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S u m m a r y .  Glucose formation from fructose was in- 
hibi ted b y  4 • 10 -5 reel/1 phenylethylbig~aanide (DBI) in 
perfused guinea pig livers. The pa t t e rn  of hepat ic  meta-  
bolite concentrations revealed a cross-over phenomenon 
between fructose and fructose-1-phosphate indicat ing tha t  
the  phosphorylat ion of the substra te  was influenced by  

the biguanide. It is suggested that this effect was due to a 
decrease of the ATP/AI)P ratio observed in the presence 
of ]3BI. 
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I n t r o d u c t i o n  

The hypog lycaemic  effect of b iguanides  m a y  be 
due, a t  leas t  pa r t l y ,  to  an  inh ib i t ion  of gluconeogenesis  
[1--4] .  H e p a t i c  glucose fo rma t ion  f rom severa l  sub- 
s t rafes ,  as a lanine  [5, 6], l a c t a t e  [3, 4], a s p a r t a t e  [7], 
g lycerol  [3] a n d  f ructose  [8] is r educed  by  these  
compounds .  

W h e n  l ac t a t e  was used as the  precursor  for glucose 
ou tpu t ,  pheny le thy lb iguan ide ,  cal led D B I ,  affected 
the  convers ion of p y r u v a t e  to  phosphoeno lpy ruva t e  
[4]. I t  could no t  be inferred which s tep  was p r i m a r i l y  
invo lved  in  t he  ac t ion  of D B I .  I n  the  presence of 
glycerol ,  A l t sehu ld  a n d  K r u g e r  [3] pos tu l a t ed  t h a t  
D B I  reduces  the  in t raee l lu la r  A T P / A D P  ra t io ,  which 
m a y  influence the  phospho ry l a t i on  of the  subs t ra te .  
These adenine  nucleot ides  are  also in equ i l ib r ium wi th  
A M P  th rough  the  myok inase  (EC 2.7.4.3.) reac t ion .  
Therefore,  a r ise of the  in t race l lu la r  A M P  concentra-  
t ion  m a y  be expec ted  unde r  t he  influence of b iguanides  
and  this  could  affect the  convers ion of f ruc tose- l ,6 -  
d iphospha t e  to  f rue tose-6-phospha te ,  according  to  
P a t r i c k  (9). F r u e t o s e - l , 6 - d i p h o s p h a t a s e  (EC 3.1.3.11) 
is g r ea t ly  inh ib i t ed  b y  A M P  [10]. 

The fol lowing expe r imen t s  were pe r fo rmed  to f ind 
out  which  cy top lasmic  reac t ion  of the  ghieoneogenie 
p a t h w a y  is inf luenced b y  DBI .  As subs t r a t e  for  
glueoneogenesis  fructose,  which  is conver t ed  to  glucose 
on ly  in the  cytosol ,  was used.  

M e t h o d s  

Male, albino guinea pigs (300-- 350 g) were fasted 48 h, 
since we had found tha t  the  action of D B I  increased with 
the  t ime the animals had been s tarved pr ior  to the  per- 
fusion experiments  [8]. 

The perfusion medium consisted of 3 g/100 ml bovine 
albumin, 1 mg sodium ampicil l in and bovine erythrocytes  
washed three t imes and taken up in Krebs-Ringer  bicar- 
bonate solution (haemoglobin concentrat ion:  5 g/100 ml). 
p H  was meam~red with an electrode installed in the reser- 
voir and kept  a t  7.4, by  the addi t ion  of sodium bicarbonate,  
because the  effect of biguanides on gluconeogenesis is 
dependent  on the extrahepat ic  hydrogen ion concentra- 

