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Glucose formation from methylglyoxal in hepatocytes from streptozotocin-induced 
diabetic mice: the effect of insulin 
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Abstract. Acetol and methylglyoxal are intermediates of the intrahepatic metabolism of acetone leading to 
pyruvate formation. In hepatocytes prepared from fasted streptozotocin-induced diabetic mice, net glucose 
production could be measured from methylglyoxal but not from acetone or acetol. Insulin increased glucose 
formation from methylglyoxal in a concentration-dependent manner, whereas it was ineffective when pyruvate was 
used as substrate. Drug oxidation, as evidenced by p-aminophenol formation from aniline, was enhanced by 
methylglyoxal, and insulin proved to be stimulatory in this case as well. It is concluded that insulin might be 
involved in the regulation of glucose formation from methylglyoxal, but its mode of action is not yet clear. 
Key words. Acetone; acetol; methylglyoxal; pyruvate; gluconeogenesis; drug oxidation; insulin; hepatocyte 
(mouse). 

The characteristic of diabetes mellitus is the disturbance 
of intermediary metabolism due to the absolute or rela- 
tive absence of the effect of insulin. As a consequence of 
the higher rate of lipolysis, plasma ketone body (ace- 
toacetate, /~-hydroxybutyrate) concentrations are in- 
creased, which elevate acetone production as well. 
Acetone, the decarboxylated product of acetoacetate, 
not only is removed from the body in exhaled air or 
voided urine but can also be metabolized (for a review, 
see ref. 1). The metabolism of acetone yields pyruvate, 
and methylglyoxal (pyruvaldehyde) is an intermediate 
in this route 2. 
In diabetes mellitus, glucose formation from acetone 
has been investigated both in vivo and in vitro, in 
h u m a n  3,4 and in animaP ,6 studies. However, little atten- 
tion has been paid to glucose formation from methyl- 
glyoxal, especially in relation to diabetes mellitus, and 
few data are available. In starved rats, insulin hampered 
glycogen formation from methylglyoxal 7, while in rab- 
bits, methylglyoxal failed to aid recovery from insulin- 
provoked hypoglycemia s . 
Since methylglyoxal is a product of cytochrome P450- 
catalyzed steps 2, and isozymes (cytochrome P450 IIE 1 
gene subfamily) involved in these reactions are induced 
in diabetes (for a review, see ref. 9), the investigation of 
methylglyoxal metabolism under diabetic conditions 
is of importance. It is known that the supply of 
NADPH + H + for cytochrome P450s diverts intermedi- 
ates from the gluconeogenic sequence (for a review, 
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see ref. 10) and, at the same time, the cofactor supply 
for the conjugation phase of drug metabolism is dimin- 
ished in the diabetic state ~. 
In experiments, gluconeogenesis from methylglyoxal 
and its effect on drug oxidation (detected as phenol 
accumulation) were investigated in hepatocytes pre- 
pared from streptozotocin (STZ) induced diabetic mice. 
The effect of insulin on both processes was also exam- 
ined. In this paper it is reported that the addition of 
insulin enhances glucose formation from metbylglyoxal 
but not from pyruvate. On the other hand, when aniline 
is added, methylglyoxal increases phenol accumulation 
in the cells, and the amount of accumulated phenols 
depends on whether insulin is present or not. 

