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Abstract Aims/hypothesis: Metformin is widely used as
a hypoglycaemic reagent for type 2 diabetes. While the
reduction of hepatic gluconeogenesis is thought to be a
key effect, the detailed molecular mechanism of action of
metformin remains to be elucidated. To gain insight into
this, we performed a global gene expression profiling
study. Materials and methods: We performed DNA micro-
array analysis to study global gene expression in the livers
of obese diabetic db/db mice 2 h after a single admin-
istration of metformin (400 mg/kg). Results: This anal-
ysis identified 14 genes that showed at least a 1.5-fold
difference in expression following metformin treatment,
including a reduction of glucose-6-phosphatase gene ex-
pression. The mRNA levels of glucose-6-phosphatase
showed one of the best correlations with blood glucose
levels among 12,000 genes. Enzymatic activity of glucose-
6-phosphatase was also reduced in metformin-treated
liver. Moreover, intensive analysis of the expression
profile revealed that metformin effected significant alter-
ations in gene expression across at least ten metabolic
pathways, including those involved in glycolysis-gluco-
neogenesis, fatty acid metabolism and amino acid metab-
olism. Conclusions/interpretation: These results suggest
that reduction of glucose-6-phosphatase activity, as well
as suppression of mRNA expression levels of this gene,
in liver is of prime importance for controlling blood
glucose levels in vivo, at least at early time points after
metformin treatment. Our results also suggest that met-
formin not only affects expression of specific genes, but
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also alters the expression level of multiple genes linked to
the metabolic pathways involved in glucose and lipid
metabolism in the liver.
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Introduction

Metformin is a widely used hypoglycaemic agent for treat-
ment of type 2 diabetic patients. The action of metformin
in ameliorating hyperglycaemia is linked to its ability to
reduce hepatic gluconeogenesis and to improve peripheral
insulin sensitivity [1, 2]. Metformin promotes glucose
uptake in muscle [3, 4] and lowers hepatic glucose pro-
duction [5, 6]. In addition, metformin improves lipid
metabolism, lowering plasma triglycerides [7, 8] and non-
esterified fatty acids [9].

A detailed mechanistic basis for the hypoglycaemic
action of metformin in diabetic patients remains unclear,
although a number of reports concerning the cellular
response to and molecular function of metformin have been
published. Based on data from a variety of experimental
conditions, metformin has been shown to activate AMP-
activated protein kinase [10] and inhibit mitochondrial
respiratory complex I [11, 12], mitochondrial permeability
transition [13] and tyrosine phosphatase activity [14].
Additionally, metformin has been reported to influence
hepatic gene expression in cultured hepatocytes, with noted
alterations in the expression of particular genes, such as
glucose-6-phosphatase (G6pc), glucokinase, and 3-hydroxy-
3-methylglutaryl-Coenzyme A synthase 2 (Hmgcs2). These
genes, which are related to glycolysis-gluconeogenesis or
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cholesterol metabolism, were assumed to be critical for the
action of metformin [15]. However, detailed studies of the
action of metformin in the liver, its major target tissue,
remain to be performed. Moreover, the effect of metformin
on global gene expression in diabetic livers has still to be
elucidated.

DNA microarray technology has been widely used to
gain insight into the overall effect on gene expression of
various drug treatments and pathologies. Results from such
analyses have brought useful information in terms of drug
action mechanisms, as well as on the development of
diseases [16, 17]. The methods used to extract biological
meaning from the extensive gene expression data obtained
from DNA microarray analysis study are still in progress;
however, approaches using multivariate analysis, such as
hierarchical clustering and principal component analysis,
have been shown to be useful especially for data showing
large differences in expression of numerous genes between
samples [18-22]. When the number of differentially ex-
pressed genes identified is too numerous to extract an
overall interpretation from the biological function of indi-
vidual genes, genes belonging to each metabolic pathway
or a ‘gene ontology’ class are treated as a cohort, and can
be used to understand the biological significance of the
observed changes of expression [23-26].

Therefore, we performed a DNA microarray analysis
experiment in order to study the global effect of metformin
on gene expression in the livers of db/db mice [27]. We
identified G6PC as a key enzyme in the liver in relation
to the mechanism of action of metformin. Our pathway
analysis also uncovered alterations of gene expression
in certain metabolic pathways related to the action of
metformin.

