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Inhibition by Phenylpyruvate of Gluconeogenesis in the 
Isolated Perfused Rat  Liver? 

Ifeanyi J. Arinze$ and Mulchand S. Patel* 

ABSTRACT: In livers perfused with no substrates, phenylalanine 
increased the rate of glucose production 3- to 4-fold whereas 
phenylpyruvate, the major a-keto acid produced in phenyl- 
ketonuria, abolished glucose production in these livers. 
Gluconeogenesis from pyruvate (2 mM) was reduced by about 
30% by phenylalanine (2-5 mM), but this inhibition appeared 
to be due to the production of phenylpyruvate. Increasing 
concentrations (0-5 mM) of phenylpyruvate progressively 
inhibited gluconeogenesis from pyruvate such that more than 
75% inhibition was attained at 5 mM phenylpyruvate in the 
perfusion medium. Phenylpyruvate (2 mM) also inhibited to 

T he primary defect in classical phenylketonuria, an inborn 
disorder of phenylalanine metabolism, is the absence of 
hepatic phenylalanine hydroxylase (Jervis, 1953). In untreated 
phenylketonuric patients, this defect results in elevated plasma 
levels of phenylalanine and its metabolites, especially phenyl- 
pyruvate. The etiology of cerebral retardation in this disorder 
has been a subject of considerable interest (for review, see 
Bickel et al., 1971). An inhibition of energy generation via 
glycolysis in brain by phenylalanine and phenylpyruvate has 
been proposed by Weber et al. (1970) as a major biochemical 
abnormality during development and differentiation in phenyl- 
ketonuric children. Recently we observed a 2-fold increase in 
the levels of pyruvate and lactate in the plasma of untreated 
phenylketonuric children as opposed to normal individuals 
(Sutnick et a/., 1972), suggesting an impairment in pyruvate 
metabolism in these patients. The isolated perfused liver is a 
suitable system to study the effect of phenylalanine and phenyl- 
pyruvate on pyruvate metabolism in an intact organ since 
glucose production from pyruvate and a variety of other sub- 
strates can be conveniently monitored. 

Materials and Methods 

Materials. Male, Sprague-Dawley rats weighing 150-200 g 
were fed Wayne Laboratory blox (Allied Mills, Chicago, Ill.) 
and water ad libitum. NaH14C08 (specific radioactivity 10-20 
Ci/mol) was purchased from New England Nuclear Corp.; 
sodium [ 1 - l  4C]pyruvate (specific radioactivity 14.4 Ci/mol) and 
[l-14C]a-ketoglutarate (specific radioactivity 10-15 Ci/mol) 
were obtained from Amersham/Searle Corp. L-Phenylalanine 
was obtained from General Biochemicals Inc., and sodium 
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varying degrees gluconeogenesis from propionate, malate and 
alanine. Glucose production from glycerol was not affected. In 
liver homogenates phenylpyruvate decreased the carboxylation 
and decarboxylation of pyruvate. This effect was shown to 
markedly contribute to  the reduction of gluconeogenesis from 
pyruvate by the perfused liver. In addition phenylpyruvate also 
reduced the decarboxylation of [1-14C]a-ketoglutarate to 
I4CO2 suggesting an inhibitory effect on the tricarboxylic acid 
cycle activity which may account for the phenylpyruvate- 
induced reduction in glucose production from a variety of 
substrates. 

phenylpyruvate from Sigma Chemical Co. All other chemicals 
were purchased from readily available sources. 

Liver Perfusion. Rats (150-200 g), starved for 24 hr, were 
anesthesized by intraperitoneal injection (50 mg/kg of body 
weight) of sodium pentobarbital (Nembutal). Details of the 
cannulation of the portal vein and the vena cava and the isola- 
tion of the liver have been described (Arinze et al., 1973; 
Jomain-Baum et a/., 1973). The technique ofliver perfusion was 
the hemoglobin-free perfusion system (Schnitger et a/., 1965 ; 
Scholz et a[., 1966) and employed a rotating disc oxygenator 
(Scholz, 1968). The perfusion apparatus was used as a flow- 
through system in which the venous effluent was not recircu- 
lated. The perfusion medium was Krebs-Ringer bicarbonate 
buffer (pH 7.4) which was freshly made each day and oxy- 
genated continuously with a stream of an 0 2 : C O z  mixture 
(95 : 5 v/v). Oxygen uptake was monitored by an in-line Clark- 
type oxygen electrode which measured the oxygen tension in 
the venous effluent. High flow rates (20-28 mlimin) through 
the liver were maintained and adjusted as needed to ensure 
adequate oxygen uptake by each liver. The nonrecirculating 
system was ideally suited for kinetic studies because it 
allowed unlimited and rapid sampling of the perfusate. Since 
the perfusion fluid passed through the liver only once, the 
continuous infusion permitted the maintenance of low and 
presumably near physiological levels of substrates throughout 
the perfusion. However, the large volumes of perfusion fluid 
used precluded the routine use of albumin. This omission did 
not affect rates of oxygen consumption, substrate utilization 
and glucose production in livers perfused with or without 
fatty acids and rates of gluconeogenesis from high (10 mM) 
concentrations of lactate were comparable to rates from re- 
cycling experiments (Ross et al., 1967; Soling et al., 1970) in 
which 3 

