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may protect against diabetic complications by mechanisms independent of its antihyperglycemic effect.
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D

ramatically accelerated retinal and renal disease
are common complications of long-term diabetes, and as documented by the results of the
Diabetes Control and Complications Trial (1),
chronic hyperglycemia and its resulting glucose toxicity play
an important role in their development. Substantial recent
data indicate that glucose toxicity is mediated through
increased production of highly chemically reactive -dicarbonyl precursors of advanced glycation end products (AGEs)
(2,3). These toxic -dicarbonyls, such as methylglyoxal (MG)
and 3-deoxyglucosone (3-DG), are extremely reactive as glycating agents for collagen, enzymes, and other important cellular components (4–7) and have been shown to be toxic to
cultured cells (7–9). They are elevated in plasma of diabetic
individuals (10–14) and are found in increased levels in
patients showing evidence of early diabetic nephropathy and
retinopathy (13). Both MG and 3-DG can lead to increased
AGE formation, which in turn is associated with diabetic vascular complications (15–17). Because of their toxic potential,
3-DG and MG are converted to innocuous products by ubiquitous mechanisms, and both oxidative and reductive pathways exist for their breakdown. MG is oxidized by the glyoxalase pathway to D-lactate and is metabolized reductively to
acetol (3,18), whereas the reductive pathway for 3-DG results
in the production of 3-deoxyfructose (3-DF) and an oxidative
pathway that is not as well characterized leads to the production of 3-deoxy-2-ketogluconic acid (3-DGA) (19,20).
Recently, substantial efforts have been undertaken to
develop the guanidino compound aminoguanidine (AG) as a
drug to delay or prevent the development of diabetic complications. Using in vitro model systems and animals, several
groups have shown that this compound is quite effective in
inhibiting the formation of AGEs and alleviating diabetic
complications (21–23), and clinical trials are currently underway to evaluate the effect of AG therapy on the progression
of diabetic renal and atherosclerotic disease. The mechanism of action of AG appears to involve reactions that inactivate -dicarbonyls such as 3-DG and MG (24,25). The potential sources of MG and its detoxification pathway to D-lactate
(DL) are shown in Fig. 1.
Other guanidino compounds have shown similar, potentially beneficial effects on tissue glycation and the formation
of AGEs (26–28). In this context, one of the most useful
among these compounds is the safe and effective biguanide
antihyperglycemic agent metformin. The similarities of the
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Methylglyoxal (MG) is a reactive -dicarbonyl that is
thought to contribute to diabetic complications either
as a direct toxin or as a precursor for advanced glycation end products. It is produced primarily from triose
phosphates and is detoxified to D-lactate (DL) by the
glyoxalase pathway. Because guanidino compounds can
block dicarbonyl groups, we have investigated the
effects of the diamino biguanide compound metformin
and of hyperglycemia on MG and its detoxification
products in type 2 diabetes. MG and DL were measured
by high-performance liquid chromatography in plasma
from 57 subjects with type 2 diabetes. Of these subjects, 27 were treated with diet, sulfonylureas, or
insulin (nonmetformin), and 30 were treated with metformin; 28 normal control subjects were also studied.
Glycemic control was determined by HbA1c. MG was
significantly elevated in diabetic subjects versus the
normal control subjects (189.3 ± 38.7 vs. 123.0 ± 37
nmol/l, P = 0.0001). MG levels were significantly
reduced by high-dosage (1,500–2,500 mg/day) metformin (158.4 ± 44.2 nmol/l) compared with nonmetformin (189.3 ± 38.7 nmol/l, P = 0.03) or lowdosage (≤1,000 mg/day) metformin (210.98 ± 51.0
nmol/l, P = 0.001), even though the groups had similar
glycemic control. Conversely, DL levels were significantly elevated in both the low- and high-dosage metformin groups relative to the nonmetformin group
(13.8 ± 7.7 and 13.4 ± 4.6 vs. 10.4 ± 3.9 µmol/l, P = 0.03
and 0.06, respectively). MG correlated with rising
HbA1c levels (R = 0.4, P = 0.03, slope = 13.2) in the nonmetformin subjects but showed no increase with worsening glycemic control in the high-dosage metformin
group (R = 0.0004, P = 0.99, slope = 0.02). In conclusion,
MG is elevated in diabetes and relates to glycemic control. Metformin reduces MG in a dose-dependent fashion and minimizes the effect of worsening glycemic
control on MG levels. To the extent that elevated MG
levels lead to their development, metformin treatment
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chemical structure of metformin and AG are shown in Fig. 1.
Because our preliminary studies have indicated that metformin has an inhibiting effect on in vitro glycation and AGE
formation, we have performed studies to determine whether
metformin can lower the concentrations of -dicarbonyls
and their metabolites in type 2 diabetes.