Materials and methods

Animals and drug treatment

We used 8-week-old C57BL/Ksj-db/db Jcl male mice (Clea
Japan, Tokyo, Japan) for metformin treatment, as well as
for other experimental protocols. Metformin was given
orally. For DNA microarray analysis, livers were isolated
2 h after metformin administration. Livers from metformin-
treated mice were used for the preparation of total RNA for
both DNA microarray and RT-PCR analyses. Livers from
non-treated or vehicle-treated mice were processed in a
similar manner. Before isolation of livers, blood was
collected from each mouse for glucose measurement.
Animals were maintained on normal chow (CE-2, 352
kcal/100 g; Clea Japan) on a 12-h light/dark cycle.
Metformin (1,1-dimethylbiguanide hydrochloride) was
purchased from Sigma—Aldrich (St. Louis, MO, USA).
All animal experiments were conducted according to the
guidelines of Sumitomo Pharmaceuticals Committee on
Animal Research.

Measurement of blood glucose levels

Blood samples were collected from tail veins and blood
glucose measured (Glucose CII-Test; Wako Chemical,
Osaka, Japan) according to the manufacturer’s protocol.

Isolation of total RNA

Total RNA was extracted from each mouse liver with
TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) and
purified using RNeasy kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. Total RNA
prepared from individual animals was used for DNA
microarray analysis, either independently, or, when neces-
sary pooled (mixture of equal amount of total RNA from
individual animals in each treatment group).

DNA microarray analysis

DNA microarray analysis using Affymetrix GeneChip
technology was performed as described previously [28].
Briefly, 10 pg of total RNA was used as a template for
cDNA synthesis. The generation of hybridisation cocktails,
hybridisation to DNA microarrays (Murine Genome U74A
v2), and fluorescent labelling of complementary RNA were
carried out as described in the standard Affymetrix protocol
(Affymetrix, Santa Clara, CA, USA) [29]. Fluorescently
labelled microarrays were scanned with a laser scanner
(Hewlett Packard, Palo Alto, CA, USA). Global normal-
isation was performed to make the average intensity of all
probe sets equal to 100. Detection call, signal intensity, fold
change value, change call and detection p value were
obtained with default settings. Comparative analysis was
performed by Microarray Suite 5.0 (Affymetrix).

Real-time quantitative RT-PCR

PCR was performed with a sequence detector system (ABI
PRISM 7700; Applied Biosystems, Foster City, CA, USA).
Primers (forward: 5'-AGCCTCCGGAAGTATTGTCTCA-
3" and reverse: 5'-TCCACCCCTAGCCCTTTTAGTAG-3'
for mouse, and forward: 5-GGCCCTCAACTCCAGCA
TGT-3" and reverse: 5'-AGAGATGCAGCAGGCCCAAG-
3’ for rat) for G6pc genes were designed by Primer Express
(Applied Biosystems). Reverse transcription was per-
formed from 2 pg total RNA from db/db mouse livers
with oligo-dT primer, and the first strand cDNAs were
synthesised with SuperScript II reverse transcriptase. The
quantitative PCR reaction was performed using TagMan
PCR Reagent Kits according to the manufacturer’s proto-
col (Applied Biosystems). Sample cDNAs equivalent to
100 ng of RNA were examined in each reaction in a 96-well
PCR plate. The following temperature profile was used:
50 min at 42°C for reverse transcription and 30 s at 95°C
for denaturation of cDNA/RNA hybrid, followed by 40
cycles of 15 s at 95°C and 40 cycles of 60 s at 60°C. Levels



of glyceraldehyde-3-phosphate dehydrogenase were mea-
sured for each sample, and used as internal standards.

Measurement of glucose-6-phosphatase activity

Activity of G6PC was examined by Glucose C-1I Test
(Wako) according to the manufacturer’s protocol. Briefly,
frozen mouse livers were homogenised in nine volumes of
cold medium containing 0.5 mol/l phosphate buffer, pH
7.4, 5 mmol/l EDTA, 5 mmol/l EGTA, 10% glycerol. The
homogenates were then centrifuged at 30,000 g for 30 min,
the supernatants were diluted two-fold with glycerol and
kept at —30°C until assayed. For this 20 pl of diluted
sample containing 100 pg protein, 20 pl of 0.3 mol/l
glucose-6-phosphate, 10 pl of distilled water and 200 pl of
Wako kit reagent were mixed in a 96-well plate. A reagent
blank was set with phosphate buffer instead of samples.
Increases in absorbance at 500 nm were measured using a
spectrophotometer at 30°C. Activity was determined as the
change in absorbance from 15 min to 20 min per pg
protein.