About 5-ml aliquots of the perfusate were removed at fre- 
quent intervals and analyzed directly for glucose with a Tech- 
nicon Auto-analyzer using the glucose oxidase-peroxidase 
method (Hill and Kessler, 1966). In some experiments, the 
perfusate was also analyzed for lactate (Hohorst, 1965) and 
phenylpyruvate (Knox and Pitt, 1957). In experiments where 
livers were rapidly freeze clamped (Wollenberger et al., 1960) 

albumin was included in the perfusion medium. 
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F I G U R E  1 : Effect of L-phenylalanine on glucose production from 
pyruvate in the perfused rat liver. Livers from 24-hr fasted rats 
were preperfused with Krebs-Ringer bicarbonate buffer (pH 7.4) for 
30 min. Pyruvate (2  mM) was then introduced and maintained at 
this concentration for the duration of the experiment. At 50 min 
L-phenylalanine was infused from a pump to deliver the indicated 
concentrations at the portal vein input. Points plotted are means 
&SEM(vertical bars) for six livers. 

TABLE I :  Effect of Phenylalanine and Phenylpyruvate on 
Glucose Production and Oxygen Consumption in Perfused 
Rat Liver Metabolizing Various Gluconeogenic Substrates 

pmol,’min per g wet wt 

Glucose Oxygen 
Substrate Production Uptake 

___ 
None (15) 0 032 c 0 008 1 31 0 09 
Phenylalanine (4) 0 137 i 0 042 2 23 0 11 
Phenylpyruvate (4) 
Pyruvate (6) 

0 008 i 0 003 2 09 I 0 20 
0 303 I 0 015 2 00 1: 0 20 

+Phenylalanine (6) 0 190 i: 0 017 2 02 t 0 15 
tPhenylpyruvate(6) 0 170 f 0 012 2 03 & 0 13 

0 430 t 0 042 2 97 T 0 12 
+Phenylalamne(6) 0 692 = 0 045 nd 
+Phenylpyruvate (6) 0 445 i 0 047 3 04 + 0 16 

L-Malate (5) 0 073 - 0 012 1 86 0 13 
+Phenylalanine (2) 0 141 2 15 
+Phenylpyruvate (3) 0 01 1 i 0 002 1 73 t 0 13 

Propionate (3) 0 171 f 0 034 nd 
+Phenylpyruvate (3) 0 059 t 0 017 nd 

Glycerol (6) 

- - - ~ 

“Livers from 24-hr starved rats wfre perfused with sub- 
strate (2 mM) for 20 min follohed by 2 m v  phenylalanine or 
phenylpyruvate for another 30 min Glucose production in 
the absence of added substrate or inhibitor was measured 
after 30-min perfusion with Krebs-Ringer bicarbonate b u f k  
immediately preceding the addition of substrate or inhibitor 
Values given are means i S E M  for the number of animals 
indicated in parentheses nd = not determined 

during perfusion, the frozen tissue was pulverized and ex- 
tracted with perchloric acid as described previously (Arinze 
et a/., 1973) except that the Florisil step was omitted. Estab- 
lished spectrophotometric and enzymatic methods (Berg- 
meyer, 1963) were used to measure ATP, ADP, AMP, malate, 
phosphoenolpyruvate, 2-phosphoglycerate, and 3-phospho- 
glycerate in neutralized extracts. No correction was made for 
extracellular fluid content in the calculation of tissue metabo- 
lite concentrations. 

Carboxylation of Pyrucute (Fixation of HI ICOh-) by Licer 
Homogenates. Rats fed ad libiturn were killed by cervical dis- 
location and livers were rapidly removed and transferred into 
ice-cold buffered sucrose medium (0.3 M sucrose-5 mM tri- 
ethanolamine buffer, pH 7.41. Homogenates (10% wlv) were 
prepared in the same sucrose medium. The composition of the 
reaction mixture and the additions are described in the legend 
to Figure 4. The fixation of H l fC03-  in the presence of pyr- 
uvate by liver homogenates was measured as described previ- 
ously (Patel and Hanson, 1970). 

