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Summary. The effect of a five day pret reatment  with 
phenformin (3 • 50 mg daily) on hepatic metabo-  
lism was studied in six healthy volunteers. Arterial 
and hepatic venous concentrations of substrates and 
hepatic blood flow were estimated during a basal 
period and during a low-dose lactate infusion 
(0,03 mmol �9 kg -~ �9 min-1). The results have been 
compared with those obtained from untreated nor- 
mal subjects in a previous study (16). During the 
baseline period arterial concentration of alanine and 
the hepatic venous concentration ratios of alanine: 
pyruvate and fi-hydroxybutyrate: acetoacetate were 
significantly increased with phenformin treatment,  
while the balances of carbon dioxide and glucose and 
the fractional extraction of alanine were decreased 
compared to the values obtained in untreated sub- 
jects. During lactate infusion mean arterial lactate 
concentration was significantly increased and hepatic 
lactate extraction was decreased compared to un- 
treated persons under the same conditions. In the 
phenformin-t reated group lactate infusion resulted in 
hepatic output of pyruvate and the hepatic glucose 
balance remained unchanged compared to baseline. 
Since the rate of hepatic blood flow was not increased 
during lactate infusion a significantly smaller glucose 
output and lactate uptake was obtained with phen- 
formin. These findings support the present view that 
the hypoglycaemic effect of biguanides is due, at least 
in part, to inhibition of hepatic gluconeogenesis. 

Key words: Arterial and hepatic venous concentra- 
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Besides impaired glucose absorption from the gut [1] 
and accelerated glucose uptake by muscle [2], reduc- 
tion of hepatic gluconeogenesis has been suggested as 
an important  mechanism explaining the hypogly- 

caemic effect of the biguanides [3]. Inhibition of 
gluconeogenesis by biguanides has been observed in 
liver slices [4] and in the isolated peffused liver [5-8], 
although rather high concentrations of the drugs 
were required. Attempts to demonstrate such an 
effect in man by either measurement  of arterial and 
hepatic venous substrate concentrations after a single 
oral or parenteral  phenformin application [9, 10], or 
by tracer studies using lactate-C TM after several days 
pretreatment  [11, 12] have not clearly confirmed the 
in vitro experiments. It has been shown that 
biguanide concentrations comparable to those used 
in in vitro studies [13, 14] can be obtained in man 
only after several days of pretreatment  with the drug. 
We have therefore reinvestigated this problem 
measuring hepatic metabolite balances by a tech- 
nique which was successfully applied earlier for study 
of gluconeogenesis in human liver [15, 16]. 

Material and Methods 

Subjects and Pretreatment 

6 subjects were recruited from medical students of 
the Munich University School of Medicine. All were 
informed about the aim and the risks of the study and 
gave their consent. Their  average age was 23.3 + 0.6 
years, height 174.8 • 2.9 cm and weight 68.8 + 
2.4 kg (expected weight range: 64.2 -- 70.2 [17]). 
These mean values were not considerably different 
from those obtained in the untreated controls studied 
previously (age: 26.5 + 0.6 years; height: 175.3 _• 
0.8 cm; weight: 70.9 + 1.0 kg [16]). All subjects 
were well at the time of study. Liver and renal func- 
tion tests indicated the absence of gross hepatic and 
renal disease (mean • SEM: G O T  10.0 • 0.7 U/l, 
G P T  9.5 • 0.6 U/l, ~,-globulins 1.06 + 0.03 g/ 
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100 ml; creatinine: 0.95 + 0.05 g/100 ml) 1. Glucose 
concentrations two hours after 100 g oral glucose 
were normal (mean + SEM: 5.18 _+ 0.07 mmol/1). 
All subjects were given 50 mg phenformin three 
times daily for 5 days while continuing their normal 
intake of food. After an overnight fast each subject 
received one further dose of 50 mg phenformin one 
hour prior to the test. None was taking any other 
drug at the time of study. The protocol of this study 
was reviewed and approved by the Investigation- and 
Ethical-Committee of the Sonderforschungsbereich 
51 of the Deutsche Forschungsgemeinschaft accord- 
ing to the code of ethics of the World Medical 
Association [19]. 