In vitro assay of metformin-regulated gene expression

Rat H4IIE cells were cultured in alpha-minimal essential
medium supplemented with 10% fetal bovine serum,
100 U/ml penicillin, 100 pg/ml streptomycin  and
0.25 pg/ml amphotericin B at 37°C in an atmosphere of
5% CO,. Metformin was added to the cells at the indicated
concentrations. After metformin treatment cells were used
for RT-PCR analysis and the medium was used for
measurement of glucose concentration as described above.

Other methods
Detailed bioinformatical and statistical methods for data

analysis are available online as Electronic Supplementary
Material (ESM).

Results

Blood glucose levels were reduced in diabetic mice
by a single administration of metformin

First, we examined blood glucose levels after a single
administration of metformin in db/db mice, and observed a
reduction of blood glucose levels as shown previously [30].
Metformin (200 and 400 mg/kg) significantly lowered
blood glucose levels in mice, even following a single
administration of the agent (Fig. 1a). The decrease occurred
in a dose-dependent manner 3-6 h after metformin
treatment; levels returned to original levels 24 h after
drug administration. Having confirmed that a single
administration of metformin caused a hypoglycaemic
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activity in db/db mice, we conducted an analysis designed
to elucidate the mechanism of action of metformin in vivo.

Change of gene expression in diabetic livers
after metformin treatment, as observed by DNA
microarray analysis

To gain insight into the molecular mechanism of met-
formin’s action, we performed a global gene expression
profiling study using DNA microarray technology. In more
detail, mice were treated with either high-dose (400 mg/kg)
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Fig. 1 Blood glucose levels in db/db mice after metformin ad-
ministration. a Blood glucose levels in db/db mice treated with 0,
200 and 400 mg/kg metformin. Blood glucose levels were measured
at 1, 3, 6, 24 h after administration. Open circles, vehicle alone;
diamonds, 200 mg/kg metformin; squares, 400 mg/kg metformin.
b Blood glucose levels of mice used in DNA microarray analysis
study. Two hours after administration of metformin, the blood
glucose levels in the 50 and 400 mg/kg metformin-treated group
were 20.0+1.5 and 16.8+1.4 mmol/l, respectively, as compared with
23.143.2 and 22.3+2.2 mmol/l for groups without treatment and
those treated with vehicle alone. Results are the mean+SD of 12
animals (a) of five animals (b) for each treatment condition.
**p<0.01, *p<0.05 when compared with vehicle alone
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or low-dose (50 mg/kg) metformin, or vehicle alone (0.5%
methylcellulose). For control purposes, we also examined a
group of mice receiving no treatment. Each group con-
tained five animals. Given that significant reductions in
blood glucose levels were observed between 1 and 3 h after
metformin treatment (Fig. 1a), the RNA used for gene
expression profile analysis was derived from the livers of
animals killed 2 h after drug treatment. At this particular
time point, only high-dose metformin caused a significant
reduction in blood glucose levels compared with vehicle
alone (Fig. 1b). In contrast, little, if any, reduction was seen
in mice treated with low-dose metformin.

Following this confirmation, we performed DNA
microarray analysis via Affymetrix GeneChip technology
(Murine Genome U74Av2) with total RNA prepared from
the livers of these mice. We compared gene expression
levels between vehicle and metformin-treated (400 mg/kg)
livers using pooled samples, in which equal amounts of
RNA from five individual animals were mixed for each
group. Surprisingly, among the 12,488 genes represented
on the array, only 8 and 25 showed significant changes
(increase or decrease call as given by Affymetrix micro-
array suite software) in expression of more than 2- and
1.5-fold, respectively. We also performed DNA microarray
analysis for individual samples, and identified those ex-
hibiting statistically significant differences in expression
levels between vehicle and high-dose metformin treatment.
In the individual sample analysis, 36 genes showed sig-
nificant changes (p<0.05), 14 of which showed a more than
1.5-fold difference in expression terms (Table 1). Interest-
ingly, G6pc, whose signal intensity was much higher than
any of the other genes listed in Table 1, is the rate-limiting
enzyme for gluconeogenesis in the liver. Suppression of
G6pc expression by metformin was confirmed by quanti-

tative RT-PCR (Fig. 2a). Furthermore, enzymatic activity
of G6PC was also significantly decreased by metformin
treatment (Fig. 3). Interestingly, nuclear receptor subfamily
0, group B, member 2 (Nr0b2), previously known as small
heterodimer partner (Shp), which was reported to be an
important factor linked to expression regulation of gluco-
neogenesis genes [31], was also included in the list.

