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Metformin Suppresses Expression of the Selenoprotein P
Gene via an AMP-activated Kinase (AMPK)/FoxO3a Pathway

in H41IEC3 Hepatocytes™
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FoxO3a siRNA cancelled this suppression.
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(Background: The suppression of selenoprotein P production may be a novel therapeutic target for reducing insulin
Results: Selenoprotein P expression was suppressed by metformin treatment, but co-administration of AMPK inhibitor or

Conclusion: Metformin suppresses selenoprotein P expression via the AMPK/FoxO3a pathway.
Significance: The AMPK/FoxO3a pathway in the liver may be a therapeutic target for type 2 diabetes.
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Selenoprotein P (SeP; encoded by SEPPI in humans) is a liver-
derived secretory protein that induces insulin resistance in type
2 diabetes. Suppression of SeP might provide a novel therapeu-
tic approach to treating type 2 diabetes, but few drugs that
inhibit SEPPI expression in hepatocytes have been identified to
date. The present findings demonstrate that metformin sup-
presses SEPPI expression by activating AMP-activated kinase
(AMPK) and subsequently inactivating FoxO3a in H4IIEC3
hepatocytes. Treatment with metformin reduced SEPPI pro-
moter activity in a concentration- and time-dependent manner;
this effect was cancelled by co-administration of an AMPK
inhibitor. Metformin also suppressed SeppI gene expression in
the liver of mice. Computational analysis of transcription factor
binding sites conserved among the species resulted in identifi-
cation of the FoxO-binding site in the metformin-response ele-
ment of the SEPPI promoter. A luciferase reporter assay showed
that metformin suppresses Forkhead-response element activity,
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and a ChIP assay revealed that metformin decreases binding of
FoxO3a, a direct target of AMPK, to the SEPP1 promoter.
Transfection with siRNAs for Foxo3a, but not for Foxol, can-
celled metformin-induced luciferase activity suppression of the
metformin-response element of the SEPP1 promoter. The over-
expression of FoxO3a stimulated SEPPI promoter activity and
rescued the suppressive effect of metformin. Metformin did not
affect FoxO3a expression, but it increased its phosphorylation
and decreased its nuclear localization. These data provide a
novel mechanism of action for metformin involving improve-
ment of systemic insulin sensitivity through the regulation of
SeP production and suggest an additional approach to the devel-
opment of anti-diabetic drugs.

Selenoprotein P (SeP?; encoded by SEPPI in humans) is a
secretory protein produced mainly by the liver (1, 2). SeP con-
tains 10 selenocysteine residues and is known to transport the
essential trace element selenium from the liver to the rest of the

2The abbreviations used are: SeP, selenoprotein P; AMPK, AMP-activated
kinase; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; com-
pound C, 6-[4-(2-piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-pyrrazolo[1,5-al-
pyrimidine; cGPx, cellular glutathione peroxidase; DN, dominant negative;
CA, constitutive active; TFBS, transcription factor binding site; FHRE, forkhead-
response element.
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body (3, 4). Our laboratory reported recently that SeP functions
as a hepatokine that contributes to insulin resistance in type 2
diabetes (5). Using comprehensive gene expression analyses in
humans, hepatic gene expression levels of SEPP1 were found to
be positively correlated with the severity of insulin resistance in
patients with type 2 diabetes. Moreover, treatment with puri-
fied SeP protein impairs insulin signal transduction in both cell
culture and animal models. Importantly, the RNA interference-
mediated knockdown of SeP improves insulin resistance and
hyperglycemia in a mouse model of type 2 diabetes, suggesting
that the suppression of SeP production in the liver may be a
novel therapeutic target for reducing insulin resistance in type 2
diabetes (5). However, few drugs that inhibit the production of
SeP by hepatocytes have been identified to date.

Metformin is widely used as an anti-diabetic drug globally.
The primary target of metformin action is the liver, which
abundantly expresses organic cation transporter (Oct)-1, a
transporter for metformin (6, 7). Adenosine monophosphate-
activated protein kinase (AMPK) mediates primarily the glu-
cose-lowering actions of metformin, including the suppression
of hepatic gluconeogenesis (8). In contrast, several reports indi-
cate that the oral administration of metformin in humans
increases insulin sensitivity in skeletal muscle, increases serum
adiponectin, and improves aortic arteriosclerosis (9-11).
These reports suggest that orally administered metformin also
exerts beneficial actions on tissues other than the liver, in which
expression levels of Octs are lower. To date, however, the
molecular mechanisms underlying the systemic actions of met-
formin are not fully understood.

