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Summary. 1. Two hours after the intraperitoneal 
injection of 12 mg/kg 1-fl-phenylethylbiguanide (DBI) to 
guinea pigs fasted 48 h, the 3-hydroxybutyrate/aceto- 
acetate ratio and the concentration of both lactate and 
pyruvate were increased in the blood of the vena cave. 
The glucose level and the lactate/pyruvate ratio were not  
altered. In  pcrfused livers taken from these animals 
immediately after the blood samples were withdrawn, the 
rate of glucose formation from lactate was not  inhibited. 
However, the addition of 2 • l0 -5 M DBI to the perfusate 
caused a 60% suppression of gluconeogenesis under  these 
conditions. -- 2. The accumulation of hepatic acetyl- 
S-Co A with a concomitant decrease of the citrate- and 
of the 2-oxoglutarate concentration in the presence of 
DBI  indicated an impaired synthesis of citrate. A slight 
reduction of hepatic oxygen consumption was also con- 
sistent with an inhibition of the citric acid cycle. I t  is 
concluded that  biguanides primarily suppressed hepatic 
cell respiration, which led to an accumulation of reducing 
equivalents inside the mitochondria. This may have 
caused a lack of oxalacetate for mitochondrial citrate 
synthesis. -- 3. The pat tern of hepatic metabolite con- 
centrations did not  clearly show the rate limiting step of 
glucose formation from lactate in the presence of bigu- 
anides, however, some evidence was found that  the con- 
version of pyruvate to phosphoenolpyruvate was affected. 

- -  4. No exact correlation was found between the effect 
of DBI  on gluconeogenesis and on the hepatic ATP/ADP 
ratio. 

Inhibition de la glucondoggn~se ~ partir du lactate par le 
phdnyldthylbiguanide dens le foie perfusd du cobaye 

~dsumd. Chez des cobayes ~ jefin depuis 48 h, l ' injection 
intrap6riton6ale de 12mg/kg de 1-fl-phdnylgthylbiguanide 
(DBI) provoque une augmentation du quotient 3-hydro- 
xybutyrate/ae6to-ac6tato eb de la concentration de lactate 
et de pyruvate dens le sang de la veine cave. Le taux de 
glucose et le quotient lactate/pyruvate n'ont pas changd. 
La production de glucose ~ partir du lactate n'a pas 6tg 
inhib6e dens Ic foie perfus~, examin6 imm4diatement 
apr&s la prise de sang. Cependant, l'addition de 2 x 1O -5 
de DBI au perfusat provoque sous ces conditions une 
baisse de 60 % de la glucon6ogdn~se. -- La concentration 
h6patique d'ac~tyl-S-CoA augmente en prdsence de DBI, 
eelle de citrate et de 2-oxoglutarate diminue indiquant une 

perturbat ion de la synth~se de citrate. On suppose que 
le DBI inhibe d 'abord la respiration cellulaire, puisque 
la consommation d'oxyg~ne du foie perfusg diminne. I1 
en r6sulte un  accroissement des ~quivalents r6ducteurs 
l ' intgricur des mitochondries, ce qui pourrait amener ~ un  
manque d'oxalaegtate pour la synth~se de citrate. -- 
L'ensemble des diff6rentes concentrations de m~tabolites 
h~patiques laisse supposer que la production de phos- 
pho~nolpyruvate ~ partir du pyruvate est inhibge pendant  
la formation de glucose k partir de lactate en prgsence de 
biguanides. -- Aucune corr61ation exacte n ' a  ~t~ con- 
stat6e entre l'effet du DBI sur la glu con~ogdn6se et lc 
quotient ATP/ADP h~patique. 

Hemmung der Gluconeogenese aus JLactat durch Phenyl- 
aethylbiguanidin der perfundierten Meersehweinehen-JLeber. 