RESULTS
RESEARCH DESIGN AND METHODS
We recruited two groups of subjects with type 2 diabetes who were either treated
with metformin (500 to 2,500 mg/day for ≥3 months) or not treated with metformin.
Subjects were sequentially recruited from the Dartmouth-Hitchcock Medical Center in Lebanon, New Hampshire, using a large population with type 2 diabetes. Inclusion criteria for study subjects were type 2 diabetes, age of 20–70 years, no renal
impairment (serum creatinine <140 µmol/l (1.6 mg/dl), no significant liver disease, and stable cardiac status. After the nature of the procedure was explained
and informed consent was obtained, each subject underwent a series of clinical
and laboratory evaluations on the same day. A complete examination was performed by the same physician (P.J.B.) and included determination of the duration
of diabetes, the level of retinopathy as assessed by dilated ophthalmoscopy, and
the degree of atherosclerosis and neuropathy, which were graded according to standard clinical criteria. Blood was sampled in the fasting state for determination of
glucose, creatinine, and HbA1c. A 24-h urine collection was performed on the preceding day for determination of urinary albumin excretion and creatinine clearance.
To avoid the possible effect of greater or lesser degrees of glycemic control on
the levels of -dicarbonyls, we selected subjects taking or not taking metformin
who were paired for similar HbA1c and fasting plasma glucose values. Based on
our in vitro quantitative data on the inhibitory effect of metformin on nonenzymatic glycation and AGE formation, we calculated that 60 subjects (30 in each
group) would be required to produce sufficient power to demonstrate significant
differences between groups if such an effect existed.
Plasma levels of MG and 3-DG, and of their major metabolites (DL, acetol, 3DF, and 3-DGA), were measured in each subject in the fasting state. Plasma MG
and DL levels were also measured in 28 nondiabetic control subjects.
Assay systems. As part of ongoing studies of the role played by glycation in the
development of diabetic complications, we have developed assay systems for 3DG, MG, and their major precursors and metabolites, using high-performance liquid chromatography (HPLC), gas chromatography–mass spectrometry (GC-MS),
and nuclear magnetic resonance techniques (4,10,29,30). To assess the levels of
MG and DL, we used assays developed in our laboratories as detailed below. Their
reproducibility, accuracy, and specificity have been rigorously validated.
DIABETES, VOL. 48, JANUARY 1999

Study population characteristics. We studied 57 subjects
with type 2 diabetes, of whom 30 were taking metformin and
27 were given other treatment. The study population consisted
of 32 men and 25 women, and the mean age and known duration of diabetes were 62.5 ± 7.5 and 13.6 ± 8.3 years, respectively. The mean age of the control group was 41 ± 14 years,
and the group consisted of 13 men and 15 women.
The metformin and nonmetformin subjects were similar in
age (61.5 ± 8.6 vs. 63.8 ± 6.1 years, P = 0.26). Conversely, the
metformin subjects had a somewhat shorter duration of diabetes (11.8 ± 6.9 vs. 15.6 ± 9.3 years, P = 0.09) and were
somewhat heavier (201.9 ± 38.8 vs. 184.6 ± 34.4 lb, P = 0.08),
although neither of these differences achieved statistical
significance.
Of the 30 subjects in the metformin treatment group, 5
received metformin monotherapy, 16 received metformin
plus sulfonylureas, 3 received metformin plus insulin, and 6
received metformin plus insulin and sulfonylurea therapy.
Of the 27 subjects in the nonmetformin group, 8 received sulfonylureas alone, 8 received insulin alone, 8 received insulin
plus sulfonylureas, and 3 received diet therapy alone.
Effects of other patient characteristics on MG levels.
Linear regression and ANOVA analyses showed no significant
impact of duration of diabetes (R = 0.04, P = 0.75), age (R =
0.186, P = 0.16), and weight (R = 0.005, P = 0.97) on plasma
MG levels. We also found no differences in MG levels
between men and women (198.1 ± 54.5 vs. 180.1 ± 37.6
nmol/l, respectively; P = 0.16), or between smokers (205.3 ±
199
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FIG. 1. Schema of the formation and detoxification of MG. The formation of MG occurs by -elimination of the phosphate group of triose
phosphates (glyceraldehyde-3-phosphate [G-3-P] and dihydroxyacetone
phosphate [DHAP]), and the major detoxification route is by the glutathione-dependent glyoxalase pathway. The chemical structures of the
two guanidino compounds (AG and metformin) are also shown. The condensation products between the amino or guanidino groups on these
compounds and the -dicarbonyl group of MG is proposed to be responsible for the antiglycation effects.

