7.2 

Pll. 
Measurement of fi-oxidation by mitochondria. 

Oxygen uptake by mitochondrial fractions with 
20 PM palmitoyl-carnitine as substrate was measured 
polarographically at 30” and pH 7.2 [II, 221 in the 
presence of malonate so that acyl-groups were quan- 
titatively converted to acetoacetate and the rate of 

oxygen uptake was a direct I~~e~ls~lrc of the Rux 
through ~~-~xid~~ti~~n jh]. 

~eterin~n~~tion of protein. Protein was determined 
by the method of Lowry et al. 1261. 

Measurement of pyrurltrte carboxvlation bj’ rnitn- 
chondria. The pyruvatc-dependent hxation of ‘JCC)J 
was taken as a measure of pyruvate carhoxylase 
activity in intact mitochondria [27]. The reaction was 
started by adding the mitochondrial fraction (2.6- 
15 mg of protein) to 2.0 ml of medium at ?O”, pH 
7.6. containing 12OmM KCI, 5 mM phosphate, 
1OmM KHCO:, 5mM pyruvate and 
1’4C]bicarbonate to give about 1500 cpm. in sealed 
plastic vials with an atmosphere of YSQ O&5% CO2 
with shaking (80 strokes~min). The reaction was 
stopped by the addition of cold 1.65 M HCIOI to 
give a final concentration of 0.33 M HCIO1. and a 
small piece of solid CO? was added to displace 
unfixed lJCOz. The mixture was then centrifuged in 
an Eppendnrf microcentrifuge at 9300 g for 2 min 
and the radioactivity of the supernatant was deter- 
mined using an Intertechnique SL SO liquid scintil- 
lation counter 1281. 

Preparation of isolated hepatocytes. Isolated 
hepatocytes were prepared after perfusion of rat 
livers with collagenase [29]; these preparations 
usually contained about 90% of viable cells as indi- 
cated by trypan blue exclusion. The cells were sus- 
pended in Krebs-Ringer bicarbonate medium and 
incubated with shaking at an atmosphere of 
95% 02/S% COZ, and glucose synthesis from 10 mM 
pyruvate determined as previously described [Xl]. 

RESULTS 

Effects of glycine on the toxicity, blood glucose cow 
centrations and rectal temperatures in ruts given 
hypoglycin 

The administration of large amounts of glycine to 
rats treated with hypoglycin dramatically decreased 
its toxicity and the development of hyp(~~lycaemia 
and hypothermia (Fig. 1, Table 1). The maximum 
difference between blood gtucose c~)ncentrations in 
groups of 6 rats given hypoglycin, or hypoglycin plus 
glycine, was after 6 hr (2 mM, P < O.Ol), and after 
24 hr for rectal temperatures (4. l”, P < 0.05). After 
36 hr, two animals given hypoglycin had apparently 
recovered while four died with severe hypothermia 
(Table 1). Animals given 0.14 M NaCl had the same 
blood glucose concentrations and rectal tempera- 
tures as animals given glycine alone. 

Effects of glycine on the concentrations of pk~sma 
rwlatile fatty acids in rats giwn ~7yp~~gl~~i~l 

Acetate (0. i&O.29 mM) was the only volatile fatty 
acid detected in the plasma of control animals. After 
administratio~l of hypoglycin, MCPA appeared and 
increased to a maximum concentration of 0.62 * 
0.26 mM (S.E.M.) within 6 hr (Fig. 2), and was still 
detectable after 24 hr. By contrast, when glycine was 
given after hypoglycin the maximum concentration 
of MCPA was 0.06 mM after 6 hr. and it was not 
detected after 24 hr. The combined concentrations 
of isovalerate and 2-methylbutyrate 12 hr after 
administration of hypoglycin was 9 times greater 
13.14 -C 1.1 mM (S.D.)] than in rats given both 



Glycine and hypoglycin toxicity 2819 

1 
0 3 ’ ‘VP+-+4 6 

Time (hr) 