t ion [11]. ]3BI was added 45 rain and fructose (15 retool/ l)  
60 rain after the  liver was introduced into the  perfusion 
system. After  two hoursliver samples were taken  by  the 
method of Wollenberger et al. [12]. I-Iepatic metabol i tes  
were determined enzymatical ly  in neutralized, perchloric 
acid extracts.  Fructose- t -phosphate  and the ac t iv i ty  of 
fructokinase (EC 2.7.1.3.) were measured according to 
Heinz [13], except tha t  the  concentrat ion of fructose 
used b y  the crude enzyme prepara t ion  during the incu- 
bat ion was determined enzymaticMly [14]. The concen- 
t ra t ion  of ]3-glyceraldehyde was est imated from the 
difference of the  to ta l  a ldehyde concentration [15] in the 
absence and presence of fructose, according to Heinz and 
Jungh~inel [16]. The assumption is made tha t  the  hepat ic  
concentration of ]3-glyceraldehyde is normal ly  extremely 
low. 

The intracellular  concentration of fructose was calcu- 
la ted according to Hohorst  et al. [17] as follows: 

C t - -  . ~  �9 C e 
c~ 1 --  E 

(c~ means intraeellular  concentration, c~ tissue concen- 
t ra t ion,  E extracellular  space and ee extracellular  concen- 
trat ion).  The tissue concentration was determined in a 
perehlorie acid ext rac t  from liver samples taken  b y  the 
freeze-stop technique [12]. For  the  es t imat ion of the 
extraeellular  space inulin, which is known to be excluded 
from the intraeel lular  compartment ,  was used. Inul in  
was measured enzymatical ly as fructosyl units  [18] in 
a perehloric acid (0.33 me1/1) ex t rac t  of perfusate sam- 
pies or of liver homogenate incubated a t  80~ for 
5 rain and then neutral ized with K2CO 3 (5 reel / l ) .  The 
extracellular space (ml/g) was calculated as inulin space 
E = ct/ce. I n  this  equation, formed in analogy to tha t  
derived by  Morgan et aL [19] for the  sorbitol  space, ct 
means the  inulin concentration of l iver samples taken  at  
the  end of the perfusion experiment  b y  the method of 
Wollenberger et al.  [12], and ce the  inulin concentrat ion 
of the  perfusate. E was found to be 0.29 q- 0.05 (3 ~ 9). 

All  other experimental  conditions were identical  to 
those repor ted elsewhere in detai l  [4]. 
]3BI was a gift of Vi tamin and Pharmaceut ica l  Corp. 
(New York) and l iver aldolase, prepared according to 
]3ikow et al. [20] of Dr. F.  Heinz (Medizinisehe I-Ioch- 
schule, ]3-3 Hannover) .  

Results 

I so l a t ed  perfused l ivers  f rom guinea pigs were used.  
These  have  been found  v e r y  sensi t ive  to  the  ac t ion  of 
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biguanides [3, 4]. In this system, glucose formation 
from fructose was reduced about 65% by the addition 
of 4 X 10 -5 reel/1 DBI (Fig. 1). When lactate was used 
as substrate for gluconeogenesis the same degree of 
inhibition was achieved by 2 x 10 -5 mol/1 DBI under 
identical experimental conditions [4]. 

The pattern of hepatic metabolites revealed a 
cross-over phenomenon between the intracellular 
fructose and the fructose-l-phosphate concentration 
(Fig. 2) in the presence of 4 x 10 -5 reel/1 DBI. This 
effect was more pronounced with a higher concen- 
tration of the biguanide (Fig. 2). These findings 
indicated that  the fructokinase reaction could have 
been affected by this compound. However, the activity 
of this enzyme was not influenced by DBI (up to 
2 mmol/1) in the 60000 g supernatant of a crude liver 
homogenate fraction. In the guinea pig liver the 
activity of this enzyme [21] was found to be 1.07 =]= 0.06 
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F ig .  1. The in f luence of  4 X 10 -5 m o l / l  (O - -O )  and  1 X 10 -4 
molll (x - -  x) DBI on the rate of glucose formation from 
fructose (1.5 x 10 -2 reel/l) in perfused guinea pig livers. 
The addition of fructose (F) is marked by an arrow. 
Vertical bars represent standard deviations, the minimal 
number of contributing values are given in parentheses 

fructose may also be part ly converted to glycerate-2- 
phosphate via glycerate-kinase (EC 2.7.1.,). In the 
guinea pig liver, however, fructose is probably intro- 
duced into the Embden-Meyerhof pathway mainly at 
the triose-phosphate level, because the hepatic activ- 
i ty of glyeerate-kinase is hardly detectable in this 
species [4]. 
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Fig. 2. Alterations of the hepatic metabolite concentra- 
tions in the presence of DBI: 4 • 10 -5 mol/1 (O--O) and 
1 X 10 -t reel/1 DBI ( x -  x). For further explanation see 
legend to Figure 1. The control values are given in Table 1. 