Forkhead box protein O3a (FoxO3a), which belongs to the
Forkhead transcription factors of the FoxO subfamily (FoxOs),
isreported to be involved in cell cycle arrest (12), apoptosis (13),
and the oxidative stress response (14, 15). Recently, Greer et al.
(16) showed that FoxO3a, but not FoxO1, is directly phosphor-
ylated and activated by AMPK in vitro. FoxO3a is reported to
positively regulate mitochondria-related genes, such as uncou-
pling proteins, in mouse embryonic fibroblasts, suggesting that
the direct regulation of FoxO3a by AMPK plays a crucial role in
the control of the cellular energy balance. The phosphorylation
of FoxO3a by AMPK was also identified in C2C12 myotubes
(17), aortic vascular endothelial cells (18), and A549 lung cancer
cells (19). However, the role of the AMPK/FoxO3a pathway
in hepatocytes, an important target of metformin, remains
unknown.

We demonstrate here that metformin suppresses SEPPI
gene expression by activating AMPK and subsequently inacti-
vating FoxO3a in H4IIEC3 hepatocytes. These results suggest a
novel mechanism underlying the glucose-lowering action of
metformin.

EXPERIMENTAL PROCEDURES

Materials—The antibodies against AMPKea, phospho-
AMPKe, FoxO1, FoxO3a, acetylated Lys, and Lamin A/C were
purchased from Cell Signaling Technology (Beverly, MA).
Antibody against phospho-Ser/Thr/Tyr was purchased from
AnaSpec (San Jose, CA). Antibody against GAPDH was pur-
chased from Santa Cruz Biotechnology, Inc. 5-Aminoimida-
zole-4-carboxamide ribonucleotide (AICAR) and 6-[4-(2-
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Piperidin-1-yl-ethoxy)-phenyl)]-3-pyridin-4-yl-pyrrazolo
[1,5-a]-pyrimidine (compound C) were purchased from
Sigma-Aldrich. FoxO3a expression vector was provided from
Ajinomoto Pharma (Tokyo, Japan) described before (20). Sele-
nious acid was purchased from WaKo Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). Metformin was provided by Dainippon
Sumitomo Pharma (Osaka, Japan).

Generation of Plasmid Constructs—The human SEPPI pro-
moter region has been described previously (21). Fragments of
~1800 bp from the human SEPPI promoter region and the
deletion promoter region were amplified by PCR using normal
human genomic DNA as a template and the primer pairs shown
in Table 1. The PCR product was subcloned into the luciferase
reporter gene plasmid pGL3-basic (Promega, Madison, W1I)
and termed “SEPP1-Promoter-Luc,” “Mut-A,” “Mut-B,” “Mut-
C” “Mut-D,” “Mut-E,” “Mut-DA1,” “Mut-DA2,” and “Mut-
DA3.” Putative FoxO binding site-deficient vector were gener-
ated using QuikChange Lightning site-directed mutagenesis
kits (Agilent Technologies, Santa Clara, CA), according to the
manufacturer’s instructions. All inserts were confirmed by
DNA sequencing.

Cell Culture—Studies were performed using the rat hepa-
toma cell line H4IIEC3 (American Type Culture Collection,
Manassas, VA). Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) and supplemented with
10% fetal bovine serum (Invitrogen), 2 mmol/liter L-glutamine
(WaKo Pure Chemical Industries, Ltd.), 100 units/ml penicillin,
and 0.1 mg/ml streptomycin (WaKo Pure Chemical Industries,
Ltd.). The cells were cultured at 37 °C in a humidified atmo-
sphere containing 5% CO.,.