Gopc gene expression was correlated with blood
glucose levels and dose of metformin

As demonstrated in Fig. 1b, blood glucose levels showed a
dose-dependent reduction in response to metformin. Blood
glucose reduction by metformin is attributed to gluconeo-
genesis in the liver. As mentioned above, one of the major
changes following metformin treatment in liver was down-
regulation of G6PC, which is the rate limiting enzyme in
gluconeogenesis. Accordingly, we assessed correlation of
G6pc expression with blood glucose in individual animals
by both RT-PCR and microarray analyses. As shown in
Fig. 2b,c, there was a clear positive correlation (7>0.8)
between these factors. Regulation of G6pc expression in
the liver may be of prime importance for controlling blood
glucose levels in vivo, at least at early time points after
metformin treatment.

Among the 12,488 genes we analysed, a clear positive
correlation (7>0.8) with blood glucose level was found for
expression levels of only six genes, including G6pc. We
examined the reproducibility of our results by an indepen-
dent experiment, confirming that, among this subset of six
genes, only G6pc and the gene encoding solute carrier
family 25 (mitochondrial carrier, phosphate carrier), mem-
ber 25 (Slc25a25) showed a high correlation with blood

Table 1 Differentially expressed genes in the liver of metformin-treated db/db mice

Gene name Probe set ID  Vehicle Metformin Fold
400 mg/kg change
Mean +SD Mean +SD
RIKEN c¢DNA 6720463E02 gene 101929 at 323 76 140 11 =25
Dual specificity phosphatase 1 104598 at 547 164 226 34 20
Heat shock protein 1B 100946 _at 110 31 51 12 2.0
EST 92202 g at 208 42 112 59 2.0
Growth arrest and DNA-damage-inducible 45 gamma 101979 at 103 21 51 6 2.0
EST 97560 _at 79 16 38 10 -1.7
Glucose regulated protein 101060 _at 401 60 252 36 -1.6
Glucose-6-phosphatase, catalytic 103333 at 2,438 352 1,675 113 -1.6
Nuclear receptor subfamily 0, group B, member 2 97123 at 220 39 157 30 -1.6
Cytochrome P450, family 26, subfamily a, polypeptide 1 98320 at 304 51 192 57 -1.5
PRP19/PSO4 homolog (S. cerevisiae) 97395 at 227 20 163 22 -15
Kruppel-like factor 3 (basic) 100010 _at 99 15 74 3 -15
Ras homolog gene family, member A 101113 _at 265 11 197 14 -15
Solute carrier family 25 (mitochondrial carrier, phosphate carrier), member 25 98569 at 873 105 590 121 -1.5

Global expression profile was compared between vehicle and 400 mg/kg metformin treatment in liver of db/db mice 2 h after administration.
Pooled RNA from five animals for each condition or individual RNA was used for DNA microarray analysis. Genes with an

at least 1.5-fold significant difference determined by Microarray Suite 5.0 and by #-test (p<0.05) are listed. Probe set ID

is from the GeneChip Murine Genome U74Av2 array. Values (mean£SD) are of signal intensity
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Fig. 3 Enzymatic activity of G6PC in the liver after metformin
treatment. Enzymatic activity for GOPC was measured in the liver of
db/db mice 2 h after vehicle or 400 mg/kg metformin administration.
Results are presented as the mean+SD of five animals for each
treatment condition. *p<0.05 when compared with vehicle alone

glucose levels (data not shown). Both of these genes are
included in Table 1.
Metformin causes down-regulation of G6pc in vitro

The in vivo experiments described above suggest that
down-regulation of G6pc is of prime importance in the

20 25 0 15 20 25

Blood glucose (mmol/I)

context of blood glucose reduction in this model. In order
to exclude the possibility that the reduction of Go6pc
expression was caused by decreased blood glucose levels,
we employed a hepatocyte-derived cell line H4IIE. Met-
formin (1 or 3 mmol/l) was added to the culture medium,
and expression of G6pc and medium glucose level were
compared with control cells. The results clearly demon-
strate that more than 20% down-regulation of G6pc mRNA
expression was caused after metformin treatment, and the
change is independent of medium glucose level (Fig. 4).
These results support our hypothesis that liver G6pc is
down-regulated by metformin, and it is a key mechanism in
the reduction of blood glucose level following a single
administration of the drug.