Abbreviations: FRU fructose, F1P fructose-I-phosphate, 
GAP glyceraldehyde-3-phosphate, DAP dihydroxyace- 
tonephosphate, FDP fructose-l,6-diphosphate, F6P fruc- 

tose-6-phosphate, G6P glucose-6-phosphate 

U/g wet weight (n = 4), which is about 50% of that  
measured in the rat  organ [22]. 

From these results we assume that  DBI affected 
the phosphorylation of fructose indirectly. This could 
have been achieved by  a decreased intrahepatic ATP/ 
ADP ratio, as observed in the presence of DBI under 
the same experimental conditions (Table 1). 

The phosphorylation product of fructose is cleaved 
in the cytoplasmic compartment of the liver cell to 
D-glyeeraldehyde and dihydroxyacetone-phosphate. 
D-glyceraldehyde is converted to D-glyeeraldehyde-3- 
phosphate by trioklnase (EC 2.7.1.28). In  the rat  liver 

Almost all metabolites beyond the phosphorylation 
of fructose were lowered if DBI was added to the 
perfusion medium. The ratio of fructose-l.6-diphos- 
phate to fructose-6-phosphate was increased from 0.6 
to 2.6 by  4 x 10 .5 mol/1 and to 7.3 by 1 x 10 -4 mol/1 
DBI. The concentration of fructose-6-phosphate, glu- 
cose-6-phosphate and glycogen were markedly de- 
creased in the presence of DBI (Fig. 2). The increase 
of the hepatic glycerol and glycerol-3-phosphate con- 
centrations (Table 2) could be related to the accumu- 
lation of reducing equivalents, as indicated by the 
elevated lactate/pyruvate ratio (Table 3). 
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Table 1. The influence of D B I  on the hepatic A T P / A D P  
ratio 

DBI, 0 4 • 10 5 1 • 10 -4 
me1/1 

ATP 2112,225 (7) a 1716,161 (7) b 1330,158 (6) b 
ADP 573,63 (7) 950,128(7) b 1071,98 (6) b 
ATP/ADP 3.7,0.4 (7) 1.8,0.3 (7) b 1.2,0.2 (6) b 

a, b see Table 2. 

Table 2. The influence of D B I  (10 -4 moll1) on the meta- 
bolite concentrations of perfused guinea pig rivers in the 

presence of fructose 

Control DBI 

Fructose 2905,1246 (6) a 6139,662 (5) b 
F-1-P c 2521,1001 (6) 942,420 (6) b 
GlyeerMdehyde d 276 (8) 110 (6) 
Glycerol 53, 39 (5) 122, 12 (5) 
DAP 49, 10 (8) 38, 9 (6) 
GAP 17, 7 (6) 10, 6 (6) 
Glycerol-3- 96, 27 (7) 418, 59 (6) b 
phosphate 
FDP 22, 14 (9) 22, 6 (6) 
F-6-P 38, 18 (6) 3, 4 (5) b 
G-6-P 100, 37 (7) 10, 4 (5) b 
Glycogen 1700,1090 (5) 255,144 (5) b 

a mean values in nmoles/g wet weight, with standard 
deviation and the number of contributing values in 
parentheses. 

b these values differ significantly (P < 0.05, t-test) 
from their corresponding controls. 

e Abbreviations see legend to Fig. 2. 
a A mean value of 156 nmoles/g liver (n = 6) was sub- 

tracted from the total aldehyde concentration as describ- 
ed under methods. 