Zusammenfassung. 1. Die intraperitoneale Injekt ion 
von 12 mg/kg 1-fl.Phcnyl~thylbiguanid (DBI) bewirkte 
bei 48 Std gefasteten Meerschweinchen einen Anstieg des 
3-Hydroxybutyrat/Acctoacetat  Quotienten sowie der 
Lactat  und  Pyruvat  Konzentrat ionen im Vena-cava Blur. 
Der Glucosespiegcl und  der Lacta t /Pyruvat  Quotient 
wurden nicht beeinfiuBt. In  perfundierten Lebern, die 
unmit te lbar  nach der Blutentnahme aus diesen Tieren 
entfernt wurden, war die Glucosebfldung aus Lactat  nicht 
gehemmt. Jedoch bewirkte unter  diesen Bedingungen die 
Zugabe yon 2 • 10 .5 M DBI zum Perfusat eine Abnahmc 
der Gluconeogenese urn 60%. -- 2. Die hepatischc Kon- 
zentration yon Acetyl-S-CoA war in Anwesenheit yon 
DBI angestiegen, die yon Citrat und  2-Oxoglutarat abge- 
fallen. Da auch der Sauerstoffverbrauch der perfundierten 
Lcber reduzicrt war, kann  vermutet  werden, dal3 DBI 
zun~chst die Zellatmung hemmte. Dadurch kam es zum 
Anstieg mitochondrialer Reduktionsaquivalente,  der zu 
einem Mangel an Oxalacetat fiir die Citratsynthese gefiihrt 
haben k6nnte. -- 3. Des Muster der hepatischen Meta- 
bolitkonzentrationen deutete darauf hin, de2 bei der Um- 
wandlung yon Lactat in Glucose in Anwesenheit yon 
Biguaniden die Phosphoenolpyruvatbildung aus Pyruvat 
gehemmt war. -- 4. Es wurde keine exakte Korrelation 
zwisehen dem DBI Effekt auf die Gluconeogenese and 
dem hepatischen ATP/ADP Quotient gefunden. 

Key words: Gluconeogenesis, phenylethylbiguanide, 
perfused guinea pig liver, hepatic redox state. 

Introduction 

Since W a t a n a b e ' s  suggestion [1] t ha t  the hypogly-  
cemia following para thyro idec tomy could be caused 
b y  an  elevated guanid ine  conten t  of the blood, m a n y  
guanid ine  derivat ives have been developed and  tested 

for their  use as oral ant id iabet ic  drugs. Pomeranze  et 
el. [2] in t roduced 1-fl-pheny]-ethylbiguanide, called 
DBI,  in to  the diabetes  therapy.  

I n  the mean t ime  i t  has been found t h a t  D B I  
increases glucose consumpt ion  in  muscles [3--6],  
inhibi ts  glucose up take  from the in tes t ine  [7--10] and  
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suppresses hepatic gluconeogenesis [11--16]. How- 
ever, its biochemical mode of action has not been 
elucidated completely. 

We started to reinvestigate the mechanism by 
which biguanides reduce hepatic glucose formation, 
using perfused livers from guinea pigs, which are more 
sensitive to these compounds than are rats [15]. 

As a result of Hollunger's discovery that  biguanides 
reduce mitochondrial oxygen uptake, the impairment 
of gluconeogenesis by these compounds has been 
attr ibuted to a suppression of cell respiration [17--21]. 
Sch~fer [22, 23] suggested that  these compounds 
primarily act as blocking agents at the first and second 
phosphorylating sites. Alterations of mitochondrial 

electron transfer could influence the [ATP] • [AMP] 
[ADP] 2 

steady state and the ratio of free NADH to ~AD +, both 
of which control several enzymatic reactions of the 
gluconeogenetic pathway. 

This concept was questioned as a possible in vivo 
mechanism for the action of biguanides in human 
diabetics, because higher concentrations of these 
agents had to be applied for an inhibition of oxygen 
uptake than are necessary for a blood sugar lowering 
effect and because the lactate, pyruvate  ratio usually 
did not increase in the blood of patients receiving these 
drugs [24, 25]. 