Significant changes in gene expression by metformin
treatment were also detected within metabolic
pathways related to glucose and lipid metabolism

Both the number of differentially expressed genes and the
magnitude of the differences observed were smaller than
our prior expectations. Expression differences between the
two conditions, namely vehicle and 400 mg/kg treatment,
were detected for only 72 genes in the pooled sample
analysis, even when the magnitude of the difference was
not considered. In order to examine the relevance of
these subtle gene expression changes, we carried out gene
expression profile analysis using materials from 20 indi-
vidual animals (no treatment, vehicle, 200 and 400 mg/kg
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Fig. 4 G6pc expression and glucose concentration in H4IIE cells
after metformin treatment. Relative G6pc gene expression levels
(closed bars) in H41IIE cells 2 h after metformin (1 or 3 mmol/l) or
vehicle treatment were determined by quantitative RT-PCR. Relative
glucose concentration (open bars) in the medium of the H4IIE
cells was determined as described in Materials and methods. Results
are presented as the meantSD of three times for each treatment.
*p<0.05 when compared with vehicle alone

metformin; #=5) and performed unsupervised hierarchical
clustering of all 20 sets of expression data with the 72
genes. The results clearly showed that animals that had
been treated with high-dose metformin and showed sig-
nificant pharmacological activity were clustered together
and could be separated from most of the other animals
(Fig. 5a). Furthermore, principal component analysis using
the same 72 gene dataset showed a remarkable shift in the
distribution of animals treated with high-dose metformin
compared with the others (Fig. 5b). This analysis suggests
that treatment with 50 mg/kg metformin causes a small
degree of gene expression changes, even though the dose
was not enough to show a significant pharmacological
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Fig. 5 Multivariate analysis of gene expression data. Expression
profile data derived from pooled RNA of the livers of animals
treated with vehicle alone and of animals treated with 400 mg/kg
metformin were compared to each other, with only 72 genes
showing significant differences in gene expression levels. Individual
samples were analysed by unsupervised hierarchical clustering
analysis (a) and principal component analysis (b) using data on the

effect (Fig. 1b). In contrast, the animals receiving either
vehicle alone or no treatment were indistinguishable in
both analysis methods. It should be noted that: (1) neither
animals treated with a low dose of metformin, nor animals
without treatment were used to deduce the 72 genes; and
(2) most of the 72 genes showed a lower than 1.5-fold
difference. These data suggest that the expression differ-
ence we detected in this experiment is intrinsic to each
treatment, and that the overall tendency of the changes can
be described by using many genes simultaneously, even
though each expression change looks marginal.

In order to understand the biological relevance of such
slight changes, we considered groups of genes in each
metabolic pathway. Substantially affected pathways, if any,
should show larger global expression changes than non-
relevant pathways. Among 105 known metabolic pathways
registered in the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) database, 59 pathways composed of
more than four genes were chosen for the following
analysis. First, the signal intensity for genes in each
pathway was subjected to principal component analysis,
in which the position of the points in space reflected
integrated gene expression profiles derived from each
animal. Then, in order to select the pathways changed by
administration of metformin, we examined whether the
observed distribution was significantly different between
animals treated with a high dose of metformin (n=5) and
the remaining animals (n=15). Twenty metabolic pathways
were chosen by the analysis, which showed differential
expression with statistical significance (p<0.01; Wilks’
lambda). A pattern recognition algorithm, namely Support
Vector Machine (Visual Mining Studio version 1.4;
Mathematical Systems, Tokyo, Japan), was then applied
to examine the extent of differential expression that cor-
responded to the high-dose metformin-treated cohort com-
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72 differentially expressed genes. Animals treated with 400 mg/kg
metformin were clearly separated from other animals in both
analyses. Colour key: a red, increased relative expression; shades of
blue, decreased relative expression; b red circles, 400 mg/kg
metformin; pink circles, 50 mg/kg metformin; light blue circles,
vehicle alone; deep blue circles, no treatment



pared with the other experimental groups. As a result of the
analysis, the ten most substantially affected pathways were
identified and their names, along with KEGG pathway IDs,
are shown in the Textbox.