Determination of MG in plasma. Quantitation of MG is based on a scheme previously described by Ohmori et al. (31) with the following modifications. 2oxopentanoic acid is added to samples as an internal standard, and extraction of
the derivatives is performed with ethyl ether. HPLC determinations are performed on a C-18 Prodigy 5-µm octadecyl silane 250 4.6 mm column (Phenomenex, Torrance, CA) with gradient elution from 22 to 45% acetonitrile in 10
mmol/l of potassium phosphate buffer (pH 3.2).
Determination of DL in plasma. The DL HPLC assay was performed on perchloric acid–extracted plasma samples using a modification of a technique
described previously (32). 2-Ketobutyric acid was used as an internal standard, and
quantitation of the o-phenylenediamine derivatized product was performed by
HPLC. A Prodigy C-18 250 4.6 mm column was used with a mobile phase consisting of 76% 10 mmol/l potassium phosphate and 24% acetonitrile at pH 2.9. DL concentrations are determined by measuring pyruvate concentrations in samples
treated with D-lactate dehydrogenase (D-LDH) and in untreated samples. The pyruvate concentrations in treated samples represent the total of DL and pyruvate,
whereas untreated samples represent the amount of pyruvate already present in
plasma before the D-LDH reaction.
Determination of acetol in plasma. Acetol was determined by the method of
Casazza and Fu (33), using 3-hydroxy-2-butanone as an internal standard.
Determination of 3-DG in plasma. 3-DG was assayed by selected ion monitoring by GC-MS as previously described, using U-13C–labeled 3-DG as an internal standard (34).
Determination of 3-DF in plasma. Concentrations of 3-DF were determined
by HPLC and pulsed amperometric detection (PAD) of ultrafiltered, deionized
samples. A strong anionic column was used with 32 mmol/l sodium hydroxide as
eluent. 3-DF was detected electrochemically and quantitated by comparison with
an internal standard of 3-O-methyl glucose.
Data analysis. We examined the relationship of the -dicarbonyls, their detoxification products, fasting plasma glucose, and HbA1c to treatment group (metformin
or nonmetformin) and to metformin dosage (≤1,000 or >1,000 mg/day) using analysis of variance (ANOVA). The relationship between the plasma levels of the measured products and other possible confounders such as age, duration of diabetes, sex,
smoking, and diabetic complications was also analyzed using ANOVA. The relationship between glycemic control (HbA1c and fasting plasma glucose) and levels of -dicarbonyls and of their detoxification products was determined for subgroups taking >1,000 mg of metformin daily or not taking metformin by linear regression analysis, and the data were adjusted for possible effects of other covariates
(including age, duration of diabetes, and weight).
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TABLE 1
MG and DL plasma levels and HbA1c in diabetes: the effects of metformin
Treatment group

n

MG (nmol/l)

DL (µmol/l)

HbA1c (%)