The perfused liver appeared to be a suitable 
system to find out whether possible correlations exist 
between an effect of DBI on oxygen uptake, gluconeo- 
genesis, lactate/pyruvate and ATP/AD1 ) ratio. In 
previous communications [26, 27] we have reported 
that  biguanides caused a cross-over phenomenon be- 
tween glycerate-3-phosphate and glyceraldehyde-3- 
phosphate. I~Iowever, the inhibition of glueoneo- 
genesis by  these compounds could not be sufficiently 
explained by  a regulation at this step. In  the presence 
of pyruvate a cross-over point occured between pyru- 
r a t e  and phosphoenolpyruvate. Therefore, further 
experiments had to be performed to evaluate the role 
of these possible control sites for the r~te of glucose 
formation. 

Experimental procedure 
Materials 
All enzymes and coenzymes were purchased from 

Boehringer Mannheim, lactate from E. Braun (Melsun- 
gen), D, L-glyceric acid from Fluka AG (Buchs, 
Switzerland), 2,4-dinitrophenol and Dowex 50 WX 8 
from Serva (Heidelberg), serum albumin (bovine, 
purified) from Behringwerke AG (Marburg), Uricult 
from Orion AG (Helsinki) and all other chemicals p.a. 
grade from Merck AG (Darmstadt). Phenylethyl- 
biguanide hydrochloride (MW ~ 241.7) was a gift from 
U.S. Vitamin and Pharmaceutical Corp., New York, 
and D-glycerate from Dr. Weisser (Medizinische Hoch- 
schule ttannover). 

Male albino guinea pigs of the Pirbright white 
strain (weighing 300--350 g) were fasted 48 h prior to 

the perfusion experiments, because we had found the 
action of biguanides to be more marked under this 
condition [27]. 

Perfusion Procedure 
Our perfusion procedure was that  of Miller et al. 

[28] as modified by Schimassek [29]. The animals were 
anesthesized with ether. One control experiment was 
usually performed in a twin box together with a second 
perfusion in which the liver was treated with biguanid- 
eS.  

The perfusate contained 3 g/100 ml albumin, 1 mg 
sodium ampicillin and bovine erythrocytes washed 
three times and taken up in Krebs-Ringer bicarbonate 
solution [30]. The hemoglobin concentration was kept  
at 5 g/100 ml. The experiments were started with 
120 ml of the perfusion medium. After the liver was 
introduced into the perfusion system the first 20 ml of 
the liver outflow were discarded. 

The pH value was measured with an electrode 
installed in the perfusate reservoir and kept  at 7.4 by 
the addition of sodium bicarbonate, because we have 
found the effect of biguanides on gluceneogenesis to be 
dependent on the extrahepatic hydrogen ion con- 
centration [31]. 

The aerating gas mixture consisted of 95% oxygen 
and 5% CO 2. The blood flow through the liver was 
measured constantly with a flow meter (Fischer and 
Porter, D 34 GSttingen) and was approx. 1.5 ml/min 
• g liver with a hydrostatic pressure of 15 cm. The 
incubation temperature was 37~ Bacterial growth 
was checked occasionally (9500 4-2400 (n-~ 7) germs/ 
ml perfusate). For this purpose 10 ~1 perfusate were 
withdrawn from the reservoir with a sterilized dis- 
posable mieropipet and spread out on a glass plate 
covered with N-agar (Uricult). Mter  24--48 h all 
colonies were counted. Perfusate samples were as- 
pirated from the reservoir for the analysis of meta- 
bolites every 15 rain. Liver samples were taken at the 
end of the experiment by  the method of Wollenberger 
et al. [32]. Effectors of gluconeogencsis were added 
after 45 rain and substrates after 60 rain. All perfusion 
experiments lasted 90 rain. 

Determination of oxygen consumption and meta- 
bolites. For the estimation of the oxygen consumption 
4 perfusate samples (2 for duplicate measurements of 
the pH value and 2 for the determination of the p02) 
were taken with heparinized glass capillaries (Radio- 
meter Copenhagen) from the in- and outflow of the 
liver. The venous outflow occured through a poly- 
ethylene tube connected with an elastic thin walled 
rubber tube in which glass capillaries or Hamilton 
syringes could be introduced conveniently for perfusate 
sampling without influencing the flow rate. "Arterial" 
perfusate samples were taken from a small "T"  joint 
inserted in the tube which connected the glass "lung" 
with the liver. The oxygen concentration was calculated 
from the hemoglobin concentration and the oxygen 
saturation. The amount of oxygen saturation was 
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estimated from the p02 and the pH value using oxygen 
saturation curves for bovine erythrocytes [33]. Both, 
the pO~ and the pH value were measured with an 
Astrup apparatus (Radiometer, Copenhagen). 