Procedure 

All studies were performed between 8.30 a.m. and 
11.30 a.m. in a recumbent position. Under sterile 
conditions and local anaesthesia a Goodale-Lubin 
catheter (Type 125 C, Size 7 F, US Catheter and 
Instrument Corporation, Glenforth, USA) was 
placed from a cubital vein of the left arm into the 
right hepatic vein, under fluoroscopic control. There- 
after, a Cournand needle (Size PE 160, Kifa, Swe- 
den) was inserted into the fight femoral artery. Both 
were flushed continuously with physiological saline 
containing small amounts of heparin, at a dose 
(0.05 U/kg �9 min) which has no significant effect on 
lipoprotein lipase activity and consequently on free 
fatty acid levels (20). After an equilibration period of 
15 min, arterial and hepatic venous blood samples 
were collected simultaneously at 10 min intervals 
throughout a 30 min basal period. Sodium lactate 
(150 mmoles/l) was then infused into a cubital vein 
at a rate of 0.03 mmoles - kg -1 �9 min -1 and further 
blood samples were taken at 10 min intervals for 
40 min. Total blood loss was less than 200 ml. 

During 20 minutes of the basal period and be- 
tween 20 and 40 minutes during the infusion of lac- 
tate, hepatic blood flow (HBF) was measured by a 
gas exchange technique using 133xenon, as described 
in detail before [16, 21, 22]. 

Analysis 

Immediately after sampling, 2 ml of blood were 
mixed with 6 ml of ice-cold 0.6 mol/1 perchloric acid 
and centrifuged at 4 ~ C. After neutralization with 
KHCO3 the supernatants were analyzed for pyruvate 
and acetoacetate within 6 hours. Glucose, lactate, 

1 Serum glutamate-oxaloacetate-transaminase (GOT), gluta- 
mate-pyruvate-transaminase (GPT); determination and normal 
ranges according to [18] 

glycerol, alanine, free fatty acids and fl-hydroxybuty- 
rate were determined after storage at - 2 0  ~ C over- 
night. Procedure and precision of the tests has been 
given elsewhere [16]. From each blood sample deter- 
mination of the individual substrates was performed 
at least in duplicate. The basal values represent the 
mean of 4 determinations obtained at 10 rain inter- 
vals before the infusion was started. Hepatic uptake 
of substrates was estimated using those blood sam- 
pies collected during the measurement of hepatic 
blood flow [23]. Standard statistical methods were 
employed using Student's t-test for paired and 
unpaired samples when applicable [24]. All the mean 
values are given with the standard error of the mean 
(SEM). 

Materials 

Lactate was used as a sterile aqueous racemate 
sodium lactate solution containing 150 mmol/l of 
sodium D,L-lactate (Department of Pharmacy of 
Schwabing City Hospital, Munich, FRG). Radioac- 
tive 13axenon (Radiochemical Centre Amersham, 
Great Britain) was purchased as a sterile solution of 
10 mCi radioactive 133xenon in 1 ml sodium chloride 
(9 g/l). Its specific activity was indicated to be 
44.8 Ci/mmol at a given reference date. Heparin was 
used as a sterile solution of sodium heparinate con- 
taining 5000 USP units/ml (Hoffmann-La-Roche, 
Grenzach, FRG). 

Results 

1. Arterial Concentrations of Metabolites (Table 1, 2) 

Arterial blood concentrations of almost all metabo- 
lites were uninfluenced by phenformin as compared 
to those of untreated volunteers [16] (Table 1). This 
was also true of the values obtained for carbon diox- 
ide, which were found to be 44.5 + 1.9 ml/100 ml. 
Arterial concentrations of alanine (Table 2) were 
elevated (p < 0.05; unpaired t-test) as compared to 
untreated subjects (controls: [n = 8], 0.157 +_ 
0.014 mmol/1) 2. Hepatic venous concentration ratios 
of substrates revealed normal lactate: pyruvate ratio, 
but increased ratios of fi-hydroxybutyrate: acetoace- 
tate and of alanine: pyruvate (Table 2). 