Fig. 1. The effects of glycine on blood glucose concentra- 
tions and rectal temperatures of rats given hypoglycin. Four 
starved rats were injected with 0.14 M NaCl (O), 6 with 
hypoglycin (150 mg/kg body wt) (0), and 6 with hypoglycin 
plus glycine (O), as described in the text. (a) Blood glucose 
concentrations, means + S.E.M. (b) Rectal 

temperatures -t SD. 

hypoglycin and glycine [0.36 f 0.17 mM (SD.), 
P < 0.011 (Fig. 2). Even when plasma concentrations 
of MCPA were decreasing the concentrations of 
isovalerate plus 2-methylbutyrate rose to a maximum 
24 hr after administration of hypoglycin 
[3.05 * 1.1 mM (S.D.)]. Butyrate increased to a 
maximum concentration of about 0.6mM within 
6-12 hr in hypoglycin-treated animals, while it only 
rose to about 0.05 mM in those given both hypoglycin 
and glycine (Fig. 2). 

Since butyryl-CoA dehydrogenase is inactivated 
in hypoglycin poisoning [9, 131, sodium butyrate 
(200 mg/kg body wt) was administered intraperito- 
neally to 3 rats, also given hypoglycin (100 mg/kg 
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Fig. 2. The effects of glycine on the plasma concentrations 
of MCPA, butyrate and of isovalerate plus 2-methylbuty- 
rate in rats given hypoglycin. Rats were starved overnight 
and then injected with hypoglycin (150 mgikg body wt) and 
plasma volatile fatty acid concentrations were determined 
as described in the text. (a) MCPA after hypoglycin (0) 
or after hypoglycin plus glycine (0). (b) Butyrate after 
hypoglycin (0) or after hypoglycin plus glycine (0). (c) 
Isovalerate plus 2-methylbutyrate after hypoglycin (0) or 
after hypoglycin plus glycine (0). Values are measn ? SD. 

for 6 animals. 

body wt), and to 3 rats given hypoglycin plus glycine 
(as described above), 24 hr prior to injection of 
butyrate. Food was withheld during the experiment. 
The plasma butyrate concentration in hypoglycin- 
treated animals after 24 hr was 0.77 + 0.1 mM 
(SD.). This increased to a maximum of 2.97 2 0.69 
(S.D.) 30min after administration of butyrate and 
was still detectable 24 hr later (Fig. 3). By contrast, 
animals given hypoglycin plus glycine had butyrate 
concentrationsof only0.04 + 0.03 mM (S.D.) 30 min 
after administration of butyrate, and butyrate was 
not detectable after 24 hr (Fig. 3). Butyrate given 
to control animals was rapidly cleared and could not 
be detected in plasma after only 5 min (not shown). 
All animals treated with hypoglycin and then given 
butyrate died within 36 hr of butyrate administration, 
whilst those given hypoglycin plus glycine and then 
butyrate survived. 

Table 1. The effects of glycine on hypoglycin toxicity in rats 

Compound administered 
Blood glucose concentrations 

after 6 hr (mM) 

Plasma isovalerate 
plus 2-methylbutyrate 
concentrations after 

12 hr (mM) 
Rectal temperature 

after 24 hr (“C) 

0.14 M NaCl 4.48 ? 0.35 S.E.M. (4) 0 37.3 f 0.1 S.D. (4) 
Glycine 4.99 2 0.68 37.0 + 0.6 
Hypoglycin* 2.71 ? l.lOt $1 3.14 + 1.14-P S.E.M. (6) 33.9 5 3.2’~ I:{ 
Hypoglycin plus 
glycine 4.97 -r- 0.62t (6) 0.37 * 0.17t (6) 38.0 ? 0.5$ (6) 

Starved rats were injected with hypoglycin and glycine as described in the text. The values are means f S.E.M. or 
S.D. as appropriate and the number of animals is given in parentheses, these are for times of maximum differences 
between control and hypoglycin-treated animals which occurred at 6 hr, 12 hr and 24 hr for glucose, organic acids and 
for temperature respectively. 