Materials and methods 

Isolated hepatocytes were prepared by the collagenase 
perfusion method ~2 from STZ-injected (single injection 
of 60 mg/body weight kg given 2 weeks before the 
experiments started) CFLP male mice, fasted for 24 h 
prior to the experiments. Viability of the cells deter- 
mined by the Trypan blue exclusion test ~3 was about 
90-95% at the beginning of the experiments. Isolated 
cells (2 x 106 cells/ml) were incubated in a Krebs- 
Henseleit bicarbonate buffer (pH 7.4) containing 1% 
albumin and 2.5 mM CaC12 under constant bubbling of 
gas (O2:CO2, 95/5, v/v%) at 37 ~ In one series of 
experiments the Krebs-Henseleit bicarbonate buffer also 
contained not only amino acids necessary for protein 
synthesis ( l mM of each) but also 8.5 mM glucose and 
2.5 mM pyruvate, referred to as supplemented medium 
in text. 
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Glucose content of the samples and blood glucose con- 
centration of the animals were measured by the glucose 
oxidase/peroxidase method ~4. Since there was no mea- 
surable change in glucose content of the cells incubated 
without any gluconeogenic substrate, the actual glucose 
production of hepatocytes was calculated after subtrac- 
tion of the glucose content of the samples measured at 
0 min from that determined at 30 min. Just before the 
experiments, blood glucose concentration of mice was 
t2.3 _+ 1.2 mM (n = 10) and 5.5 • 0.6 mM (n = 3) in 
animals injected with STZ and in their normal litter- 
mates, respectively. Using ~25I-labeled insulin, the ability 
of the hepatocytes to bind insulin was checked (Kala- 
pos and Kovfics, unpubl.). Lactoperoxidase-catalyzed 
iodination of insulin was performed as described by 
David and Reisfeld 15. 
When aniline was added as a substrate for drug 
metabolism, p-aminophenol accumulation in the cells 
was determined according to the method of Schenkman 
et al? 6 DNA content of the cells was determined ac- 
cording to the method of Burton ~7. Methylglyoxal used 
was routinely purified by passage through a Dowex 1 
(C1-, mesh 200/400) column, and methylglyoxal content 
was determined as described by Racker ~8. 
All results are expressed as mean • SE. Statistical anal- 
ysis of data was performed using Student's t-test (one- 
tailed). 
Collagenase (type IV), glucose oxidase, o-dianisidine, 
STZ and methylglyoxal (40% aqueous solution) were 
purchased from Sigma, St. Louis, MO, USA. Peroxi- 
dase and NADPH + H + were bought from Reanal Fine 
Chemicals, Budapest, Hungary. Acetol was received 
from Aldrich-Chemie GmbH, Steinheim, Germany. In- 
sulin was from Novo-Nordisk. All other chemicals were 
of analytical grade. 

Results and discussion 

Net glucose formation in isolated hepatocytes from 
acetone, acetol or methylglyoxal, added as the sole 
substrates for gluconeogenesis, is presented in figure 1. 
There was no net glucose formation from acetone or 
acetol even when these were given at 20 mM concentra- 
tion. However, methylglyoxal proved to be gluconeo- 
genic; glucose formation from methylglyoxal increased 
when added up to 5 mM concentration, but above this 
aldehyde concentration glucose production, similar to 
the findings obtained in a study when hepatocytes were 
prepared from fasted mice ~9, was diminished. In earlier 
studies net glucose formation was demonstrated from 
both acetone and acetol in hepatocytes from fasted 
rats 2, but not from fasted mice 2~ All these data raise the 
possibility of species differences and, at the same time, 
the role of  other factors, such as cofactor supply 
for monooxygenases. This latter point seems to be 
supported by the fact that glucose production can 
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Figure 1. Glucose formation from acetone, acetol and methylgly- 
oxal. Hepatocytes were prepared from 24 h-fasted STZ-treated 
mice and incubated in the presence of substrates at 37 ~ for 30 
rain. Each point represents the mean _+ SEM of 3 to 5 experi- 
ments. Acetone (�9 acetol (A), methylglyoxal ([B). 