During lactate infusion the arterial lactate con- 
centration was doubled within 10 rain and reached 
almost a steady state after 20 minutes (Table 1). The 
arterial lactate increase in the phenformin pretreated 

2 These data were derived from [16] 
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Table 1. Arterial concentrations of metabolites during lactate infusion after phenformin pretreatment 
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Lactate infusion 

BasaP 10 min 20 min 30 rain 40 min 

Glucose 4.74 _+0.13 4.77 _+0.16 4.77 _+0.13 4.75 +0.11 4.83 _+0.12 
Lactate 0.64 -+0.15 1.23 _+0.11 b,c 1.47 _+0.16 b,c 1.64 +0.19 b,c 1.74 -+0.15 b,c 
Pyruvate 0.038-+0.01 0.058--_0.01 b,c 0.070-+0.01 b 0.070-+0.01 b 0.064_+0.01 b 

Alanine 0.237_+0.03 ~ 0.256-+0.03 c 0.262-+0.02 c 0.269-+0.03 c 0.269-+0.03 c 
Glycerol 0.083-+0.01 0.076-+0.02 0.076_+0.02 0.076_+0.02 0.083_+0.01 
Free fatty acids 0.415_+0.03 0.358_+0.03 0.358_+0.02 0.364_+0.01 0.371-+0.02 
fl-hydroxybutyrate 0.134_+0.03 0.128_+0.03 0.115 -+0.03 0.112_+0.03 0.112_+0.04 
Acetoacetate 0.089_+0.02 0.077_+0.01 0.064-+0.02 0.070_+0.02 0.064_+0.02 

The values represent the mean _+ SEM of 6 volunteers in mmol/1 
a 4 samples obtained at 10 minute intervals averaged for each subject 
b Significant difference to basal (p < 0.05; paired t-test) 
c Significant difference to the controls (p < 0.05; unpaired t-test) (see Results) 

Table 2. Effect of phenformin pretreatment on splanchnic carbon 
dioxide balance, fractional extraction of alanine and hepatic ve- 
nous concentration ratio of lactate: pyruvate, alanine: pyruvate 
and/~-hydroxybutyrate: acetoacetate 

Control Phenformin Unpaired 
t-test 

n 10 6 

Carbon dioxide 
(ml/100 ml) -5.4_+0.6 -3.4_+0.9 p < 0.05 

Alanine (%) 26.3_+2.1 15.3_+2.4 p <0,005 
Lactate: pyruvate 11.7_+1.6 15.9_+2.6 NS 
Alanine: pyruvate 3.8_+0.5 7.4_+0.8 p <0.025 
/5-hydroxybutyrate: 

acetoacetate 1.5_+0.2 2.8_+0.3 p <0.025 

subjects appears to be greater than in control sub- 
jects during lactate infusion as observed previously 
(controls [n = 8]: Lactate infusion: 10 min: 0.90 _+ 
0.08, 20min: 1.16 + 0.13, 30rain: 1.24 _+ 0.10, 
40 min: 1.38 _+ 0.10 mmol/1 [18]). The arterial con- 
centration of pyruvate after 10 min of lactate infu- 
sion was significantly higher (Table 1) than in sub- 
jects not treated with phenformin (controls: In = 8], 
lactate infusion: 1 0 m  in: 0.043 ___ 0.003mmol/l  
[16]). The arterial levels of the other substrates were 
unchanged during lactate infusion (Table 1). 

2. Hepatic Venous Concentrations of Substrates and 
Hepatic Blood Flow (Table 2, 3) 

Arterial-hepatic venous concentration differences of 
metabolites were not altered by phenformin pretreat- 
ment, with the exception of those of CO2 (Table 2) 
and glucose which were significantly smaller than 
observed previously in untreated volunteers under 
identical conditions (p < 0.05, unpaired t-test [Table 
3]). The difference of alanine was not increased by 