Measurement of Glutathione Peroxidase Activity—To mea-
sure cellular glutathione peroxidase (cGPx) activity, a coupled
enzyme assay, which was performed by following the oxidation
of NADPH, was used as described previously (22). In brief, cells
were cultured with 1) DMEM plus 10% FBS, 2) DMEM plus 10%
FBS and 100 nM selenious acid, or 3) DMEM plus 10% FBS and
1000 nM selenious acid at 72 h. Then cells were fractured with
homogenate buffer containing 0.25 M sucrose, 50 mm Tris-HCl
(pH 7.4), 0.1 mm EDTA, 0.1 mm 2-mercaptoethanol. The assay
conditions were as follows for the cGPx assay: 0.1 M phosphate
buffer, pH 7.4, 0.2 mm NADPH, 0.5 mm EDTA, 1 mm NaNj, 2
mM GSH, 1 unit/ml GSH reductase, and 30 um hydrogen per-
oxide. The oxidation of NADPH was followed at 340 nm at
37 °C, and units of the enzyme activity were expressed as pmol
of NADPH oxidized/min.

Transfection and Luciferase Reporter Gene Assay—HAIIEC3
cells were grown in 24-well plates and transfected with 0.4 ug of
plasmid DNA/well together with 1.2 ul of FuGENE6 (Pro-
mega). For the luciferase reporter gene assays, 0.4 ug of firefly
luciferase promoter construct was co-transfected with 0.01 ug
of Renilla luciferase control plasmid (pRL-SV40; Promega)
and/or 0.05-0.4 ug of plasmids expressing FoxO3a or empty
control plasmids, resulting in a total DNA amount of 0.41-0.81
pg/well. 24 h later, cells were treated with the indicated
reagents, such as metformin, in DMEM plus 10% FBS for the
indicated times. After 48 h, luciferase activities were measured
using the Dual Luciferase assay system (Promega), as described
previously (20).
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TABLE 1
Primers used in cloning
Primer Description Sequence

SEPPI-Promoter-Luc

Forward hSeP-promoter-F-BglIl ACTAGATCTACAAACCTTTCAGACACTGAGTTG

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-A

Forward hSeP-promoter-Del-F1-BglII ACTAGATCTGGGCTGCCTGTCTTTGATTTCACAT

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-B

Forward hSeP-promoter-Del-F2-BglII ACTAGATCTTTGTAGTTCCTGCACCTTGTACAAC

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-C

Forward hSeP-promoter-Del-F3-Bglll ACTAGATCTGCATAGGTCTTCCAGGAAGTACGAC

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-D

Forward hSeP-promoter-Del-F4-BglII ACTAGATCTCAAATGTTTTTCCCTGTTATAGTTT

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-E

Forward hSeP-promoter-F-BglII ACTAGATCTACAAACCTTTCAGACACTGAGTTG

Reverse hSeP-promoter-Del-R1-Nocl ACTCCATGGCTGAGCCAGCGAATTATGCTGCTGC
Mut-DA1

Forward hSeP-promoter-Del-F14-BglII ACTAGATCTGATTCTAGGGTGACTGAAAAGGATA

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-DA2

Forward hSeP-promoter-Del-F15-BglII ACTAGATCTATAACAATCAGCTCAGGGGTTTGCT

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-DA3

Forward hSeP-promoter-Del-F16-BglII ACTAGATCTATAAATATCAGAGTGTGCTGCTGTG

Reverse hSeP-promoter-R-Ncol ACTCCATGGACAACCACTTCCAACGGGCCTGCTT
Mut-DA2-AFoxo A

Forward del86-95 GACTATACCTGAGGGGTGAGGGACTATAAATATCAGAGTG

Reverse del86-95-antisense CACTCTGATATTTATAGTCCCTCACCCCTCAGGTATAGTC
Mut-DA2-AFoxo B