Control subjects
Diabetic subjects
No metformin
Metformin
≤1 g/day
>1 g/day

28

123.0 ± 37.0

8.3 ± 3.1

5.2 ± 0.5

27

189.3 ± 38.7*

10.4 ± 3.9†

8.2 ± 1.2*

17
13

210.9 ± 51.0*‡
158.4 ± 44.2¶ #

13.8 ± 7.7§
13.4 ± 4.6 §**††

8.0 ± 1.1*‡
8.3 ± 1.0*‡††

Data are means ± SD. *P < 0.0001, †NS, §P = 0.001–0.003, ¶P = 0.01 vs. control subjects; ‡NS, P = 0.02, **P = 0.06 vs. nonmetformin
diabetic subjects; #P = 0.001, ††NS vs. diabetic subjects treated with ≤1 g/day metformin.
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fasting glucose levels and MG levels in subjects taking metformin (Fig. 2B), we found no relationship between glycemic
control and plasma MG (R = 0.0004, P = 0.99, and R = 0.32, P
= 0.2, respectively). The slope of the relationship between MG
and HbA1c was also essentially flat in subjects taking metformin (slope = 0.02) compared with those not taking metformin (slope = 13.2).
Metformin therapy and 3-DG levels. We did not observe
a significant difference in 3-DG levels, or in the levels of its
major detoxification product, 3-DF, for subjects taking metformin in any dosage range. Metformin therapy also had no
effect on the positive relationship between HbA1c and 3-DG
levels. For the relationship between HbA1c and 3-DG in subjects taking metformin, we found R = 0.43 and P = 0.009, and
in subjects receiving nonmetformin therapy, we found R = 0.52
and P = 0.004.
DISCUSSION

Metformin is an oral antihyperglycemic agent that is
approved by the Food and Drug Administration and has an
excellent safety record, and its guanidino structure suggests
that it can react with -dicarbonyls and prevent their toxicity and AGE production. Because of these considerations, we
have carried out the current studies to investigate the possible role of metformin in prevention of complications related
to diabetes.
Our studies show that in the absence of metformin, plasma
levels of MG, one of the major -dicarbonyls, are significantly
elevated in type 2 diabetic subjects relative to nondiabetic control subjects. We also find a strong association between
glycemic control, based on HbA1c (Fig. 2A) or fasting plasma
glucose levels, and MG levels in a population composed of
type 2 diabetic subjects who are not taking metformin. This
increase in MG levels with rising HbA1c was not seen in subjects taking high dosages of metformin (Fig. 2B), suggesting
that metformin protects against increased MG production
or decreased detoxification associated with increasing
degrees of hyperglycemia. Further support for a role of metformin in reducing MG levels comes from our observation that
plasma levels are also significantly reduced in subjects
treated with high doses (>1,000 mg) of metformin daily
(Table 1). The difference in MG levels between subjects
treated with >1,000 mg of metformin daily and those treated
with a lower metformin dosage or no metformin was not
related to differences in glycemic control between the two
groups, because they had similar levels of HbA1c. We did not
observe significant effects of metformin on plasma levels of
DIABETES, VOL. 48, JANUARY 1999
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57.4 nmol/l) and nonsmokers (180.1 ± 8.9 nmol/l) or former
smokers (190.8 ± 51.6 nmol/l) (P = 0.40 across groups).
MG and DL levels in diabetic and control subjects.
Plasma levels of MG were significantly elevated (P = 0.0001)
in type 2 diabetic subjects who were not taking metformin (n
= 28) (189.3 ± 38.7 nmol/l) compared with nondiabetic control subjects (n = 28) (123.0 ± 37.0 nmol/l), although elevation
in DL levels in type 2 diabetic subjects (10.4 ± 3.9 µmol/l) versus control subjects (8.3 ± 3.1 µmol/l, P = 0.03) did not
achieve statistical significance (P = 0.13) (Table 1).
Relationship between metformin dosage and MG levels.
To investigate the relationship between metformin dosage and
plasma MG levels, we analyzed differences in mean MG levels between groups receiving no metformin (n = 27), lowdosage metformin (≤1,000 mg/day, n = 17) or higher-dosage
metformin (>1,000 mg/day, n = 13). As shown in Table 1,
subjects whose metformin dosage was >1,000 mg/day had
significantly lower plasma levels of MG (158.4 ± 44.2 nmol/l)
than those whose metformin dosage was ≤1,000 mg/day
(210.9 ± 51 nmol/l, P = 0.001) or than those not taking metformin (189.3 ± 38.7 nmol/l, P = 0.03). Conversely, as shown
in Table 1, the higher dosage of metformin (>1,000 mg/day)
was not associated with any difference in HbA 1c (8.3 ± 1%)
compared with the lower dosage of metformin (8.0 ± 1.1%) or
with no metformin treatment (8.2 ± 1.2%).
Metformin therapy and DL levels. Plasma levels of DL, the
major detoxification product of MG, were investigated in
subjects with type 2 diabetes who were receiving low- or
high-dosage metformin and were compared with DL levels of
subjects not receiving metformin. As shown in Table 1, the levels of DL were significantly higher in subjects receiving either
low-dosage (13.8 ± 7.7 µmol/l) or high-dosage (13.4 ± 4.6
µmol/l) metformin compared with those not receiving metformin (10.4 ± 3.9 µmol/l). We initially screened plasma acetol levels in subjects taking or not taking metformin (n = 10)
and found that the levels were low and did not differ between
these two groups (0.82 ± 0.32 and 0.82 ± 0.43 µmol/l in the metformin and nonmetformin groups, respectively; P = 0.96) and
the control group (0.88 ± 0.25 µmol/l).
Relationship between glycemic control and MG levels
according to metformin category. When we examined the
relationship between glycemic control and plasma MG levels
in the diabetic subjects who were not receiving metformin
therapy (Fig. 2A), we found significant relationships between
HbA1c or fasting plasma glucose and MG levels (R = 0.4, P <
0.03, and R = 0.48, P < 0.01, respectively).Conversely, when
we examined these same relationships between HbA1c or
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FIG. 2. A: Regression analysis of the relationship between plasma MG
and glycemic control (HbA1c) in a population consisting of subjects
with type 2 diabetes who are not receiving metformin therapy (n = 28).
A significant relationship is found, with R = 0.4 and P = 0.03. B:
Regression analysis of the relationship between plasma MG and HbA1c
in subjects with type 2 diabetes receiving high-dosage (>1,000
mg/day) metformin therapy (n = 18). The relationship seen in A was
not observed with high-dosage metformin (R = 0.0004 and P = 0.99).