the higher alanine concentrations; consequently, 
fractional alanine extraction became significantly 
lower than in untreated persons (Table 2). As indi- 
cated in Table 3 there was an increase in the arterial- 
hepatic venous difference of glucose during the first 
10 rain of lactate infusion, after which it returned to 
the baseline value. Compared with our findings in 
untreated subjects the glucose differences shown 
here were significantly smaller during the basal 
period as well as at any time during lactate infusion 
(Table 3). This holds also for those of lactate which 
increased significantly less during lactate infusion. 
Arterial-hepatic venous differences of pyruvate were 
significantly decreased during lactate infusion, with 
negative values after 20 minutes of the infusion. This 
finding is also distinctly different from previous 
results on untreated persons during identical lactate 
infusion (Table 3). During lactate infusion hepatic 
FFA extraction appeared to be significantly smaller 
after phenformin pretreatment (mean + SEM In = 
6] basal: 0.102 + 0.025 retool/l; during infusion: 
10rain 0.071 + 0.025, 20min 0.070 + 0.016, 
30 rain 0.070 + 0.012 [p < 0.05; unpaired t-test] and 
40 rain 0.081 _+ 0.025 retool/l) as compared to the 
controls ~ (mean + SEM In = 8] basal: 0.106 + 
0.021 mmol/l; during infusion: 10 min 0.098 + 
0.013, 20 min 0.118 _+ 0.02, 30 min 0.120 + 0.022, 
40 rain 0.126 __+ 0.028 retool/1 [16]). The rates of 
hepatic blood flow are shown in Table 3. Phenformin 
pretreatment had no effect on basal hepatic blood 
flow and there was no change during lactate infusion, 
in contrast to normal subjects. 

3. Hepatic Uptake of  Substrates 

From the arterial-hepatic venous concentration dif- 
ferences of substrates and the blood flow data (Table 
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Table 3. Hepatic blood flow (HBF) and arterial-hepatic venous concentration differences of snbstrates during lactate infusion in phenfor- 
min pretreated subjects (P) as compared to untreated controls (C) 

Lactate infusion 

Basal a 10 min 20 rain 30 min 40 rain 

P 78.0 +-3.2 78.7 --2.4 c 
HBF C a 78.1 +-3.3 107.0 _+3.0 b 

P -0.28 +0.05 c -0.40 +0.04 b,c -0.32 +_0.05 ~ -0.36 +0.04 c -0.33 +0.03 c 
Glucose C a -0.59 +_0,07 - 0 . 9 6  +-0.10 b - 0 . 8 4  ___0.09 b - 0 . 8 4  _+0.06 b - 0 . 8 4  +_0.10 b 

P 0.15 +_0.03 0.35 -+0.05 b 0.33 -+0.07 b 0.33 -+0.07 b,~ 0.32 +0.07 b,~ 
Lactate C a 0.11 +-0.02 0.37 _+0.06 b 0.47 _+0.07 b 0.49 +0.04 b 0.55 +0.05 b 

P 0 .006+_0 .002  0 . 0 0 6 + _ 0 . 0 0 5  -0.006+0.006 b -0.013_+0.006 b,~ -0,013+0,006 b,~ 
Pyruvate C a 0.008+-0,002 0 , 0 0 8 + _ 0 , 0 0 3  0 , 0 0 8 + _ 0 , 0 0 4  0.008-+0.006 0,005+_0.006 

P 0 .038_+0 .006  0,045+-0,012 0 , 0 3 8 + _ 0 . 0 0 6  0 . 0 3 2 + _ 0 , 0 0 6  0.026+_0.012 
Alanine C d 0 .046+_0,010 0 . 0 4 6 + _ 0 . 0 0 8  0 . 0 4 4 + _ 0 . 0 1 3  0 . 0 4 3 + _ 0 . 0 1 2  0,033+0.010 

P 0 .046+_0 .006  0 . 0 3 8 + _ 0 . 0 0 6  0.038+-0,006 0.038+-0.006 0.038_+0,006 
Glycerol C a 0.043+-0.006 0 . 0 5 3 + _ 0 , 0 0 9  0.050-+0.008 0.050+-0.006 0,051+_0,007 

The values represent the mean _+ SEM of 6 treated and 8 untreated subjects in mmol/l. Glycerol data of the controls stem from 6 
volunteers 
a 4 samples obtained at 10 minute intervals averaged for each subject 
b Significant difference to basal. (p < 0.05; paired t-test) 

Significant difference to the controls (p <0.05; unpaired t-test) 
d These data were derived from (16) 