* Four animals died after 36 hr. Significance of the differences between values, t P < 0.01 or $ P < 0.05. 
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The effects of glycine on plasma concentrations of 
butyrate in rats given hypoglycm. Kats were starved over- 
night and then injected intraperitoneally with hypoglycin 
(lk mg/kg body 6t) (0) or hipoglycin plus glycine (75 mg 
per rat as an 0.33 M solution in 0.14 M NaCl at the same 
time as hypoglycin and then every hour for 6 hr) (O), 24 hr 
before the intraperitorieal administration of butyrate 
(200 mg/kg body wt). Plasma butyrate concentrations were 
determined as described in the text. Values are means 

2 SD. for 3 animals 

Disposal of plasma isovalerare 

The plasma concentrations of isovalerate 5 min 
after intravenous administration (200 mg/kg body 
wt) were 10.5 2 1.1 mM (S.E.M.) for animals given 
isovalerate alone, and 6.1 * 0.5 mM (S.E.M.) for 
those given isovalerate plus glycine (Fig. 4). In both 
cases, a semi-logarithmic plot of concentrations 
against time indicated biphasic elimination kinetics, 
with rapid lowering of isovalerate concentrations and 
an extrapolated initial plasma concentrations of 

12 r T 

Time (mini 

Fig. 4. The effects of glycine on the disposal of isovalerate 
in normal rats. Isovalerate (200 mg/kg body wt) was given 
intravenously through a previously implanted cannula in 
the right jugular vein, either alone (as 0.15 M sodium 
isovalerate) or together with 75 mg of glycine as 0.33 M 
glycine in 0.14 M NaCI. Blood samples were withdrawn at -. 
appropriate times via the cannula-and replaced with an 
eauai volume of 0.14 M NaCl or with 0.33 M glvcine in 
0.14 M NaCl. Piasma isovalerate concentrations were 
determined as described in the text; after isovalerate (0) 
or after isovalerate plus glycine -(*). Values are means 
t S.E.M. for animals. Insert: a semilogarithmic plot of this 

data. 

about 15 mM. Administration of glycine decreased 
the time at which isovalerate fell to 5OV of their 
initial values from about 11 min to 5 min. 

Effect of glycine on the excretion of isooaleryl-glycine 
by rats given hypoglycin 

Three groups of 3 rats were starved for 24 hr and 
then given hypoglycin intraperitoneally (100 mgikg 
body wt). One group was then given glycine (as 
described above) after a further 30 min, and another 
after 3 hr, and the acyl-glycine excretion determined 
[25]. Most isovaleryl-glycine was excreted by the 
rats given hypoglycin alone and least by those given 
glycine after 3 hr (Table 2). This agrees with Kean 
and Rainford who confirmed the identity of 
isovaleryl-glycine after administration of 
[l-‘4C]isovalerate 1251. Chromatograms of the 
urine extracts revealed a second acyl-glycine spot 
(Rf = 0.46). It was suggested that this was MCPA- 
glycine 1251. However, as it was most dense on 
chromatograms of urine from animals given hypo- 
glycin alone its identity is uncertain. 

Acyi-CoA dehydrogenase acrivities in liver mite- 
chondrial fractions from rats given hypoglycit~ or 
hypoglycin plus glycine 

Butyryl-CoA and palmitoyl-CoA dehydrogenase 
activities were measured in extracts of mitochondrial 
fractions prepared from livers taken from rats 24 hr 
after administration of hypoglycin. Butyryl-CoA 
dehydrogenase activity was inhibited by 60% com- 
pared with the controls. Palmitoyl-CoA dehydro- 
genase was not inhibited. Isovaleryl-CoA dehydro- 
genase was inhibited by about 40% and 2- 
methylbutyryl-CoA dehydrogenase .by about 27%. 