Glucose was determined enzymatically with the 
hcxokinase method by  an Eppendorf automat 5030 
(Eppendorf GerEtebau GmbH, Hamburg) as described 
recently [34]. 

All liver metabolites were measured enzymatically 
in a perehloric acid extract  as described earlier [25], 
aeetyl-S-Co A according to Tarnowski and Seemann 
[35], the concentration of 3-hydroxybutyrate and 
acetoacetate as reported by  Bergmeyer and Bernt  
[36]. GPT was estimated by  the method of Gevers 
[37]. Drabkin's solution was used for the determination 
of hemoglobin [38]. 

In some experiments the animals were pretreated 
with DBI  (12 mg/kg or 18 mg/kg) injected intra- 
peritoneally 2 h prior to the liver perfusion. Immedi- 
ately after opening the abdomen for the preparation of 
the liver, blood samples (0.1--0.2 ml) were withdrawn 
from the yen& cava subhepatica and transferred into 
1 ml preweighed perchloric acid (0.33 ?r The super- 
natant  was neutralized with 3 M K2C03 and used for 
the determination of metabolites. Values of blood 
concentrations were calculated according to Bergmeyer 
et al. [39]. 

Glycerate was precipitated with hot ethanol from 
D, L-glycerie acid neutralized with saturated barium 
hydroxide and then taken up in dist. water [40]. A 
saturated Na2SO 4 solution was added to get rid of most 
of the barium ions. After centrifugation the super- 
natant  was passed through a Dowex 50 WX 8 (100-- 
200 mesh, Na+ form) column. The eluate which con- 
rained most of the glycerate was free of barium- and 
sulfate ions. The final concentration of D-glycerate 
was measured with glyoxylate reductase. This enzyme 
has been shown to be identical with D-glyeerate- 
dehydrogenase [41]. The assay contained 0.9 ml buffer 
(0.4 M glycine, 0.16 3[ hydrazine sulfate and 2.1 ~- 
10 -a M EDTA, pH 9.5), 0.1 ml NAD+ (6 • 10 -2 M), 
0.1 ml sample and 0.02 ml enzyme suspension (1 mg/ 
ml). Under these conditions the reaction came to an 
end after approx. 1 h if the sample contained about 
20 nmol of D-glycerate. 

Determination of enzyme activities 
In guinea pig liver homogenate, the activity of 

D-glyeerate-kinase was measured as described by  
Heinz and Lamprecht [42] and of phosphoenolpyruvate- 
carboxykinuse with the method of lgordlie and Lardy 
[43]. The assay for determining the activity of gly- 
cerate-3-phosphate kinase, a modified procedure of 
Biieher [44], contained 0.5 mlV[ glycerate-3-phosphate, 
0.5 to 2.0 mM ATP, 0.14 mM NADH, 0.5 to 6.0 mM 
MgSO 4 and 40 mM triethanolamine (pH = 7.4). 

Statistical evaluations were performed by means of 
the t-Test. Differences were considered significant if 
P was smaller than 0.05. 

Results 

Cross-over phenomenon between glycerate-3-phos- 
phate and glyceraldehyde-3-phosphate. 