always be demonstrated when methylglyoxal - the first 
intermediate after the cytochrome P450-catalyzed steps 
in the gluconeogenic sequence starting from acetone 2 - 
is used, regardless of species or pretreatment of animals 
supplying hepatocytes (fig. 1 and refs 2 and 20). 
Since methylglyoxal added at concentrations higher 
than 1 mM inhibited protein synthesis in isolated 
murine hepatocytes 19, 1 mM methylglyoxal was used to 
investigate the effect of  insulin on glucose formation. As 
shown in the inset of figure 2, the addition of increasing 
insulin concentrations elevated glucose production 
when methylglyoxal was used, while it had no effect on 
glucose formation from pyruvate. To further substanti- 
ate the influence of insulin on gluconeogenesis from 
methylglyoxal, the accumulation of p - aminopheno l -  
the hydroxylated product of aniline - was studied, since 
it is known that the conditions (e.g. diabetes mellitus, 
starvation) in which isozymes of the cytochrome P450 
IIE 1 subfamily are induced, and the pools of cofactors 
needed for conjugation are reduced, favour phenol ac- 
cumulation when aniline is added 21-23. Since the 
NADPH + H + supply for cytochrome P450s burdens 
gluconeogenic sequence m, better substrate provision for 
gluconeogenesis may promote drug oxidation. In hepa- 
tocytes incubated in the presence of 2 mM aniline with 
and without insulin, the maximal rate ofp-aminophenol 
accumulation was achieved at 1 mM and 0.1 mM 
methylglyoxal, respectively (fig. 2). The addition of in- 
sulin also increased the amount of accumulated p- 
aminophenol (fig. 2). Data on phenol accumulation in 
experiments with hepatocytes incubated in a supple- 
mented medium indicated that the supplementation of 
the medium did not have any influence on the position 
of the peak either in the presence or in the absence of 
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Figure 2. The influence of  insulin on glucose formation from methylglyoxa] and pyruvate, and on p-aminopheno] accumulation in cells. 
Hepatocytes were prepared from 24 h-starved STZ-treated mice. The cells were incubated at 37 ~'C for 30 min in the presence of 2 mM 
aniline, and increasing concentrations of methylglyoxal were given to the medium with (O) and without (�9 addition of 500 U/I insulin. 
Each point represents the mean _+ SE of three experiments. Significantly different from the corresponding control: ~ < 0.1, OOp < 0.05, 
and statistical difference ofp-aminophenol accumulation between the two incubation conditions at • < 0.1 and X• < 0.05. Inset: The 
cells were incubated at 37 ~ for 30 min in the presence of 1 mM methylglyoxal (D) or pyruvate (11), and an increasing amount of 
insulin was added. Glucose production is expressed as the percentage of the control values, mean • SEM of 6 experiments. Hundred 
percent values are 85.7 • 14.3 nmol/106 cells and 201 • 41.7 nmol/106 cells for methylglyoxal and pyruvate, respectively. Significantly 
different from the corresponding control: Xp < 0.1, XXp < 0.05 and XXXp < 0.02. 

insulin, and the amount  of accumulated p-aminophenol  
was not modulated either (data not shown). Methylgly- 
oxal enters the known pathway of gluconeogenesis 
through pyruvate 2. Since a crucial role is assigned to 
pyruvate concentration in gluconeogenesis 24, and the 

effect of A23187 calcium ionophore antibiotic on glu- 
cose formation starting from pyruvate depends on the 
concentration of pyruvate used 25, it seems plausible to 

suggest that insulin enhances glucose production from 
methylglyoxal in such a manner  that pyruvate supply is 
increased. The ratio of glucose formation from methyl- 
glyoxal and pyruvate added at the same concentration 
is approximately 0.4 (see fig. 2, inset). Therefore, if 
insulin promotes the conversion of methylglyoxal to 
pyruvate through one or another of the well-known 
routes, the more efficient pyruvate supply can cause the 
higher rate of gluconeogenesis starting from methylgly- 
oxal in the presence of insulin. Nevertheless, based on 
the phenol accumulation experiments in supplemented 
medium, it is not clear why supplementation of the 
incubation medium does not have any influence on 
phenol accumulation. Using hepatocytes isolated from 
acetone-pretreated fasted mice, it has been demon- 
strated that supplementation of the medium lowered 
the methylglyoxal concentration at which the rate of 

phenol accumulation was max• 9. It was concluded 

that this shift was due to the less effective metabolism of 
methylglyoxal, which in the presence of nutrients be- 
came toxic at lower concentrations ~9. In the present 
study this phenomenon is not seen, and insulin proved 
to be ineffective on glucose formation from pyruvate. 
Insulin is known to increase glycolysis and glycogen 
synthesis (for reviews, see refs 26 and 27). In diabetes 
mellitus the changed enzyme pattern in the liver favours 
gluconeogenesis and glycogenolysis (for a review, see 
ref. 28). As presented (fig. 2), insulin elevated glucose 
formation from methylglyoxal, and it can be postulated 
that by increasing the conversion of this aldehyde to 
pyruvate, insulin increases glucose production. 
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