Forward hSeP-del-Foxo 3-F GAGGTAAACAACAGGACTAAGAGTGTGCTGCTGTGG

Reverse hSeP-del-Foxo 3-R CCACAGCAGCACACTCTTAGTCCTGTTGTTTACCTC

SiRNA Transfection in H4IIEC3 Hepatocytes—HA4IIEC3
hepatocytes were grown in 24-well plates and transiently trans-
fected with 10 nm small interfering RNA (siRNA) duplex
oligonucleotides using 1 ul of Lipofectamine™ RNAIMAX
(Invitrogen) by the reverse transfection method according to
the manufacturer’s instructions. Foxol- and Foxo3a-specific
siRNAs with the following sequences were synthesized
(Thermo Scientific): Foxol A, 5'-GACAGCAAAUCAAGUU-
AUG-3' (sense); Foxol B, 5'-UUUGAUAACUGGAGUACAU-
3" (sense); Foxo3a A, 5'-GAACGUUGUUGGUUUGAAC-3’
(sense); and Foxo3a B, 5'-CGUCAUGGGUCACGACAAG-3’
(sense). Negative control siRNA was also utilized (Thermo Sci-
entific). 24 h after transfection, the cells were treated with met-
formin for 24 h, followed by the extraction of total RNA.

Adenovirus-mediated Gene Transfer in H4IIEC3 Hepato-
cytes—Cells were transfected with adenoviruses as described
previously (5). Briefly, H4IIEC3 hepatocytes were grown to 90%
confluence in 24-well multiplates and transfected with adeno-
viruses encoding dominant negative (DN) al and a2 AMPK,
constitutive active (CA) AMPK, or LacZ for 4 h. The cells were
incubated with DMEM for 24 h after removing the adenovi-
ruses; total RNA was then extracted.

Quantitative RT-PCR—Total RNA was extracted from cul-
tured H4IIEC3 hepatocytes using a Genelute mammalian total
RNA miniprep kit (Sigma). The reverse transcription of 100 ng of
total RNA was performed using a high capacity cDNA reverse
transcription kit (Invitrogen), according to the manufacturer’s
instructions. Quantitative RT-PCR was performed using TagMan
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probes (ACTB, 4352340E; Foxol, Rn01494868 ml; Foxo3,
Rn01441087_m1; G6pc, Rn00565347_ml; Pckl, Rn01529014._
ml; Seppl, Rn00569905_m1) and the 7900HT fast real-time
PCR system (Invitrogen), as described previously (23).

Western Blotting—Treated cells were collected and lysed as
described previously (20). Protein samples (10 ug/lane) were
subjected to SDS-PAGE and transferred to PVDF membranes
using the iBlot Gel Transfer system (Invitrogen). The mem-
branes were blocked, incubated with primary antibody, washed,
and incubated with the secondary HRP-labeled antibody.
Bands were visualized with the ECL Prime Western blotting
Detection System (GE Healthcare) and LAS-3000 (Fujifilm,
Tokyo, Japan). A densitometric analysis of blotted membranes
was performed using Image] software.

Immunoprecipitation—Immunoprecipitation of serine/
threonine/tyrosine-phosphorylated proteins or lysine-acety-
lated proteins was carried out using the Dynabeads protein G
immunoprecipitation kit (Invitrogen) according to the manu-
facturer’s instructions. The nuclear and cytoplasmic fractions
were extracted using an NE-PER nuclear and cytoplasmic
extraction reagent kit (Pierce).

Detection of the Conserved Transcription Factor Binding Sites
Using Multiple-genome Alignments—The Ensembl 12-way
Enredo-Pecan-Ortheus (EPO) eutherian multiple alignments
(12-way EPO alignments) (24, 25) were downloaded. The
12-way EPO was excised to obtain the alignment block corre-
sponding to the human genome coordinates from 10 kb
upstream of the coding sequence of SEPP], including the start
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FIGURE 1. Metformin suppressed Sepp1 gene expression in H41IEC3 hepatocytes and livers of C57BL/6J mice. A and B, metformin suppressed Sepp1
mRNA expression in a concentration- and time-dependent manner. H4lIEC3 cells were treated with the indicated concentrations of metformin for the
indicated times. Expression values were normalized to Actb mRNA. Data represent means = S.D. (error bars) (n = 4).*,p < 0.05; **, p < 0.01; ***, p < 0.001 versus
vehicle-treated cells or 0 h. C and D, SEPP1 promoter activity was suppressed in a concentration- and time-dependent manner. H4IIEC3 cells were co-
transfected with the SEPPT promoter reporter vector and control reporter vector. 24 h later, the cells were treated with the indicated concentrations of
metformin for the indicated times. Values were normalized to the activity of the control luciferase vector. Data represent means = S.D. (n = 4).**,p < 0.01; **¥,
p < 0.001 versus vehicle-treated cells or 0 h. E and F, metformin suppressed SeppT mRNA expression in livers of C57BL/6J mice. Following fasting for 4 h,
12-week-old female C57BL/6J mice were administrated 300 mg/kg metformin. 4 h after metformin administration, mice were sacrificed, and liver mRNA

expression was examined. Expression values were normalized to Actb mRNA. Data represent means = S.D. (n = 7). *, p < 0.05 versus PBS-injected mice.