Table 4. Hepatic uptake of substrates during lactate infusion in phenformin-pretreated subjects as compared to untreated controls 

Glucose Calculated Precursor uptake Calculated 
production rate a of rate d of 

gluconeogenesis Lactate Pyruvate Alanine Glycerol glycogenolysis 

Basal 43 .1+_2.9  11.3+_1.6 11.9_+1.1 0 . 9 _ + 0 . 2  3.1+1.2 3 .6+-0 .5  31.8+_3.2 
Controls a Lactate 79.3_+8.3 b 37.3+3.3 b 58.9+5.8 b 1 . 1 + - 0 . 2  4 . 6 + - 1 . 3  5.4+_0.6 b 42.0_+7.9 

Basal 22.5+3.4 c 10.0+-1.4 12.8+-2.6 0 . 9 + - 0 . 2  3 . 1 + - 0 . 3  3.7+_0.4 13.8+2.9 c 
Phenformin Lactate 27.0+3.6 ~ 15.7-+2.8 c 25.8+_5.5 b,c -0.6+_0.4 3.1+0.5 3.1_+0.1 c 11.2+_2.7 c 

The data represent the mean +- SEM in ~tmol. 100 g liver wt -1 rain -1 of 6 subjects obtained at 30 min during lactate infusion 
a These data were derived from (16) 
b Significant difference to basal (p < 0.05; paired t-test) 
c Significant difference to the corresponding values of the controls (p < 0.05; unpaired t-test) 
d These values are indicated in glucose equivalents and hepatic aminoacid uptake was estimated as twice that of alanine (40) 

3) a significantly smal ler  basal  hepat ic  glucose ou tpu t  
was calcula ted after p h e n f o r m i n  t r e a t m e n t  (p < 0.05; 
u n p a i r e d  t- test)  (Table  4). Thereby ,  the  basal  p recur -  
sor up take  was no t  diminished.  In  u n t r e a t e d  hea l thy  
subjects  lactate infus ion  led to a n e a r  doub l ing  of 
hepat ic  glucose p roduc t ion  and  to a 5-fold increase  of 
lactate  up take  (Table  4). The re  was no  significant 
a l te ra t ion  of glucose ou tpu t  and  only  slight accelera- 
t ion  of lactate  up take  after p r e t r e a t m e n t  with phe n -  
formin.  Fu r the rmore ,  lactate infus ion  did no t  s t imu- 
late glycerol up take  and,  in  s t r iking contras t  to the 
controls ,  there  was a release of pyruva te  f rom the 
liver (Table  4). 

Cor re spond ing  to the smal ler  a r te r ia l -hepat ic  
venous  difference of F F A  and  the deficient  b lood  
flow response  dur ing  lactate infus ion  hepat ic  F F A  

up take  was cons iderably  lower after p h e n f o r m i n  pre-  
t r e a t me n t  ( me a n  + S EM [n = 5] basal:  7.78 + 1.2, 
lactate: 6.06 + 2.4 ~tmol/100 g .  min  [p < 0.05; un -  
pa i red  t-test])  as compared  to the controls,  who 
showed significant increase  dur ing  lactate infus ion  
( me a n  _+ S E M  [n = 8]; basal:  8.7 _+ 1.6, lactate:  12.6 
_+ 2.2 Bmol /100 g �9 m i n  [p < 0.05; pa i red  t-test]). 

Discuss ion  

The  aim of this work was to s tudy the effect of 
therapeut ic  doses of p h e n f o r m i n  on  lactate gluco- 
neogenes is  in heal thy subjects.  Da ta  on  g luconeo-  
genesis ob ta ined  in hea l thy  subjects  wi thout  phenfor -  
m i n  t r ea tment ,  bu t  u n d e r  otherwise ident ical  condi-  
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tions [16], were used for comparison. It is suggested 
that the amount and method of phenformin adminis- 
tration yields biguanide concentrations in the liver 
comparable to those proven effective in the isolated 
perfused organ [13, 14]. In previous studies we had 
shown that substrate concentrations were essentially 
identical in arterial and portal venous blood after an 
overnight fast and during lactate infusion [16]. On 
the assumption that this holds true also during phen- 
formin treatment it appears justified to interpret the 
present substrate balance data derived from arterial- 
hepatic venous concentration differences as a reflec- 
tion of the metabolic performance of the liver. 