Metabolic pathways affected by metformin treatment

Carbohydrate metabolism

MAPO00010 Glycolysis—gluconeogenesis
MAP00020 Citrate cycle TCA cycle
MAP00620 Pyruvate metabolism

Energy metabolism
MAPO00071 Fatty acid metabolism
MAP00120 Bile acid biosynthesis

Amino acid metabolism

MAP00280 Valine leucine and isoleucine degradation
MAPO00310 Lysine degradation

MAPO00330 Arginine and proline metabolism
MAP00380 Tryptophan mectabolism

Metabolism of complex lipids
MAP00561 Glycerolipid metabolism

Although most of the genes in these pathways were not
included in the initial list of 72 differentially expressed
genes identified from comparison analysis, the derived
pathways are closely related to the physiological action of
metformin [1, 5, 8]. The pathways mentioned above were
not obtained when metformin-treated animals (n=10),
including both 50 and 400 mg/kg treatment conditions,
were compared with the remaining animal groups, i.e.
vehicle alone and no treatment (n=10) (data not shown).
This suggests that the observed expression changes are
associated with the pharmacological activity of metformin,
but are not dependent on administration of the drug. Thus,
metformin should affect expression of metabolic pathways
involved in glucose and lipid metabolism in diabetic liver
even a short time after metformin treatment.

Discussion

Metformin is a widely used hypoglycaemic agent for
diabetes, and the reduction of hepatic gluconeogenesis is
believed to be a major function of metformin. This is the
first report of global gene expression analysis in livers of
diabetic mice treated with metformin. We observed down-
regulation of G6pc levels, and expression changes of genes
in metabolic pathways related to the hypoglycaemic effect
of metformin, i.e. not only with respect to individual genes,
in the livers of these mice 2 h after 400 mg/kg metformin
administration.

As mentioned, we used db/db mice in this study. First,
we confirmed the blood glucose lowering effect of met-
formin in db/db mice. A significant reduction of blood
glucose levels was observed in animals treated with a high
dose of metformin (400 mg/kg), whereas the group treated
with a low dose of metformin (50 mg/kg) tended to have
reduced glucose levels that were not statistically signifi-
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cant. This result correlated well with previous studies,
which demonstrated that the efficacy dose of metformin in
rodent was around 300 mg/kg [32].

Following DNA microarray analysis of individual RNA
from livers of groups treated with a high dose of metformin
and groups treated with vehicle alone, we detected 14
genes that exhibited a significant change in expression.
Among these, G6pc showed the highest signal intensity,
suggesting a biological significance of this gene. G6pc has
been linked to the action of metformin according to in vitro
studies [15, 33] (Fig. 4). Indeed, G6pc showed one of the
best correlations with blood glucose levels (Fig. 2b,c)
among more than 12,000 genes analysed in this study.
Enzymatic activity of G6PC was also reduced by metfor-
min treatment (Fig. 3). Interestingly, even when metformin
was administered every day for 4 weeks to db/db mice, a
similar correlation between Go6pc expression and blood
glucose levels was observed in the liver 2 h after the last
administration (data not shown). It could be objected that
the down-regulation of G6épc mRNA and reduction of
blood glucose level occurred too quickly, since the drug
was orally administered. However, it has been reported that
the blood concentration of metformin reached almost
maximal level within 1 h following oral administration in
the rat [34], and intraperitoneal administration of an in-
hibitor of G6PC translocase reduced blood glucose levels
significantly 30 min after administration [35]. Furthermore,
it has recently been reported that mice injected with short
hairpin RNA exhibited a significant reduction in post-
prandial glucose levels accompanied by a decrease in
Gopc expression [36]. Thus, it would be reasonable to
suppose that regulation of G6pc gene expression in the
liver is of prime importance for controlling blood glucose
levels in vivo, at least at early time points, after metformin
treatment.

As shown in Fig. 4, in vitro experiment suggests that the
down-regulation of G6pc induced by metformin should be
independent of the extracellular glucose level. But we
could not exclude the possibility that the down regulation is
mediated by an intermediate metabolite of gluconeogene-
sis, since our pathway analysis indicated that a cohort of
genes in the glycolysis and gluconeogenesis pathways
showed expression changes after metformin treatment.
However, since expression of other genes on the path-
ways did not change to the same large degree as G6pc and
only G6pc was highly correlated with blood glucose, the
regulation mechanism would be different between G6pc
and other genes in the glycolysis and gluconeogenesis
pathways.