In  perfusion experiments previously reported [27] 
we observed a cross-over phenomenon in the pat tern 
of hepatic metabilite concentrations between glycerate- 
3-phosphate and glyceraldehyde-3-phosphate in the 
presence of 8 • 10 -5 M DBI. Since this effect of bi- 
guanides was not found when pyruvate  was added to 
the perfusate, its role for the inhibitory mechanism of 
these compounds on glucose formation was not clear. 
Therefore, we looked for a substrate which enters the 
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Fig. 1. The influence of 6 • 10 -5 M DBI ( • ) on hepatic 
glucose formation in the presence of D-glycerate. The rate 
of gluconeogenesis in control experiments is represented 
by circles. The addition of glycerate (5 • 10 -3 M) occured 
as indicated by arrow (G.) Vertical bars indicate standard 

deviations 

gluconeogenie pathway shortly before the conversion 
of glycerate-3-phosphate to glyceraldehyde-3-phos- 
phate. D-glycerate, which is phosphorylated to gly- 
cerate-2-phosphate [45, 46] was ehoosen for this 
purpose. 

This metabolitc, however, was not very effective as 
precursor for gluconeogenesis (Fig. 1) in the perfused 
guinea pig liver. This could be explained by the low 
hepatic activity of D-glycerate kinase which was hard- 
ly detectable in the guinea pig (0.05 4-0.02 U/g liver 
wet weight, n -  4) in comparison with the rat  [42]. 
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~ The glucose formed by  the perfused guinea pig 
liver in the presence of glycerate was presumably 
derived mainly from endogenous precursors. Although 
6 • 10 -5 M DBI  did not affect the rate of gluconeo- 
genesis under these conditions, a marked increase of 
the glycerate-3-phosphate concentrations occured. I t  
could not be established whether this biguanide effect 
was caused by  an alteration of the ATP/ADP ratio, 
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Fig. 2. The influence of DBI (6 x 10 -a M) on some 
glycolytie metabolites in the presence of D-glycerate 
(5 X 10 -3 M). Vertical bars indicate standard deviations; 
absolute values are given in nmol/g liver wet weight 
(n = 4). LAC means lactate, PYR pyruvate, 2-OG 
2-oxoglutarate, PEP phosphoenolpyruvate, 3-PGA gly- 
cerate-3-phosphate, GAP glycerinaldehyde-3-phosphate, 
DAP dihydroxyacetone-3-phosphate, FDP fructose-l,6- 
diphosphate, F-6-P fructose-6-phosphate and G-6-P glu- 

eose-6-phosphate 

which was reduced significantly (P < 0.01). I t  was not  
the result of oxidizing conditions in the cytosol for the 
laetate/pyruvate ratio was not diminished under the 
same conditions (Fig. 2). DBI  concentrations up to 
8 m ~  did not affect the conversion of glycerate-3- 
phosphate to glyceraldehyde-3-phosphate if added to 
a lqADH-coupled assay system using the 100000 g 

supernatant  fraction of guinea pig liver homogenate 
[47]. 

From these results we concluded tha t  the cross-over 
phenomenon between glycerate-3-phosphate and gly- 
ceraldehyde-3-phosphate did not indicate a major  
control point of glueoneogenesis in the presence of 
biguanides. 

Influence of D B I  on some metabolites of the citric 
acid cycle 

When livers were taken from animals pretreated 
with DBI  (12 mg/kg) two hours before the perfusion 
experiment was started, 2 • 10 -5 M D B I  inhibited 
gluconeogenesis from lactate about  60% (Fig. 3). 

Under these conditions the oxygen uptake of these 
livers was slightly reduced, while a marked increase 
of the 3-hydroxybutyrate/acetoacetate  ratio had 
occured (Table 1). The elevated sum of the malate and 
the oxalacetate concentration (Fig. 4) could indicate a 
regulatory site between both metabolites and P E P  in 
the presence of DBI  (2 • 10 -5 M), although the con- 
centration of P E P  was not decreased significantly. A 
distinct reduction of the P E P  concentration might 
have been prevented by a second effect of DBI  on the 
ratio of P E P  plus glyeerate-3-phosphate to triose- 
phosphates, which was observed several times under 
different conditions [27]. 

The sum of the malate and oxalaeetate concentra- 
tion was considered because both are in equilibrium 
with each other depending on the intracellular redox 
state. The increase of malate  plus oxalacetate caused 
by the application of D B I  was mainly due to an eleva- 
tion of the malate and not of the oxalacetate con- 
centration (Table 1). 