Decarboxylation of [l-14C]Pyrucate and [l-14CC]ct-Keto- 
gluiurare to 1 T O 2  by Licer Homogenures. Liver homogenates 
were prepared as described above. Incubations were carried 
out in 25-ml erlenmeyer flasks with rubber serum caps 
equipped with hanging polyethylene cups. The composition of 
the reaction mixture, the additions and experimental details 
are given in the legend to Table 11. The reaction was initiated 
by the addition of liver homogenate. After the appropriate 
incubation time, 0.4 ml of Hyamine-1OX hydroxide was in- 
jected into the polyethylene cup through the rubber cap, 
followed by 0.6 ml of 36% (v/v) perchloric acid into the 
reaction mixture. The flasks were shaken for an  additional 40 
min to collect I4CO2 and then the content of the cup was trans- 
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ferred into 15 ml of toluene scintillation fluid and the radio- 
activity was measured. 

Results 

Effect oj’PIieny lulunine and Phen~,lp~~riicutp o t i  Gluconeogene- 
sis in tlze Perfused Lirer. Figure 1 shows the inhibitory effect of 
phenylalanine on the rate of glucose production from 2 rnM 
pyruvate. The rate of gluconeogenesis fell by about 30 of the 
initial rate when the phenylalanine concentration in the perfu- 
sion medium was 2--5 mbi, indicating that saturating levels of 
the inhibitor had been attained. In these experiments each liver 
served as its own control. The return of glucose production to 
near control levels upon termination of the infusion of phenyl- 
alanine demonstrates that linear rates of gluconeogenesis were 
maintained by the nonrecycling system. In livers perfused 
without substrates, phenylalanine increased the rate of glucose 
output 3- to 4-fold (Table I), suggesteing that phenylalanine 
itself may not be the inhibitor in the experiments shown in 
Figure 1. The increase in O? uptake consequent to the addition 
of phenylalanine is consistent with the metabolism of this 
amino acid (Meister, 1965). Hepatic phenylalanine amino- 
transferase (Utena and Saito, 1951; Meister er a/.,  1956) or 
aspartate aminotransferase (Miller and Litwack. 1971 ; 
Shrawder and Martinez-Carrion, 1972) catalyzes the conver- 
sion of phenylalanine to phenylpyruvate. In the experiments of 
Figure 1 the intracellular concentration of phenylpyruvate was 
not determined but its concentration in the effluent perfusate 
was 0.02-0.05 mht when the level of phenylalanine in the perfu- 
sion medium was 2-5 mhLz. When a transaminase inhibitor, 
aminooxyacetate (Hopper and Segal, 1962), was used a1 it 
concentration of 0.2 mM to partially block the conversion of 
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FIGURE 2: Effect of phenylpyruvate on glucose production from 
pyruvate in the perfused liver. Livers were perfused as described 
in legend to Figure 1. Points plotted are means *SEM (vertical 
bars) for five livers. 

phenylalanine to  phenylpyruvate, the inhibition of glucose 
production by 5 mM phenylalanine was partially reversed 
(0.183 i 0.014 pmol of glucose/min per g in the absence of 
aminooxyacetate 1’s. 0.221 i 0.008 in its presence, four experi- 
ments). Although this difference is not very impressive, the 
partial reversal a t  high phenylalanine concentrations suggests 
that the inhibition of glucose production in the presence of 
phenylalanine was perhaps due to the keto acid metabolite of 
phenylalanine rather than to phenylalanine itself. In parallel 
experiments, increasing perfusate concentrations of phenyl- 
pyruvate progressively inhibited gluconeogenesis such that 
glucose production was reduced by more than 75 % a t  a phe- 
nylpyruvate concentration of 5 mM (Figure 2). Oxygen con- 
sumption was not altered and the inhibition of glucose produc- 
tion was completely reversed upon termination of the phenyl- 
pyruvate infusion. 

In  order to locate the site of the observed inhibition, the 
effect of phenylpyruvate on glucose production from various 
precursors which enter the gluconeogenic sequence at  dif- 
ferent stages was tested a t  equal perfusate concentrations (2 
mM) of substrate and inhibitor. Table I shows that gluconeo- 
genesis from glycerol was not affected by phenylpyruvate. 
With this substrate, there was a significant increase ( P  <0.001) 
in glucose production upon the addition of phenylalanine 
which is explained by the gluconeogenic nature of this amino 
acid. Glucose production from L-malate was inhibited by 
about 85 by phenylpyruvate but was stimulated in the pres- 
ence of phenylalanine. Phenylpyruvate also inhibited 
gluconeogenesis from propionate by about 65 %. The data in 
Table I suggested that the inhibition occurred below the level 
of triose phosphates. Attention was therefore directed towards 
elucidation of the reactions most likely to be affected by the 
inhibitor. In this regard, inhibition of pyruvate utilization 
appeared most likely on the basis of previous studies with rat 
brain mitochondria (Patel, 1972). Therefore, we measured 
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FIGURE 3: Effect of phenylpyruvate on glucose and lactate produc- 
tion from alanine in the perfused liver. Livers were perfused as in- 
dicated in the legend to Figure 1. The concentration of L-alanine 
in the perfusion medium was 2 mM. Beginning at 50 min phenyl- 
pyruvate war introduced and maintained at 2 mM by constant in- 
fusion for 16 min. Points plotted are mean? i S E M  (vertical bars) 
for four experiments. 