Butyryl-CoA dehydrogenase actlvlty in extracts 
of mitochondria1 fractions prepared from livers taken 
from rats 24 hr after administration of hypoglycin 
plus glycine was only inhibited by 20% and no 
inhibition of isovaleryl-CoA and 2_methylbutyryl- 
CoA activities was detected (Table 3). 

Effect of glycine on the inhibition of palrnito~l- 
carnitine oxidation b,y isolated liver mitochondrral 
fractions 

Preincubation of mitochondrial fractions with 
OSmM MCPA decreased the rate and extent of 
oxidation of 10 ,uM palmitoyl-carnitine added sub- 
sequently, the palmitoyl-group only being oxidised 
as far as butyrate 16. 131. Addition of high concen- 

Table 2. Excretion of isovaleryl-glycine by rats given 
hypoglycin or hypoglycin plus glycine 

Treatment 

Hypoglycin 
Hypoglycin + glycine 
after 30 min 
Hypoglycin + glycine 
after 3 hr 

Urinary excretion 01 
isovaleryl-glycine 

(mgidayirat) 

60.0 + 1.0 

16.0 t 4.0 fP < 0.02 

25.0 IT I.0 *P i 0.05 

Values are the means rt S.E.M. for 3 rats. “P is the 
significance of the differences from hypoglycin alone. 
Experimental details are given in the text. 
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Table 3. Acyl-CoA dehydrogenase activities in mitochondrial fractions from livers taken from 
rats 24 hr after administration of hypoglycin or of hypoglycin plus glycine 

Percentage inhjbitjon after 24 hr 

Treatment 
Butyryl-CoA 

dehydrogenase 
Isovaleryl-CoA 
dehydrogenase 

2-Methylbutyryi- 
CoA dehydrogenase 

Glycine Hypoglycin 6lL 0 39 + 7 27L 
Hypogfycin + glycine 21 lt4 0 0 

Values are the means z!z S.E.M.for 3 animals. Suspensions of mitochondria in 1OmM phos- 
phate, pH 7.2, were solubilised by addition of 1% Triton X-100 and the dehydrogenase activities 
were determined in the supernatants obtained after centrifugation at lSO,oOOg,, for ho min [12]. 
The control rates were: butyryl-CoA dehydrogenase, isovaleryl-CoA dehydrogenase and 2- 
methylbutyryl-CoA dehydrogenase were 37 2 8, 25 + 7 and 20 Z+I 8 nmole/min/mg of protein 
respectively. 

trations of glycine (25 mM) after preincubation with 
MCPA had no effect on this limited oxidation. How- 
ever, addition of 8 mM glycine together with 0.5 mM 
MCPA essentially prevented inhibition of 
palmitoyl-carnitine oxidation, while 8 mM glycine 
alone had no effect on the rate (Fig. 5). Further, 
glycine allowed the complete oxidation of the 
palmitoyl-groups to acetoacetate (not shown). 

Effect of gtycine on the inhibition of gtuconeogenesis 
in isolated hepatocytes by hypogtycin 

The hepatocytes synthesised giucose at linear rates 
for 2 hr from 10 mM pyruvate, with very little appar- 
ent synthesis from 8 mM glycine. Addition of 4 mM 
hypoglycin caused up to 55% inhibition which only 
deveioped after 1 hr of incubation (Fig. 61, presum- 
abfy because of the time taken to generate enough 
of the inhibitory metabolite MCPA-CoA [ti, 121. In 
the presence of 8 mM glycine the inhibition of glu- 

case synthesis was sig~ficantly less (P < 0.01) (Fig. 
6), maximum relief of inhibition was obtained with 
8 mM glycine {not shown}. 