Higher concentrations of DBI  (4 • 10 -5 M) applied 
to perfused livers from animals pretreated with 18 mg/ 
kg of this compound, led to a marked rise of the 
3-hydroxybutyrate/acetoacetate ratio and to an almost 
complete inhibition of glucose formation from lactate 
(Fig. 3B VI), while the concentration of malate was 
not further increased (Table 1). 

Since the hepatic concentrations of pyruvate  and 
lactate (Table 2) were elevated it  m a y  be assumed 
tha t  the pyruvate  utflisation was affected by DBI.  

D B I  did not suppress P E P  formation by  inhibiting 
PEP-carboxykinase,  because even high concentrations 
of this compound (up to 8 X 10 -a M) did not affect the 
conversion of oxalacetate to P E P  in liver homogenate 
fractions. Saturating and limiting concentrations of 
oxalacetate were used in the assay of the mitochondrial 
and cytoplasmic enzymes. 

Under all conditions reported we have found a 
marked fall of the hepatic concentration of 2-oxogluta- 
rate under the influence of DBI.  Mitzkat [48] observed 
a similar decrease of this metabolite even in perfused 
ra t  livers which were not as sensitive as guinea pig 
livers with regard to the inhibition of gluconeogenesis 
by  biguanides. The decreased oxygen uptake (Table 1) 
and the reduced concentration of 2-oxoglutarate and 
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Fig. 3. The rate of glucose formation h'om lactate (12 m ~ )  as substrate. A. All livers were taken from animals which 
had not received biguanides prior to the perfusion experiment. B. All livers were taken from guinea pigs after the intra- 
peritoneal injection of DBI  2 h before the perfusion was started. Phenylethylbiguanide was administered in group I I  
(4 x 10 -5 M DBI), V (2 x 10 -5 M DBI) and VI  (4 X 10 -5 iV[ DBI) as indicated by arrows. In  all other experiments no 
inhibitors of gluconeogenesis were added to the perfusate. The animals were pretreated with 12 mg/kg DBI  in group I I I  

and V, with 18 mg/kg DBI  in group IV and VI. For  further explanation see legend to Fig. 1 

Table 1. The influence of 1)BI  on hepatic redox couples, the A T P / A D P  ratio and the oxygen consumption of perfused 
livers from guinea pigs pretreated with biguanides 2 h before the experiments were started a 

DBI,  (perfusate) -- 2 x 10-SM -- 4 x 10-51YI 
DBI,  mg/kg (i.p. injected) 12 12 18 18 

Oxygen consumption 2.7 :L 0.3 b 2.1 4- 0.3 a 2.0 i 0.2a 1.7 4- 0.2 a 

ATP 1820 i 1 3 4  c 1536 4-131 1887 4-199 1533 :L327 
AI)P 806 4- 67 826 4- 69 907 4-195 936 4-154 
ATP/ADP 2.2 4- 0.3 1.9 4- 0.2 2.0 ~: 0.4 1.6 4- 0.3 a 
GPT 428 •  439 4-120 

Lacta te /Pyruvate  27.8 4- 3.8 35.1 4- 5.9 a 26.5 4- 4.5 37.5 -4- 7.7 a 
3-Hydroxybut . /Acetoacetate  0.514- 0.11 0.854- 0.21 a 1.254- 0.44 2.514- 0.6 a 

3-Hydroxybutyrate  585 4-148 653 4-124 510 4-161 682 4-182 
Acetoacetate 1150 4- 380 766 4-174 434 4-177 a 273 4-104 a 
lYIalate 384 4-111 761 4- 43 a 400 4-180 695 4- 63 d 
Oxalacetate 21 4- 2 20 4- 3 

a Experimental  conditions: see under methods. Substrate: lactate. 
b ~mol/g liver (wet weight). Min. 
c nmol/g liver (wet weight) with standard deviation (n ~-- 4). 
d These values differs significantly from the control values (first column). 

c i t ra te  in connexion wi th  the  increase of the acetyl-S- 
Co A level  in the  presence of D B I  (Fig. 4) indica ted  a 
suppression of the  citric acid cycle. Simil iar  results 
were ob ta ined  wi th  minced  l iver  prepara t ions  [49]. 