glucose and lactate production from alanine in the perfusate 
before, during and after the infusion of phenylpyruvate 
(Figure 3). Upon phenylpyruvate infusion. the rapid decrease 
in glucose production was accompanied by an immediate rise 
in lactate production which fell off to the initial values when 
the phenylpyruvate infusion was stopped. This finding is 
consistent with a reduced pyruvate utilization which would be 
expected to result in an increased production of lactate. 
Phenylpyruvate, at  the concentrations used in this study, did 
not affect the activity of phosphoenolpyruvate carboxykinase 
in agreement with the data of Seubert and Huth (1965). Since 
the immediate fate of pyruvate during gluconeogenesis is its 
carboxylation to oxalacetate as well as its oxidation, the data 
do  not indicate whether the inhibition of one or both of these 
processes was responsible for the reduced glucose production. 
Two approaches were used to assess the extent to which these 
reactions were affected by phenylpyruvate and the relative im- 
portance of these interactions to overall glucose production in 
the perfused liver. First, the capacity of liver homogenates to 
carboxylate and decarboxylate pyruvate in the presence of 
various concentrations of substrate and inhibitor was tested. 
Secondly, gluconeogenesis from pyruvate by the perfused liver 
was measured under conditions known (Jagow et al., 1968; 
Stucki et al., 1972) to  suppress pyruvate metabolism via 
pyruvate dehydrogenase. 

Effect of Phenylalanine and Phenylpyruvate on Pyruvate 
Carboxylation by Liver Homogenates. At a pyruvate concen- 
tration of 5 mM which ensures maximum fixation of HI4CO3- 
in the system used the carboxylation of pyruvate was progres- 
sively inhibited by increasing the concentration of phenyl- 
pyruvate from 0 to 5 mM (Figure 4). In this system, 14C is 
incorporated into organic acids, principally citrate and malate 
(Walter et al . ,  1966). A 50% inhibition of this process was 
attained at  a phenylpyruvate concentration of 0.75 mM. When 
the concentration of pyruvate was lowered to 0.5 mM, the 
carboxylation process was inhibited by 50% at a phenyl- 
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FIGURE 4: Effect of various concentrations of  phenylalanine and 
phenylpyruvate on the fixation of H14C03- in the presence of pyru- 
vate by rat liver homogenates. The reaction mixture contained, in a 
final volume of 1 ml; 6.6 mM potassium phosphate buffer (pH 7.41, 
6.6 mM triethanolamine buffer (pH 7.4), 4 mM ATP (potassium 
salt), 10 mM MgCI2, 10 mM KH14C03 (1 Wtci), and 157 mM sucrose. 
Potassium pyruvate was added at either 0.5 mM (circles) or 5 mb1 
(triangles). L-Phenylalanine (0,A) or phenylpyruvate (.,A) was 
added to give the final concentrations indicated. The reaction was 
started by adding liver homogenates (approximately 10 mg of tissue) 
and the incubation was carried out for 15 min at 37". Points plotted 
are the means i S E M  (vertical bars) of four experiments. 

pyruvate concentration of 0.25 mM. In contrast. phenylalanine 
had no appreciable effect. 

Effect of Phenylalanine and Phenylpyruuate on the Oxidation 
of [I-14CJPj.ruaate and [I-14C]cr-Ketoglutarate by Liver Ho- 
rnogenates. Pyruvate oxidation aia pyruvate dehydrogenase 
was measured by following the decarboxylation of [1-14C]- 
pyruvate to 14C02. The addition of 1 mM phenylpyruvate in- 
hibited 14C02 production from pyruvate by 15 % irrespective 
of the pyruvate concentration in the incubation medium (Table 
11). This inhibition increased to 40% when the concentration 
of phenylpyruvate was raised to 5 mM. The addition of 
phenylalanine up to 5 mM had no influence on the decarboxyla- 
tion of pyruvate. Gluconeogenesis from a variety of substrates 
is supported by the activity of the tricarboxylic acid cycle. 
Since glucose production from propionate, which is not 
metabolized aia pyruvate, was also inhibited by phenylpyr- 
uvate(Tab1e I) we tested the effectof this inhibitor on theoxida- 
tion of [l-14C]a-ketoglutarate. This reaction is analogous to 
that of pyruvate oxidation and, as can be seen in Table 11, was 
markedly inhibited by phenylpyruvate but not by phenyl- 
alanine. At 0.5 and 5 mM [l-14C]a-ketoglutarate, phenyl- 
pyruvate at concentrations of 1 and 5 mM reduced the oxi- 
dation of the substrate by about 40 and 7 0 x ,  respectively. It 
should be noted that at similar substrate and inhibitor con- 
centration, phenylpyruvate exerted greater inhibition of the 
oxidation of [1-1*C]a-ketoglutarate than on the oxidation of 
[ 1 - l  4C]pyruvate. 