Table 3. The influence of D B I  (10 -~ reel/l) on the hepatic 
lactate/pyruvate ratio 

Control DBI  

Lactate 528,217 (7) a 1933,294 (5) b 
Pyruvate 45, 14 (7) 108, 24 (5) b 
Lactate/Pyruvate 11, 3 (7) 18, 2 (5) b 

a, b See Table 2. 

Discussion 

The conversion of fructose to glucose (Fig. 1) and 
to glycogen (Table 2) occurs less rapidly in guinea pig 
livers compared with the perfused organ from rats  
[6, 23]. This can be explained by  a lower act ivi ty  of 
hepatic  fructokinase in the guinea pig. For  the same 
reason f ructose- l -phosphate  accumulates  to higher 
levels ill livers f rom rats  if sa turat ing concentrat ions of 
fructose are present [16]. 

Altsehuld and Kruger  [3] postulated tha t  the 
inhibition of glueoneogenesis in perfused guinea pig 
livers m a y  be caused by  a decrease of the A T P / A D P  
ratio. Our results give direct evidence to suppor t  this 
concept  if fructose is used as substrate  for gluconeo- 
genesis. 

The cross-over phenomenon between the intra- 
hepatic fructose and fructose-l-phosphate eoncen- 

trations,  observed in the presence of DBI ,  indicated 
tha t  the phosphoryla t ion rate of fructose was sup- 
pressed. Since the fructokhaase reaction was no t  
inhibited by  D B I  in a liver homogenate  fraction, an 
indirect effect of this compound can be assumed. We 
suggest t ha t  this effect is caused by an al terat ion of 
the intrahepat ic  A T P / A D P  ratio, which is decreased 
by  DBI .  Whereas the phosphorylat ion rate  of fructose 
is dependent  on the A T P  concentrat ion,  A D P  is a 
strong inhibitor of fruetokinase [24, 25]. 

The influence of D B I  on the hepatic fructose-l .6- 
diphosphate and fruetose-6-phosphate concentrat ions 

m a y  be explained by  an altered [ATP] �9 [AMP] ratio 
[ADP] 2 

as already postulated by  Pat r ick  [9]. The intraeellular 
AMP concentrat ion was elevated in the presence of 
D B I  under  similar experimental  conditions [26]. 

An  influence of D B I  on the triokinase act ivi ty  
should also be expected from the lowered A T P / A D P  
ratio. Al though our data  (Fig. 2) do not  indicate such 
an effect, it cannot  be excluded, since an increase of 
the concentrat ion of glyceraldehyde could have been 
prevented for two reasons :1 because of an inhibition of 
the preceding fruetokinase reaction by  D B I ;  2 the 
accumulat ion of reducing equivalents (Table 3, see 
also ref. 4) could have led to a shift versus glycerol, 
which was elevated under  our experimental  conditions 
(Table 2). 

I n  conclusion, biguanides may  primari ly affect 
cellular respiration [27--29],  which causes an increase 
of reducing equivalents and a decrease of the ATP/  
A D P  ratio. I n  earlier studies [4] it was shown in per- 
fused guinea pig livers t ha t  D B I  reduced oxygen con- 
sumpt ion and tha t  gluconeogenesis f rom lactate was 
affected between pyruva te  and phosphoenolpyruvate .  
The reason for the inhibition at this step could not  be 
clarified. 

Al though no exact  correlation was found between 
the A T P / A D P  ratio and the suppression of glueoneo- 
genesis f rom lactate by  D B I  [4], a causal relationship 
between these effects cannot  be excluded. Measure- 
ments  of the total  tissue concentrat ions probably  do 
not  reflect the intramitochondrial  ratio of these 
adenine nucleotides, which m a y  be a sensitive regulator  
of the pyruva te  carboxylat ion rate [30, 31]. Wi th  
fructose, some evidence was found tha t  in the presence 
of D B I  the conversion of this substrate to glucose could 
be affected by  an altered A T P / A D P  ratio. 
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