codon. To predict the conserved transcription factor binding
sites (TFBSs), the 10-kb upstream genome sequence for each of
the 12 species was searched using the TRANSFAC (26) and the
MATCH™ program (27) (version 6.1) with varied thresholds.
Then the predicted TFBSs were mapped on the alignments, and
the conserved TFBSs for SEPP1 were identified.

Chromatin Immunoprecipitation (ChIP) Assay—A ChIP
assay was carried out using the ChIP IT Express enzymatic kit
(Active Motif, Carlsbad, CA) according to the manufacturer’s
instructions. In brief, HepG2 cells were treated with metformin
6 h before being fixed and homogenized. Following centrifuga-
tion, the supernatant was used for chromatin samples. Chro-
matin samples were incubated with protein G-coated magnetic
beads and ChIP grade FoxO1 or FoxO3a antibodies (Abcam,
Cambridge, MA) overnight at 4 °C. Following washing and elu-
tion, a reaction solution was used as the template for PCR. PCR
primers were set for amplification of the Mut-DA2 region of the
SEPPI promoter, as follows: forward, 5'-GCACTTGCTACT-
TTCTTTTAAGTTG-3'; reverse, 5'-CACAGCAGCAC-
ACTCTGATATTTAT-3'.

Animals—12-week-old C57BL/6] female mice were obtained
from CLEA Japan, Inc. (Tokyo, Japan). All animals were
housed in a 12-h light/dark cycle and allowed free access to
food and water. Following the fasting for 4 h, mice were
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administrated 300 mg/kg metformin. 4 h later, mice were
anesthetized and sacrificed to allow isolation of liver tissue.

Statistical Analysis—Results are expressed as means = S.D.
Significance was tested by one-way analysis of variance with the
Bonferroni method, and differences were considered statisti-
cally significant at a p value of less than 0.05.

RESULTS

Metformin Suppresses SEPP1 Expression at the Promoter
Level—The effects of metformin on Seppl expression in
HA4IIEC3 hepatocytes were examined. Metformin suppressed
Seppl mRNA expression in a concentration- and time-depen-
dent manner, similarly to G6pc and Pckl, which encode repre-
sentative gluconeogenic enzymes glucose-6-phosphatase and
phosphoenolpyruvate carboxykinase 1, respectively (Fig. 1, A
and B). These results are consistent with a previous report using
rat primary hepatocytes (28). Next, the effects of metformin on
SEPPI promoter activity were examined. The human SEPP1
promoter region was cloned to a luciferase reporter vector as
reported previously (21). The present sequence completely cor-
responded to the reference sequence of the National Center for
Biotechnology Information, but it missed one thymidine
against the sequence of the previous report (accession number
Y12262) (supplemental Fig. S1). Similar to the mRNA results,
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FIGURE 2. Metformin suppressed SEPP1 promoter activity via AMPK pathway in H4lIEC3 hepatocytes. A, metformin-induced AMPK phosphorylation in
the absence or presence of compound C. H4IIEC3 cells were treated with the indicated concentrations of metformin and compound C for 24 h. AMPK
phosphorylation was examined by Western blotting. B, compound C treatment recovered metformin-induced suppression of the SEPPT promoter. H4IIEC3
cells were co-transfected with the SEPPT promoter reporter vector and control reporter vector at 24 h and then treated with the indicated concentrations of
metformin and compound C for 48 h. Signals were normalized to the control reporter vector. Data represent means = S.D. (error bars) (n = 4). ***, p < 0.001.
C, AICAR suppressed SEPPT promoter activity. H4IIEC3 cells were co-transfected with the SEPPT promoter reporter vector and control reporter vector at 24 hand
then treated with 0.4 mm AICAR for 24 h. Signals were normalized to the control reporter vector. Data represent means = S.D. (n = 4). ***, p < 0.001.D and E,
influence of adenoviruses carrying constitutive active (CA) or dominant negative (DN) AMPK. H4IIEC3 cells were infected with adenoviruses encoding CA-

AMPK, DN-AMPK, or LacZ. Expression values were normalized to Actb mRNA. Data represent means = S.D. (n = 4). **, p < 0.01; ***, p < 0.001.

metformin suppressed SEPP1 promoter activity in a concentra-
tion- and time-dependent manner (Fig. 1, C and D), suggesting
that it directly decreases SEPPI transcriptional activity in
H4IIEC3 hepatocytes.