Effect of Phenylpyruuate on Glucose Production in the Pres- 
ence of Octanoate or 6-Hydroxybutyrate. Figure 5A shows 
that in the presence of 0.2 mM octanoate, phenylpyruvate (2 
m;M) inhibited gluconeogenesis from pyruvate by 25 as 
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TABLE 11: Effect of Phenylalanine and Phenylpyruvate on the 
Decarboxylation of [l-l 4C]Pyruvate and [l-14CC]a-Ketogluta- 
rate to 14C02 by Rat Liver Homogenates.' 

Production of l4CO, 
from [ 1-1 CIPyruvate 

or [l-llC]a- 
Ketoglutarate 

Substrate Additions 

[ 1-1 4C]Pyruvate None 
(0 5 )  L-Phenylalanine (1) 

L-Phenylalanine ( 5 )  
Phenylpyruvate (1) 
Phenylpyruvate (5) 

( 5 . 0 )  L-Phenylalanine (1) 
L-Phenylalanine ( 5 )  
Phenylpyruvate (1) 
Phenylpyruvate ( 5 )  

glutarate L-Phenylalanine ( I )  
(0 5 )  L-Phenylalanine ( 5 )  

Phenylpyruvate (1) 
Phenylpyruvate ( 5 )  

glutarate L-Phenylalanine (1) 
( 5  0)  L-Phenylalanine ( 5 )  

Phenylpyruvate (1) 
Phenylpyruvate (5) 

[l-14C]Pyruvate None 

[l-14C]Keto- None 

[l-*C]a-Keto- None 

pmol/min % of 
per g of Tis- Con- 

sue trol 

2 29 i 0 09 100 
2 08 i 0 18 Y I  
2 27 =k 0 10 99 
1 94 * 0 16 85 
1 41 i 0 15 62 

2 17 i 0 07 100 
2 02 = 0 11 Y3 
1 97 i 0 05 91 
1 83 =k 0 15 84 
1 31 = 0 21 60 
2 62 3. 0 21 100 
2 19 i 0 14 81 
2 08 =k 0 43 7Y 
1 45 i 0 45 55 
0 64 i 0 08 24 
2 98 = 0 27 100 
2 72 * 0 32 91 
2 86 i 0 33 96 
2 00 =k 0 16 67 
1 01 T 0 32 34 

' The reaction mixture contained, in a final volume of 3 ml, 
6.6 mM potassium phosphate buffer (pH 7.4), 6.6 mhi Tri- 
ethanolamine buffer (pH 7.4), 10 mM MgCl?, 2 mM malate, 
157 mM sucrose, and [l-'4C]pyruvate (specific radioactivity; 
40 dpm/nmol) or [1-* 4C]cu-ketoglutarate (specific radio- 
activity 100 dpmlnmol) as indicated. L-Phenylalanine and 
phenylpyruvate were added to the incubation medium to give 
the final concentrations indicated. The reaction was started 
by adding liver homogenates (approximately 20 mg of tissue) 
and the incubation was carried out in a sealed flask for 15 
min at 37". Values given are the means +SEM for four or 
five animals. 

opposed to a 55 inhibition noted in the absence of the fatty 
acid. Since the oxidation of octanoate generates acetyl-coA, 
an  activator of pyruvate carboxylase, one may assume that the 
level of this effector was not limiting and therefore that the 
decrease in gluconeogenesis in the presence of octanoate 
represented in part glucose production under a condition 
where pyruvate oxidation was suppressed (Jagow et al., 1968; 
Stucki et al., 1972). However, the oxidation of octanoate also 
generates NADH and it is conceivable that this NADH re- 
sulted in the conversion of phenylpyruvate to phenyllactate 
and consequently relieved the inhibition. This seems unlikely 
because the conversion of phenylpyruvate to phenyllatate 
by lactate dehydrogenase occurs very slowly (Patel, 1972). Also 
when NADH was generated from P-hydroxybutyrate so as to 
avoid changes in acetyl-coA levels, the increase in glucose 
production was comparable to that induced by 0.2 mhi 
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TABLE 111 : Adenine Nucleotide Levels and Glucose Production 
in Perfused Livers Metabolizing Pyruvate in the Presence and 
Absence of Phenylpyruvate.' 