Effects of @y&e o)‘t rhe inhibitor of CU~-~a~~ff 
in tiuer ~ii~ho~drtai fractions by MCPA and by 
~Q~~rate 

Pyruvate carboxylase in the mitochond~al matrix 
catalyses fixation of CO2 in the presence of pyruvate 
with the formation of oxaloacetate, with acetyl-CoA 
as an obligatory allosteric activator [31]. Although 
oxaloacetate largely undergoes further transforma- 
tions measurement of the amount of 14C02 fixed (as 
several organic acids) is a good measure of the 
activity of pyruvate carboxylase. Preincubation of 
mitochondria with 5 mM glycine alone for 5 min had 
little effect on the fixation of 14C02. This was 
inhibited by 50% by preiucubation with 0.05 mh4 
MCPA, and 5 mM glycine decreased the inhibition 

T moms atoms 0 

lO@ Pai.CN 
r2min. 

Fig. 5. The effect of glycine on the inhibition of state 3 oxidation (see Ref. Ill]) of palmitoyl-carnitine 
by MCPA in isolated mitochondrial fractions. Rat liver mitochondria (about 9mg of protein) were 
added ivhere indicated by uniabe~led arrows to 3.0 ml of medium at 30” containing 120 mM KCl, 10 mM 
MOPS, 5 mM MgCiz, 2.5 mM phosphate, 1.0 mM EDTA, 1.0mM ADP and 5 mM maionate, pH 7.2. 
Other additions were made as shown, paimitoyl-carnitine (PaLCN), glycine (Gly). The rates of oxygen 

uptake (ng atoms of 0 per min per mg of protein) are given in parentheses, 



2822 S. S. AL-BASSAM and H. S. A. SHERRATI 

250 

: 

0 30 60 90 120 
Time (mid 

Fig. 6. The effect of glycine on the inhibition by hypoglycin 
of glucose synthesis from pyruvate in isolated rat hepato- 
cytes. Hepatocytes (10 mg dry wt) were incubated in a final 
volume of 4.0 ml of Krebs-Ringer-phosphate medium con- 
taining 10 mM pyruvate as described in the text; glucose 
synthesis from pyruvate (O), pyruvate plus 4 mM hypo- 
glycin (0) or pyruvate plus 4 mM hypoglycin and 8 mM 
glycine (0). Values are means t S.E.M. for 3 incubations. 

to about 20% (Fig. 7). Preincubation with 0.2 mM 
isovalerate also inhibited 14COz-fixation by 60%) 
while in the presence of 5 mM glycine the inhibition 
was 40% (Fig. 7). 

DISCUSSION 

The primary inhibitions in hypoglycin poisoning 
are of some acyl-CoA dehydrogenases, including 
butyryl-CoA, isovaleryl-CoA and 2-methyl-CoA 
dehydrogenases by MCPA-CoA, leading to accu- 

mulation of their substrates in the mitochondrial 
matrix (11-15). Acyl-CoA dehydrogenases con- 
cerned in the catabolism of polyunsaturated fatty 
acids are also inhibited [32]. Detailed arguments 
have been given [6, 111 against the claim that the 
biochemical effects of hypoglycin are simply due to 
sequestration of CoA (and also of carnitine) as its 
inert metabolites [33]. 

Several enzymes in liver mitochondrial fractions 
hydrolyse acetyl-CoA and other acyl-CoA esters. 
These are mainly latent and may be partly lysosomal 
[34-361. Such deacylases also occur widely in extra- 
hepatic tissues. Many have very high K,,,‘s for their 
substrates (about 0.5-2 mM) and some are inhibited 
by CoASH [14,35]. Their kinetic properties indicate 
that deacylation is a safety mechanism to oppose too 
much acylation of the available CoA (the total CoA 
concentrations in the mitochondrial matrix is about 
5 mM [ll]). It may be assumed that normally 
steady-state concentrations of CoA esters involved 
in metabolism are not high enough to be deacylated 
significantly [6, 121. Only when there is excessive 
accumulation of CoA esters (either of endogenous 
or foreign origin) as in some inborn errors of metab- 
olism such as isovalericacidaemia or following inges- 
tion of some poisons including hypoglycin, is dea- 
cylation likely to become important. 