To confirm whether the present experimental condition
(DMEM plus 10% FBS) supplied selenium sufficiently to syn-
thesize selenoproteins for cultured cells, cGPx activity was
measured with or without additional selenium supplement.
Supplemental Fig. S2 indicates that supplementation of 100 or
1000 nM selenious acid to DMEM plus 10% FBS increased cGPx
activity more than 3 times, suggesting that our experimental
condition was insufficient to maximize selenoprotein synthesis.
However, the current activity of cGPx in the cells cultured at
DMEM plus 10% FBS (233 units/g) corresponded to the levels
reported previously in the normal rat liver tissue (120-1800
units/g) (29, 30). Because these results suggest that the culture
condition of DMEM plus 10% FBS was physiological, we used
this condition in the following cellular experiments.

The action of metformin on Seppl was also examined in
mice. Following fasting for 4 h, 12-week-old female C57BL/6]
mice were administrated 300 mg/kg metformin. Metformin
decreased blood glucose levels by 30% (Fig. 1E) and tended to
down-regulate gene expression for G6pc and Pckl after 4 h.
Gene expression of Seppl was significantly decreased by met-
formin (Fig. 1F). These results indicate that metformin sup-
presses gene expression for SeppI in the liver of mice as well as
in the cultured hepatocytes.

Metformin Suppresses SEPP1 Promoter Activity via AMPK
Activation—Metformin is known to exert anti-diabetic effects
by activating AMPK pathways (31). Hence, to determine
whether AMPK pathways are involved in the metformin-in-
duced suppression of SEPPI promoter activity, cells were

JANUARY 3,2014+VOLUME 289-NUMBER 1

treated with compound C, a representative AMPK inhibitor.
Findings confirmed that the metformin-induced phosphorylation
of AMPK and acetyl-CoA carboxylase was cancelled by the co-ad-
ministration of compound C in H4IIEC3 hepatocytes (Fig. 24).
Co-administration of compound C partly rescued the cells from
the inhibitory effects of metformin on the SEPPI promoter (Fig.
2B) and increased SEPPI promoter activity in the absence of met-
formin (Fig. 2B). In contrast, treatment with AICAR, a known acti-
vator of AMPK, decreased SEPPI promoter activity similarly to
metformin (Fig. 2C). To determine whether AMPK pathways
were involved in SEPPI promoter activity, H4IIEC3 hepatocytes
were infected with an adenovirus encoding CA- or DN-AMPK.
Transfection with CA-AMPK suppressed Seppl and G6pc mRNA
expression (Fig. 2D), whereas transfection with DN-AMPK
enhanced Seppl and G6pc mRNA expression (Fig. 2E). These
results suggest that metformin decreases SEPPI promoter activity,
at least partly, by activating AMPK.

Metformin-response Element in the SEPPI Promoter Includes
the FoxO Binding Site—To determine the nature of the met-
formin-response element in the SEPP1 promoter region, sev-
eral deletion mutants of the SEPPI promoter were constructed
(Fig. 3A). Promoter activity of Mut-A to Mut-D, but not Mut-E,
was suppressed by metformin treatment (Fig. 34), indicating
that the metformin-response element of the SEPPI promoter
exists in Mut-D. Additional deletion mutants of Mut-D were
constructed and named Mut-DA1 to DA3. Mut-DA1 and -DA2,
but not Mut-DA3, were suppressed by metformin (Fig. 3B),
indicating that the metformin-response element in the SEPPI
promoter is localized in the Mut-DA2 sequence. Using compu-
tational analysis to identify conserved TFBSs among the species
(see “Experimental Procedures”), several putative TFBSs were
identified in the Mut-DA2 sequence (supplemental Fig. S3).
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FIGURE 3. SEPP1 promoter activity of deletion mutants. A and B, structure
and luciferase activity of promoter-deletion mutants. The sequences deleted
within the constructs are shown as thin lines. The remaining parts of the SEPP1
promoter were fused to a luciferase reporter gene. H4IIEC3 cells were co-
transfected with each reporter vector and control reporter vector at 24 h and
then treated with the indicated concentrations of metformin for 48 h. Signals
were normalized to the control reporter vector. Data represent means =+ S.D.
(error bars) (n = 4). ***, p < 0.001 versus vehicle-treated cells.