Phenylpyruvate 

Metabolite Absent Present P Value 

pmol/g wet wt 
ATP 2 ,259  i 0,110 1.941 i 0.091 <0.05 
ADP 0.711 i 0.040 0.630 i 0.042 n.s. 
AMP 0 .190  i 0.017 0.210 i 0.018 n.s. 

pmoljmin per g wet wt 
Glucose 0,266 i 0,010 0.149 i 0,007 <0.001 

' Livers from fasted rats were perfused with pyruvate (2 mM) 
after a 30-min pre-perfusion with Krebs-Ringer bicarbonate 
buffer. The livers were freeze clamped at  the 65th min of 
perfusion. Phenylpyruvate was introduced into the perfusion 
system at the 45th min. ATP, ADP, and AMP were determined 
in the neutralized extracts of the frozen liver. Glucose was 
measured in the perfusate and the rates given represent glucose 
production at  the time of the freeze clamps. Values given are 
the means +SEM for eight livers. n. s. = not significant. 

octanoate (Figure 5B) and in this case, the inhibition of gluco- 
neogenesis by 2 mM phenylpyruvate was about 35 as com- 
pared to 2 5 x  in the presence of octanoate (Figure 5A). 
Secondly when saturating concentrations (3.5 mM or higher) of 
phenylpyruvate were used, the inhibition of glucose produc- 
tion was about the same (70-75 %) with or without an added 
source of NADH. 

An examination of the tissue metabolite levels in livers 
perfused with phenylpyruvate revealed no appreciable change 
in the concentrations of malate, phosphoenolpyruvate, 2-phos- 
phoglycerate, and 3-phosphoglycerate. However, the decrease 
in glucose production was associated with a fall in the tissue 
concentrations of ATP (Table 111). The levels of ADP and 
AMP remained unchanged. 

Discussion 

Krebs and de Gasquet (1964) first demonstrated the inhibi- 
tion of gluconeogenesis by certain a-keto acids. In their studies 
with rat kidney cortex slices, glucose production from a 
variety of substrates was inhibited by phenylpyruvate but the 
mechanism of this inhibition was not investigated. Seubert and 
Huth (1965) also reported the inhibition by phenylpyruvate of 
gluconeogenesis from lactate and fumarate in pigeon liver 
homogenates and attributed it to inhibition of pyruvate 
carboxylase. Phenylpyruvate has also been shown to inhibit rat 
brain (Patel, 1972) and chicken liver (Scrutton et aZ., 1969) 
pyruvate carboxylase. This mechanism appears inadequate to 
account for the inhibition of gluconeogenesis from malate, 
propionate, a-ketoglutarate, fumarate, and glutamate (Krebs 
and de Gasquet, 1964; see also Table I) since these sub- 
strates are not converted to glucose via pyruvate carboxylase. 

In this paper we have examined additional sites of interac- 
tion of the inhibitor. Apart from the pyruvate carboxylase 
reaction, other sites of interaction are at  the pyruvate and 
a-ketoglutarate dehydrogenase complexes. The data in Table 
I1 show that CO, production from [I-14C]pyruvate was in- 
hibited by 15 and 40 when the phenylpyruvate concentration 
in the medium was 1 and 5 mM, respectively. Inhibition of the 

Phenyl pyruvate Phenylpyruvotr 

e 0.51 
I 

3.5rnM 

t P-Hyd,Ol ) rbYfyr0t l (SmM) - 0.1- 

3.5rnM 
O 40 $0 60 i o  i o  40 io-  $0 i o  00 

T I M E ( r n i n )  

FIGURE 5 :  Influence of octanoate and P-hydroxybutyrate on the 
phenylpyruvate-induced inhibition of gluconeogenesis from pyru- 
vate by the perfused rat liver. In part A, livers were perfused for 20 
min with pyruvate (2 mM) followed for another 25 min with either 
2 (X) or 3.5 mM (0) phenylpyruvate, or with pyruvate plus Octanoate 
(0.2 mM) followed by 20 min of perfusion with 2 m M  phenylpyruvate 
(0). In part B, P-hydroxybutyrate was introduced at 50 min and 
maintained at 5 mM by constant infusion throughout the experi- 
ment. Phenylpyruvate ( 2  A or 3.5 A mM) was infused as indicated 
in the figure. Points plotted are the means of four to six experi- 
ments. 

pyruvate dehydrogenase complex would result in decreased 
production of acetyl-coA, NADH, and ATP. Although a net 
generation of mitochondrial NADH is required during 
gluconeogenesis from pyruvate (Krebs et uZ., 1967), decreased 
availability of NADH is unlikely to be an inhibitory event 
since glucose production from lactate (Krebs and de Gasquet, 
1964) is also inhibited. 

The importance of the inhibition of the pyruvate dehydro- 
genase reaction can be seen in the perfused liver synthesizing 
glucose from pyruvate in the presence of octanoate or P-hy- 
droxybutyrate (Figure 5) .  The oxidation of fatty acid would 
generate not only NADH but also ATP and acetyl-coA, thus 
sparing pyruvate oxidation and providing acetyl-coA re- 
quired to activate pyruvate carboxylase. In the presence of 
octanoate, the inhibition of gluconeogenesis by phenylpyr- 
uvate was reduced from 55 to 25 %(Figure 5A). The data do not 
indicate the mechanism of inhibition by phenylpyruvate of 
pyruvate dehydrogenase complex but it appears that phenyl- 
pyruvate inhibits hepatic pyruvate carboxylase by competing 
with pyruvate (Figure 4 ;  Seubert and Huth, 1965; Scrutton 
et al., 1969). In the perfusion experiments shown in Figure 
5A, this competition cannot be obviated by the inclusion 
of octanoate, and may account for the residual 25 inhibition 
of gluconeogenesis. However, the fact that glucose production 
from substrates which are not necessarily metabolized oia 
these two enzymes was inhibited to varying degrees by phenyl- 
pyruvate (Table I) and other a-keto acids (Krebs and de 
Gasquet, 1964) suggests that perhaps these acids also interfere 
with metabolism at 9 site which is vital to gluconeogenesis 
from various substrates. 