D B I  effect on venous redox systems 
I n  guinea pigs fasted 48 h, D B I  (12 mg/kg) in- 

jec ted  in t raper i tonea l ly  2 h before blood samples were 
taken,  did not  a l ter  the  venous glucose concentra t ion  
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and the lactate/pyruvate ratio. However, the 3-hydro- 
xybutyrate/acetoacetate ratio was increased by  about 
100% (Table 2). The concentrations of both lactate 
and pyruvate  were slightly elevated, while the con- 
centration of 3-hydroxybutyrate  and acetoacetate 
were not changed. 
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Fig. 4. The pattern of some gluconeogenic mctabolites in 
perfused guinea pig livers in the presence of DBI (2 • 10 -5 
M). Substrate: lactate, 12 raM. All livers were taken from 
animals pretreated either with 12 mg/kg DBI (Q) or with 
18 mg/kg DBI (open circles) 2 h before the perfusion 
experiment was started. A Co A means acetyl-S-Co A, 
CIT citrate, 2 OG 2-oxoglutarate. For further explanation 

see legend to Fig. 2 

Discussion 

I t  is well established and also confirmed by  most of 
our experiments, tha t  biguanides can decrease the 
hepatic ATP concentration. Several authors [15, 
18--20] at tr ibuted this effect to the inhibition of 
gluconeogenesis by  these compounds. However, two 
results were not consistent with this theory: 

1. In  perfused livers from animals pretreated with 
12 mg/kg DBI,  the ATP/ADP ratio (Table 1) was 
decreased to 2.2 (controls: 4.5=E0.4, n = 5 ) ,  while 
gluconeogenesis was not effected (Fig. 3). 

2. Under the same experimental conditions the 
application of DBI  (2 • 10 -5 M) to the perfusate led to 
a reduction of ghconeogenesis (Fig. 3) without affecting 
the ATP/ADP ratio significantly (Table 1). 

Under various experimental conditions cross-over 
points were observed in the pat tern  of hepatic recta. 
bolites at  two steps of the gluconeogenetic pa thway 
which are controlled by nucleotides. 

One cross-over phenomenon occured between 
glycerate-3-phosphate and glyceraldehyde-3-phosphate 

Table: 2. The influence of D B I  injected intraperitoneally 
on the venous concentration of some metabolites in guinea 

pigs fasted 48 h a 

DBI, mg/kg -- 13 

Glucose 6149~: 194 b 6i16 4-450 
04) (7) 

Lactate 2800~527 3790 4-492 
(10) (S) 

Pyruvate 180 :~ 45 260 • 54 
(10) (8) 

Lactate/Pyruvate I5.5 ~: 3.0 14.6:~ 3.0 
(,o) (8) 

3-Hydroxybutyrate 206 -4- 72 247 =j= 70 
(9) (8) 

Acetoacetate 148 ~: 64 79 4- 21 
(9) (8) 

3-Hydroxybut./ 1.4 -V 0.3 3.1~ 0.7 
Acetoacetate (9) (8) 
2-Oxoglutarate 29 • 6 34 • 7 

(10) (8) 

a Experimental conditions: see under methods 
b All metabolites are given in nmol/ml with standard 

deviation and number of contributing values. 

which was probably not essential for the effect of 
biguanides on gluconeogenesis as pointed out above. 
However, it appeared important  to know about  this 
fact since it  may  have masked other regulatory sites of 
these compounds in the pat tern  of the gluconeogenetic 
metabolites, which apparent ly occnred before this 
step. 

In  livers from animals pretreated with bignanides, 
DBI  caused another cross-over point between oxalace- 
tare plus malate and PEP.  The conversion of oxal- 
acetate to P E P  is dependent on the presence of GTP, 
which is formed either by  substrate phosphorylation 
in the citric acid cycle or from ATP by  nucleoside-di- 
phosphate kinase [50--52]. The rough estimation of 
the GTP concentration by  the method od Gevers [37] 
did not reveal a significant effect of D B I  (2 • 10 -5 M) 
added to the medium on the GTP level of pcrfused 
livers from donor animals pretreated with biguanides 
(Table 1). 