The reduced hepatic glucose production during 
the basal period after phenformin (Table 4) is most 
probably explained by a smaller rate of glucose out- 
put deriving from glycogen, either due to altered 
activity of glycogenolytic enzymes and/or to depleted 
glycogen stores. There is support for the latter possi- 
bility [3, 25]. A depletion of the hepatic glycogen 
stores could be due to a slower rate of gluconeogen- 
esis [5, 8] and/or an accelerated rate of glycolysis 
induced by an impaired cellular respiration during 
biguanide treatment [26-29]. From numerous in 
vitro experiments there is evidence that biguanides 
inhibit gluconeogenesis by lowering the energy pro- 
duction of the liver cell through interference with 
oxidation phosphorylation or with mitochondrial 
respiration, as indicated by reduced hepatic oxygen 
consumption and CO 2 production [5, 8, 26-29]. Our 
finding of an increase of the hepatic venous concen- 
tration ratios of/3-hydroxybutyrate: acetoacetate and 
alanine: pyruvate, of a smaller CO2 balance (Table 2) 
and a reduced percentual alanine extraction, with a 
concomitant rise of arterial alanine concentrations, is 
consistent with this hypothesis [6, 30, 31]. It seems 
noteworthy that in spite of the reduction of basal 
hepatic glucose output, the arterial glucose concen- 
tration was not significantly different from that in 
untreated persons. This finding is in line with the 
present view that biguanides lower blood sugar levels 
in diabetics but not in healthy subjects [32]. This 
phenomenon may be explained by our recent obser- 
vation that, in contrast to the effect in diabetic sub- 
jects [2], glucose uptake by muscle in the forearm of 
healthy volunteers was significantly reduced by phen- 
formin under identical conditions [33]. 

Assuming impaired gluconeogenesis and cellular 
respiration to be responsible for the altered glucose 
output already seen during the basal period impair- 
ment should become more obvious under conditions 
of increased biosynthetic activity, e.g. during the 
accelerated formation of glucose from lactate. In our 
studies, after pretreatment with phenformin, the 
human liver was no longer capable of accelerating its 

rate of glucose formation from lactate when arterial 
lactate concentration was increased (Table 4). Even 
if hepatic blood flow were increased to a similar 
extent during lactate infusion as was found in the 
untreated controls (Table 3), the smaller arterial- 
hepatic venous concentration difference of lactate 
would have yielded a significantly smaller hepatic 
rate of uptake. This was also true of hepatic glucose 
production, which was not altered during lactate 
infusion, as compared to the basal period (Table 4). 
In the isolated perfused liver (34, 35) and in the dog 
in vivo [36] the higher energy demand for accelerated 
gluconeogenesis is met by enhanced oxidation of long 
chain fatty acids, with increases of corresponding 
CO2 production and oxygen consumption. There was 
no significant increase of hepatic FFA uptake in the 
pretreated subjects in contrast to what had been 
observed in the controls (see Results). The striking 
pyruvate production occurring under phenformin 
treatment during lactate infusion may also be 
explained as a consequence of insufficient energy 
supply, since ATP-dependent phosphorylation reac- 
tions were found to be impaired in the phenformin 
treated perfused rat liver [6, 8]. Although the present 
findings were obtained in healthy subjects it is pos- 
sible that phenformin acts on liver metabolism in a 
similar manner in diabetic patients. If so, the inhibi- 
tion of hepatic gluconeogenesis from lactate, in addi- 
tion to the reduction of glucose absorption [1] and 
the stimulation of glucose uptake in muscle [2] may 
contribute to the blood sugar lowering effect of the 
biguanides in maturity onset diabetics. Furthermore, 
the impaired hepatic lactate uptake due to phenfor- 
rain may at least partly explain the unfavourable side 
effect of biguanide therapy, namely the occurrence of 
fatal lactic acidosis [37-39]. Corresponding to this 
view, the biguanides' blood sugar lowering effect 
cannot entirely be disconnected with their suppres- 
sive action on hepatic lactate utilization. 
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