In this regard, the a-keto acids may interfere with the tri- 
carboxylic acid cycle activity by competing with the a-keto 
acid substrates of the pyruvate and a-ketoglutarate dehydro- 
genases. The enzyme complexes of these two dehydrogenases 
are markedly similar (Sanadi et a/ . ,  1952; Ishikawa et al., 
1966). It is apparent from Table I1 that phenylpyruvate 
is also a potent inhibitor of a-ketoglutarate decarboxylation. 
Inhibition at  other enzymatic steps cannot, however, be ruled 
out. Land and Clark (1973) have recently shown that phenyl- 
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pyruvate also inhibits cerebral citrate synthase. The metabo- 
lism of branched-chain amino acids proceeds via initial con- 
version to a-keto acid derivatives. The data of Kanzaki et al. 
(1 969) provide evidence of inhibition by a-ketoisocaproic acid 
of the pyruvate and a-ketoglutarate dehydrogenase complexes 
from pig heart. Other investigators have also reported the 
inhibition by a-ketoisocaproic acid of the oxidative de- 
carboxylation of pyruvate and a-ketoglutarate in bovine, 
chicken, and rat liver and brain preparations (Bowden et al., 
1970, 1971; McArthur and Bowden, 1972; Johnson and Con- 
nelly, 1972). This inhibition is comparable to the effect of 
phenylpyruvate on the decarboxylation of pyruvate and cr-keto- 
glutarate (Table 11). Consequently, these a-keto acids may be 
expected to generally slow down tricarboxylic acid cycle 
activity and result in decreased availability of energy. This idea 
is supported by the data in Table I11 which shows reduced 
levels of ATP in livers perfused with phenylpyruvate. This 
mechanism may explain in part the inhibition of glucose pro- 
duction from malate, propionate, glutamate, and a-keto- 
glutarate since a common feature of glucose synthesis from 
these substrates is the dependence on the mitochondrial gen- 
eration of energy equivalents. However, it cannot be deduced 
from the present study whether the reduced tissue levels of 
ATP reflects reduced generation of energy or whether it reflects 
the reduced biosynthetic activity of the organ. The branched- 
chain a-keto acids and phenylpyruvate were tested by Krebs 
and de Gasquet (1964) and found to inhibit to varying degrees 
gluconeogenesis from lactate and fumarate in rat kidney cortex 
slices. In their study, the most potent inhibitor was phenyl- 
pyruvate. 

Phenylketonuria is characterized by marked elevation of 
plasma levels of phenylalanine of the order of 2-5 mM and the 
excretion of phenylpyruvic acid and its other metabolites in 
the urine. The intracellular concentration of phenylpyruvate is 
not known but in untreated phenylketonuric patients, its 
plasma concentration is approximately 0.1 mM (Jervis, 1952). 
This may be expected to vary depending on the rate of excre- 
tion cia the kidney. In rat (Figure 4) as well as human liver 
(Sutnick et al., 1972) homogenates, a similar concentration of 
phenylpyruvate inhibits pyruvate carboxylation, and in rat 
kidney cortex slices, 0.4 mM phenylpyruvate inhibits gluconeo- 
genesis by about 7 0 z  even when the substrate (lactate) con- 
centration is 10 mM (Krebs and de Gasquet, 1964). Hypogly- 
cemia is not generally associated with phenylketonuria. 
However, if Weber's hypothesis (Weber et al., 1970) that 
phenylalanine and phenylpyruvate inhibit glycolysis in brain 
and other tissues is correct, then a reduction of hepatic or 
renal gluconeogenesis by phenylpyruvate in phenylketonuric 
patients may be compensated by a decreased glucose utiliza- 
tion by extrahepatic tissues. Alternatively, it may be that the 
inhibition of gluconeogenesis, if it occurs in oioo with phenyl- 
pyruvate, is insufficient to compromise the capacity of the liver 
to maintain adequate blood glucose concentration. 
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Polyamine Accumulation During Lymphocyte Transformation 
and Its Relation to the Synthesis, Processing, and 
Accumulation of Ribonucleic Acid1 

Robert H.  Fillingarnet and David R.  Morris* 

ABSTRACT: Large increases in the cellular levels of putrescine, 
spermidine, and spermine, as well as elevations of cellular 
RNA and protein, were found during concanavalin A-in- 
duced transformation of small lymphocytes isolated from 
bovine lymph nodes. The magnitude of these changes was: 
putrescine, 1&15-fold ; spermidine, 5-7-fold ; spermine, 
2-2.5-fold; RNA, 3-5-fold; and protein, 2-3-fold. A careful 
analysis of the initial sequence of changes showed that the 
cellular RNA level was elevated within 6 hr of lymphocyte 
stimulation, whereas putrescine did not increase significantly 
until 8 hr, and elevations in the spermidine and spermine 
level were not observed until 10 hr. 