Another major route for the disposal of some 
acyl-CoA esters with recycling of CoASH is by for- 
mation of acyl-glycine conjugates catalysed by gly- 
tine N-acylase, apparently limited to liver and kidney 
[37]. Glycine N-acylase occurs in the matrix of liver 
mitochondria [38] and has a high K, for glycine; 
3.3 mM with tiglyl-CoA as cosubstrate 1181 or 15 mM 
according to older work [39]. Both V,,,,, and K,,, 
values for different acyl-CoA esters vary, the K,,, is 
0.18 mM for isovaleryl-CoA and 0.11 mM for 2- 
methyl-butyryl-CoA (there is no information for 
MCPA-CoA) [18]. The rate of conjugation of an 
acyl-CoA ester in vivo therefore depends both on 

Tima (mini 

Fig. 7. The effects of glycine on the inhibition of pyruvate-dependent fixation of CO2 by MCPA and 
by isovalerate in isolated rat liver mitochondrial fractions. Pyruvate-dependent fixation of CO* was 
measured as described in the text. (a) Inhibition by MCPA, additions: 5 mM pyruvate (0). 5 mM 
pyruvate plus 5 mM glycine (m), 5 mM pyruvate plus 50 PM MCPA (0), 5 mM pyruvate plus 50 PM 
MCPA, and 5 mM glycine (0). (b) Inhibition by isovalerate, additions: 5 mM pyruvate (0). 5 mM 
pyruvate plus 5 mM_glycine‘ (i), 3 mM pyruvatd plus 0.2 mM isovalerate (0), 5mM pyruvate plus 
0.2 mM isovalerate and 5 mM glycine (O), 0.2 mM isovalerate (A), and 5 mM glycine (A). Mitochondria 

were preincubated with the other additions before adding pyruvate. 
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its own concentration, and on that of glycine which 
was reported to be about 5 mM in livers of starved 
rats 1401 and which is unlikely to be saturating. 
Glycine readily crosses the inner mitochondrial 
membrane and its concentration equilibrates 
between the cytosol and matrix [41]. Conjugation 
of acyl-CoA esters therefore competes most effec- 
tively with hydrolysis when there is a high concen- 
tration of glycine. It was predicted that artificially 
increasing the concentration of glycine should 
decrease the toxicity of hypoglycin in three ways. 
First, by directly decreasing the inhibition of target 
dehydrogenases by lowering the concentration of 
MCPA-CoA in liver and kidney. Second, by increas- 
ing the rate of conjugation of excess isovaleryl-CoA 
and of 2-methylbutyryl-CoA in these tissues should 
any inhibition still occur, thus decreasing the 
amounts of isovalerate and of 2-methylbutyrate 
formed by hydrolysis of these esters [19]. Third, by 
indirectly lowering the concentration of MCPA-CoA 
in peripheral mitochondria. 