the other major -dicarbonyl, 3-DG, when this compound
was measured in our study groups.
The mechanism by which metformin lowers plasma levels
of MG most likely relates to a binding effect of the metformin
guanidino group with the -dicarbonyl group of MG. Such
binding has been demonstrated in preliminary studies of
Ruggiero-Lopez et al. (35) and may be similar to the reaction
between another guanidino compound, AG, and MG (24,25).
Because of this reactivity, AG has been shown in vitro to
inhibit cross-linking of proteins mediated by MG and 3-DG
(2,24). We therefore postulate that a reaction between MG and
metformin in vivo results in a reduction in MG levels and
thereby potentially inhibits tissue glycation.
An alternative explanation for the ability of metformin to
reduce MG levels is through an enhancement of MG detoxification by the ubiquitous, high-capacity glyoxalase pathway
(18). Support for this hypothesis is provided by our observation that levels of DL, the major end product of this pathway,
are significantly increased in the subjects taking metformin.
This increase was seen with both low and high dosages of metDIABETES, VOL. 48, JANUARY 1999
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formin, unlike the effect on plasma MG levels, which were
reduced only by higher dosages of metformin (>1,000
mg/day). In contrast, acetol, the major reductive product of the
MG detoxification pathway (3), was found in insignificant
quantities, and we observed no difference in this metabolite
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activity of the glyoxalase pathway is not known. Because
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state may lead to decreased levels of reduced glutathione (37),
one possibility is that metformin therapy may lead to
increased production of reduced glutathione and enhance MG
detoxification.
In contrast to MG, plasma levels of 3-DG, the other -dicarbonyl compound investigated in our studies, are not significantly affected by metformin treatment. The failure of metformin to decrease the serum concentrations of 3-DG may be
due to lower reactivity of 3-DG with metformin, resulting in
decreased scavenging activity.
In conclusion, this study suggests that metformin may
have the beneficial effect of reducing nonenzymatic glycation by mechanisms that appear to be independent of its
antihyperglycemic effect. Considering the proven safety
of metformin, confirmation of these results in future studies would support the earlier use of this agent in type 2 diabetes, when prevention of long-term complications may
be feasible.
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