The mechanisms by which metformin regulates G6pc
remain to be elucidated; however, a recent study demon-
strated that metformin treatment for 3 h suppressed G6pc
expression independently of insulin signalling in rat hepa-
toma H4IIE cells [33]. G6pc gene expression was observed
in an in vivo study to be modulated by polyunsaturated
fatty acids [37]. Interestingly, as shown in Table 1, a
transcription regulatory protein, Nr(b2, that regulates
gluconeogenic genes [31], was down-regulated by met-
formin treatment, as observed in the case of G6pc.
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However, the correlation between Nr0b2 expression and
blood glucose levels was not significant. It was reported
that NROB2 represses G6pc transcription mediated by the
transcription factor forkhead box O1 (FOXO1) by com-
peting with a coactivator [31]. Under our assay conditions,
no significant change of expression was observed, either
for Foxol, or for phosphoenolpyruvate carboxykinase,
which is also regulated by NROB2 [31]. Taken together,
the down-regulation of G6pc should be mediated by a
mechanism independent of NROB2 and the FOXO1 sys-
tem. Expression of Slc25a25 also changed considerably
and showed a high correlation with blood glucose levels.
It is a putative mitochondrial calcium-dependent solute
carrier protein, whose function(s) remain to be determined.
It might play a role in energy metabolism and/or in the
action of metformin, since the gene is highly expressed in
liver and skeletal muscle [38]. Interestingly, all the changes
listed in Table 1 are down-regulation, which may suggest
that these genes were regulated by similar mechanisms.

Our analysis also suggests that the expression of many
genes was affected by metformin treatment. By focusing on
groups of genes in metabolic pathways, instead of on
individual genes, we found it highly likely that changes in
mRNA expression occurred in cohorts of genes in certain
metabolic pathways, accompanied by reduction of glucose
levels by metformin treatment. We also observed that
similar serial administration of metformin caused changes
in similar metabolic pathways including glycolysis-gluco-
neogenesis and fatty acid metabolism (data not shown).
Changes in the fatty acid and glycerolipid metabolism
pathways may contribute to an improvement of lipid
metabolism by repeated treatment with metformin, while
some fatty acids might be important in modulating mRNA
expression of genes such as Gé6pc [37]. Interestingly,
changes of expression in the bile acid biosynthesis, but not
the sterol biosynthesis pathway, were detected; indeed, co-
ordinated transcriptional regulation between bile acids
and gluconeogenesis [39, 40], as well as suppression of
gluconeogenenic genes by bile acid [31], have been
reported recently. With regard to amino acid metabolism
pathways, such as valine, leucine and isoleucine degrada-
tion, lysine degradation, arginine and proline metabolism
and tryptophan metabolism, it has previously been reported
that protein metabolism is abnormal in type 2 diabetes [41],
although its relevance to the action of metformin remains to
be elucidated.

As shown in Fig. 5, all of the isolated pathways are
closely connected to each other around the glucose-energy
metabolism pathways, and acetyl coenzyme A and pyru-
vate should be at the centre of the changes we observed
(Fig. 6). The co-ordinate regulation in gene expression for
these metabolic pathways in the liver may facilitate im-
provement of hyperglycaemia via treatment with metfor-
min. Though the regulation mechanism remains to be
elucidated, it is possibly of interest that two signalling
molecules and two transcription factors are included in
Table 1.

Our global gene expression analysis approach identified
significant changes of some metabolic pathways at an
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Fig. 6 Overview of the identified pathways, showing the inter-
relationship of the identified metabolic pathways. All pathways are
positioned around glucose metabolism pathways, namely glycoly-
sis-gluconeogenesis, the citrate cycle and pyruvate metabolism, and
connected to each other via acetyl coenzyme A (Acetyl-CoA) and/or
pyruvate

early time point, even when changes of individual genes
were not significantly detectable. Pharmacological effect
through changes of metabolic pathways, and not only with
respect to individual genes, could be important for the
action of metformin, and this kind of effect on global gene
expression might be used in determining the mechanism of
action of other drugs.

Since the method we developed, which is called
‘pathway analysis’, does not require prior knowledge on
the mechanism of the compound, this approach could be
useful with regard to other drugs whose molecular mech-
anisms of action are unknown, as well as in the search for
novel pharmacological activities of compounds of interest.
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