This prediction was fulfilled since the administra- 
tion of large amounts of glycine dramatically pre- 
vented the lethal, hypoglycaemic, organicacidaemic 
and hypothermic effects of hypoglycin (Fig. 1, Table 
1) [19]. Butyryl-CoA dehydrogenase was not inac- 
tivated sufficiently to impair Boxidation in rats given 
h~oglycin and glycine, since plasma butyrate con- 
centrations remained low (Figs, 2 and 3). Exogenous 
glycine, however, did not prevent small increases in 
plasma concentrations of isovalerate plus 2- 
methylbutyrate and of MCPA (Fig. 2, Table 1). 
Hypoglycin is also converted to MCPP, and some 
of this is oxidatively decarboxylated to MCPA-CoA, 
in extrahepatic tissues [6] so that some inhibition of 
branched-chain fatty acid catabolism and of @-oxi- 
dation would not be prevented in those tissues where 
conjugation does not occur. Because of the greater 
specific activities of leucine-glutamate aminotrans- 
ferase (EC 2.6.1.6) in muscle, and of branched-khan 
2-oxoacid dehydrogenase (EC 1.2.4.4) in liver [42], 
much, but not ail, of the MCPP and 2-oxoisocaproate 
formed peripher~ly is transported in the blood to 
the liver to be converted to MCPA-CoA and 
isovaleryl-CoA respectively (see Ref. [6]). Further, 
MCPA-CoA, and excess isovaleryl-CoA and 2- 
methylbutyryl-CoA formed in peripheral tissues is 
deacylated, and the MCPA, isovalerate and 2-meth- 
ylbutyrate released (normally isovalerate and 2- 
methylbutyrate cannot be detected in blood (Table 
1)) is also transported to the liver and kidneys where 
some of each of these free acids is reacylated in 
mitochondria by an acyl-CoA synthetase (presum- 
ably butyryl-CoA synthetase (EC 6.2.1.2) [ll]). The 
concentration of MCPA-CoA in the matrix of mito- 
chondria depends on the balance of the rates of a 
‘futile cycle’ between acyIation and deacylation, that 
of acylation being dependent on the availability of 
circulating MCPA which in turn is partly determined 
by the rate of conjugation of MCPA. An increased 
rate of conjugation of MCPA-CoA with glycine in 
the liver and kidneys therefore indirectly decreases 
the concentration of MCPA-CoA in other tissues. 
Evidence for the formation of CoA esters of MCPA 
and of isovalerate is given by the rapid clearance of 
injected isovalerate in normal rats 12.51, which is 

increased further by administration of glycine (Fig. 
4), and by the hypoglycaemi~ effects of free MCPA 
1431 which does not directly inhibit ~oxidation f14]. 

There is evidence that impaired gluconeogenesis 
in hypo~ycin-~isoning is in part due to competitive 
inhibition of the activation of pyruvate carboxylase 
by acetyl-CoA by the excessive accumulation of 
acyl-CoA esters including butyryl-CoA, isovaleryl- 
CoA and MCPA-CoA [ll ,171. Inhibition of glu- 
coneogenesis from pyruvate by hypoglycin or by 
isovalerate in isolated hepatocytes was decreased by 
glycine (Fig. 6). Further evidence for the proposed 
mechanism of the protective effect of glycine is pro- 
vided by the prevention of the inhibition of poxi- 
dation by MCPA-CoA (Fig. S), and of pyruvate 
carboxylase by MCPA or isovalerate, in mitochon- 
drial fractions from liver (Fig. 7). 

These results suggest that administration of large 
amounts of glycine may be of value in the treatment 
of ackee poisoning in man (in addition, of course, 
to other appropriate therapy) 1191. Glycine is both 
inexpensive and apparently nontoxic. It has already 
been used to lower plasma concentrations of iso- 
valerate in the treatment of hereditary isovaleric- 
acidaemia where there is an absence of isovaleryl- 
CoA dehydrogenase [44,45]. It is well known that 
administration of glycine increases the rate of 
elimination of benzoate and some other aromatic 
acids as their glycine conjugates (see Refs. [46,47]), 
this effect having been reported as long ago as 1914 
[48]. Conversely administration of benzoate has been 
used to iower plasma concentrations of glycine in 
hereditary hyperglycinaemia 1491. 

Two other compounds, L-carnitine and riboflavin, 
have been reported to decrease the hypoglycaemic 
effects and toxicity of hypoglycin [33,50]. We have 
been unable to obtain any convincing evidence that 
L-carnitine protects against the acute hypoglycaemic 
or hypothermic effects of hypoglycin in mice, nor 
had it any effect on the organica~idaemia [9, Xl]. 
The protection by riboflavin against the chronic tox- 
icity of repeated administration of hypogly~in is well 
established [SO, 511. Riboflavin may permit the syn- 
thesis of new acyl-CoA dehydrogenases which have 
flavin prosthetic groups [6]. 
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