Methylglyoxal bis(guanylhydrazone), a potent inhibitor of 
S-adenosyl-L-methionine decarboxylase, completely prevented 
intracellular accumulation of spermidine and spermine in 

T he aliphatic polyamines spermidine and spermine, and 
their precursor putrescine, have been implicated in numerous 
growth processes (reviewed by Cohen, 1971). In the time since 
parallel increases in spermidine and RNA were first reported 
by Raina (1963) in developing chick embryo and subse- 
quently by Dykstra and Herbst (1965) in regenerating rat 
liver, hypotheses casually relating polyamine levels and RNA 
metabolism have been frequently advocated. For example, it 
has been suggested that polyamines may serve a role in the 
regulation of RNA metabolism in eukaryotes (Caldarera et 
ai., 1965; Russell, 1970; Raina and Janne, 1970; Russell and 
Lombardini, 1971), and it has recently been proposed that 
polyamines are specific regulators of rRNA synthesis (Russell 
and McVicker, 1973). In contrasting proposals, polyamines 
were suggested to  increase in parallel with RNA in order to 
neutralize a fraction of the RNA phosphate residues and sta- 
bilize the RNA (Raina et al., 1966; Raina and Janne, 1968). 
Unfortunately, even in the most thoroughly studied system, 
regenerating liver, it is not yet clear whether spermidine 
accumulation precedes or occurs simultaneously with RNA 

i. From the Department of Biochemistry, University of Washington, 
Seattle, Washington 98195. Receiced Muy 21, 1973. This work was 
supported by a research grant from the National Institute of General 
Medical Sciences (GM 13957), the University of Washington institu- 
tional grant from the American Cancer Society, and the University of 
Washington Graduate School Initiative 171 Funds. 

t Supportedby Training Grant G M  00052 from the National Institutes 
of Health. 

cultures of transforming lymphocytes. No  abnormalities in 
synthesis, processing, and accumulation of RNA were ob- 
served in these cultures. RNA accumulation was unchanged 
over a 40-hr interval and the absolute rate of RNA synthesis, 
estimated by measuring the incorporation of [8- 3H]adenosine 
into RNA and the specific activity of the ATP pool, doubled 
after 20 hr of concanavalin A treatment in the presence or 
absence of spermidine and spermine accumulation. All classes 
of RNA were synthesized (in the same proportion as in con- 
trols) in the polyamine-deficient cultures and the rate of pro- 
cessing of rRNA precursors was not altered. These results 
indicate that increases in the spermidine and/or spermine 
levels are not essential in mediating the large increases in 
cellular RNA observed during lymphocyte transformation. 

accumulation (Dykstra and Herbst, 1965; Raina et al., 1966; 
Raina et ai., 1970; Russell et ai., 1970; Russell and Lom- 
bardini, 1971). Obviously, a definite answer to this question is 
critical in formulating models for polyamine action, since 
polyamines should increase prior to RNA if they are serving a 
regulatory role. 

Small lymphocytes, stimulated to  transform by concana- 
valin A,' present an excellent system in which to define the 
relationship between polyamine and nucleic acid accumula- 
tion. Most small lymphocytes are normally quiescent both 
in vivo and in culture (Nowell, 1960; Robbins, 1964). How- 
ever, upon stimulation in Gitro by Con A or phytohemag- 
glutinin (Phaseoius uulgaris), lymphocytes are transformed 
into large blast cells capable of division (Robbins, 1964; 
Ling, 1968; Powell and Leon, 1970; Novogradsky and Kat- 
chalski, 1971). Among the early events in lymphocyte trans- 
formation are large increases in the rate of uptake of radioactive 
precursors and their incorporation into RNA and protein (Kay 
and Korner, 1966; Kay, 1968; Lucas, 1967; Hausen et ai., 
1969). This is followed by net RNA and protein accumulation 
at later times (Hausen et al., 1969; Fisher and Mueller, 1969; 
Forsdyke, 1967). DNA synthesis begins approximately 24 hr 
after stimulation (Powell and Leon, 1970; Novogradsky and 
Katchalski, 1971; Loeb and Agarwal, 1971) and the cells begin 
dividing on the second and third days of culture (Bender and 
Prescott, 1962). 

1 Abbreviations used are: ConA, concanavalin A ;  MGBG, methyl- 
glyoxal bis(guany1hydrazone). 
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