Because early reports indicate that AMPK directly phosphorylates
FoxO3a and regulates its transcriptional activity (16), this investi-
gation focused on the two putative FoxO binding sites (Fig. 4A).
Metformin Suppresses FoxO Activity via AMPK Activation—
To determine whether metformin treatment influences FoxO
activity, a forkhead-response element (FHRE)-Luc vector that
includes three tandems of FHREs ligated with a luciferase gene
was utilized (32). This vector was used as a reporter of FoxO-
responsive promoter activity (33). Metformin treatment sup-
pressed FHRE activity, and concurrent treatment with com-
pound C completely cancelled this suppression (Fig. 4B). In
addition, treatment with compound C stimulated FHRE activ-
ity in the absence of metformin (Fig. 4B), whereas AICAR treat-
ment suppressed FHRE activity (Fig. 4C). These results suggest
that metformin suppresses FHRE activity via AMPK activation.
To determine the critical FoxO binding site for metformin-
induced SEPPI suppression, we constructed luciferase vectors
that deleted either of two putative FoxO binding sites and were
named Mut-DA2-AFoxo A or B, respectively (supplemental
Fig. S4). Luciferase assay using these vectors revealed that puta-
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tive FoxO binding site B was essential for metformin-induced
SEPPI suppression (Fig. 4D). Because the assays using these
vectors are not specific to FoxO3a activity, the interaction of
FoxO proteins with DNA sequences in the SEPP1 promoter
was examined using a ChIP assay. For the ChIP assay, HepG2
cells were utilized to evaluate the human SEPPI1 promoter.
Metformin suppressed SEPP1 expression in HepG2 cells as well
as H4IIEC3 cells (data not shown). The ChIP assay indicates
that treatment with metformin decreased the binding of
FoxO3a to SEPPI promoter, whereas it increased the binding of
FoxO1 (Fig. 4E). These results suggest that FoxO3a, but not
FoxOl, is associated with the metformin-induced suppression
of SEPPI expression.

Metformin Suppresses SEPP1 Expression via FoxO3a Inac-
tivation—Next, we examined whether the specific knockdown
of endogenous Foxo3a or Foxol affects Seppl expression in
H4IIEC3 hepatocytes. Transfection with Foxo3a- or Foxol-
specific siRNA resulted in a ~50% reduction in mRNA levels of
Foxo3a or Foxol (Fig. 5A). Knockdown of both Foxol and
Foxo3a resulted in a significant down-regulation of SeppI
expression (Fig. 5A). Interestingly, mRNA levels of G6pc were
decreased by Foxo3a knockdown (Fig. 5A4), suggesting that not
only FoxO1 but also FoxO3a positively regulates the expression
of the gluconeogenesis-related genes in H4IIEC3 hepatocytes.
Next, we assessed whether knockdown of Foxo3a selectively
affects the inhibitory action of metformin on the SEPPI pro-
moter. Transfection with siRNAs for Foxo3a, but not for Foxol,
cancelled metformin-induced suppression of Mut-DA?2 lucifer-
ase activity (Fig. 5B). These results suggest that the metformin-
induced suppression of Sepp! is dependent on FoxO3a but not
on FoxO1.

Whether FoxO3a overexpression influences the action of
metformin on SEPPI promoter activity was also investigated.
The FoxO3a protein was overexpressed in a concentration-de-
pendent manner in cells transfected with the pCMV6-FoxO3a
expression vector (Fig. 5C). Overexpression of FoxO3a signifi-
cantly enhanced SEPPI promoter activity (Fig. 5D), and trans-
fection with pCMV6-FoxO3a rescued the cells from the sup-
pressive effect of metformin on SEPPI promoter activity in a
concentration-dependent manner (Fig. 5, D and E). These
results indicate that metformin decreases SEPP1 promoter
activity and gene expression via FoxO3a inactivation in
HA4IIEC3 hepatocytes.