However, for a final decision, more accurate deter- 
minations of hepatic nucleotides are needed. I t  may  
also be possible tha t  a marked reduction of the mito- 
chondrial GTP pool, which could have been caused by  
DBI,  was not detectable by  this method. 

A major role in the elevation of the hepatic malate 
concentration may  have been played by an increase of 
the ratio of free N A D H  to NAD+. I t  has also been 
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shown in isolated mitochondria [53] tha t  malate pro- 
duction was stimulated and the synthesis of both P E P  
and citrate decreased from all substrates tested when 
the ratio of free NADt t  to ~AD+ was elevated. The 
alteration of the 3-hydroxybutyrate/acetoacetate  ratio 
by  DBI  (Table 1 and 2) indicated an accumulation of 
reducing equivalents in the mitoehondrial compart-  
ment.  The concentration of oxalacetate was not altered 
by  DBI  in the perfused liver; however, i t  must  be rea- 
lized tha t  the determination of this metabolite is very 
unreliable because of its instability, and tha t  99% of 
the total  hepatic concentration is located outside the 
mitochondria [54]. Calculations of the oxalaeetate* 
from the malate  concentration and from the ratio of 
free N A D H  to NAD+ cannot be performed as long as 
it is not established which redox couple of the guinea 
pig liver can be used for this purpose. 

I~ecently, we have found tha t  the alteration of the 
glutamate/  2-oxoglutarate • ~qH4 + ratio was not 
followed by  the 3-hydroxybutyrate/acetoacetate  ratio 
under the influence of 2 • 10 -~ ~ DBI  [27] and tha t  
the glutamate dehydrogenase system did not reflect 
the mitochondrial redox state in the presence of alanine 
[55]. Similar observations were reported by  Willms et 
al. [56] who came to the conclusion tha t  two separated 
pools of free N A D H  are presumably present in mito- 
chondria of the guinea pig liver. 

Under our experhnental  conditions biguanides 
presumably inhibited cell respiration slightly, but  
effective enough to cause accumulation of reducing 
equivalents inside the mitochondria. Oxalaeetate was 
directed towards malate, and was therefore less avai- 
lable for citrate- and P E P  synthesis. 

According to Garber and Ballard [53, 57] the P E P  
formation occurs mainly inside of guinea pig liver 
mitochondria. 

The increase of the hepatic lactate plus pyruvate  
concentrations indicated tha t  biguanides may  have 
affected gluconeogenesis a t  a step between pyruvate  
and oxalacetate. We cannot decide from our data, 
whether pyruvate  carboxylation or its mitochondrial 
uptake could have been influenced by  these compounds 
Since the hepatic concentration of acetyl-S-Co A was 
increased, we conclude tha t  mitochondrial uptake was 
not the rate Hmiting step. Under our eperimental con- 
ditions, maintainance of the intracellular acetyl-S-Co 
A level is dependent on the pyruvate  oxidation. This 
can be shown with indolcarboxylic acids [58], which 
are known to inhibit pyruvate  oxidation [59, 60]. Thus, 
we assume tha t  D B I  may  have affected pyruvate  car- 
boxylation by  an unknown mechanism. Sch~fer [61] 
did not detect a distinct influence of this compound on 
the pyruvate  carboxylase act ivi ty of ra t  liver. 

In  guinea pigs pretreated with 12 mg/kg D B I  
(Table 2), a dosage which was only 2- -3  times above 
tha t  usually applied to human diabetics, the lactate/  
pyruvate  ratio was not altered although the 3-hydro- 
xybutyrate /acetoacetate  ratio was increased 200%. 
From these results we conclude tha t  an effect of bi- 

guanides on the mitochondrial redox state or on cell 
respiration cannot be excluded by  an unaltered lactate/ 
pyruvate  ratio as has been done by  several authors [24, 
25]. 
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