Metformin Decreases FoxO3a Protein in the Nuclear Comp-
onents—To elucidate the mechanism by which metformin inacti-
vates FoxO3a, phosphorylation and acetylation of FoxO3a were
examined in hepatocytes treated with metformin. Metformin
treatment altered neither mRNA levels of Foxo3a (Fig. 6A) nor
protein levels of FoxO3a (Fig. 6B). However, immunoprecipita-
tion experiments revealed that treatment with metformin
phosphorylated FoxO3a but not FoxO1 in H4IIEC hepatocytes
(Fig. 6, B and C, and supplemental Fig. S5). Because a previous
report indicated that FoxO3a, as well as FoxO1, is deacetylated
by sirtuin family proteins downstream of AMPK (34), we exam-
ined the deacetylation of FoxO3a and FoxO1. Acetylation of
both FoxO1 and FoxO3a was unaffected by metformin admin-
istration (Fig. 6, B and C, and supplemental Fig. S5). To deter-
mine the intracellular localization of FoxO3a, the cytosolic and
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FIGURE 4. Activation of the AMPK suppressed FoxO activity. A, putative FoxO3a binding sites of Mut-DA2 sequence. Detection of the conserved TFBSs was
performed using multiple-genome alignments and the highlighted putative transcriptional factor binding sites. B, FoxO activity in the absence or presence of
metformin and compound C. H4IIEC3 cells were co-transfected with the FHRE-Luc vector and control reporter vector at 24 h and then treated with the
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nuclear components of the FoxO3a protein were fractionated.
FoxO3aand FoxO1 protein levels were decreased by metformin
treatment in the nuclear fraction (Fig. 6D). These results sug-
gest that metformin inactivates FoxO3a by decreasing FoxO3a
protein levels in the nucleus and subsequently inhibiting the
binding of FoxO3a to the SEPPI promoter.

DISCUSSION

Our data demonstrate that metformin suppresses produc-
tion of the insulin resistance-inducing hepatokine SeP by acti-
vating AMPK and subsequently inactivating FoxO3a in
H4IIEC3 hepatocytes. During the course of this study, it was
reported that metformin decreases mRNA levels of Sepp1 in rat
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primary hepatocytes (28); however, the molecular mechanisms
by which metformin reduces the expression of Seppl were not
fully understood. Our data demonstrate that the AMPK/
FoxO3a pathway downstream of metformin action plays a
major role in the regulation of SEPPI expression in cultured
hepatocytes. Our data suggest a previously unrecognized
mechanism of action of metformin in combating the systemic
insulin resistance in type 2 diabetes.

The finding that FoxO3a positively regulates Sepp I and G6pc
expression in H4IIEC3 hepatocytes supports the suggestion
that FoxO3a plays an important role in glucose homeostasis.
The ability of FoxO1 to increase the expression of gluconeo-
genic genes has been confirmed (35). To date, however, little
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FIGURE 5. Metformin suppressed SeP expression via Fox0O3a. A, efficiency of Foxo3a siRNA and FoxoT siRNA. H4IIEC3 cells were transfected with Foxo3a
siRNAs or FoxoT siRNAs or a negative control (NC) siRNA at 48 h. Knockdown efficiency was assessed by real-time PCR. Expression values were normalized to
Actb mRNA. Data represent means = S.D. (error bars) (n = 4). **, p < 0.01; ***, p < 0.001 versus negative control siRNA-treated cells. B, luciferase activity of
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metformin for 24 h. Signals were normalized to the control reporter vector. Data represent means = S.D. (n = 4). ***, p < 0.001 versus vehicle-treated cells. N.S.,
not significant. C, protein levels in the presence of the FoxO3a overexpression vector. H4IIEC3 cells were transfected with the pCMV-FoxO3a vector or pCMV
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the data in E. Data represent means = S.D. (n = 3-4). **, p < 0.01; ***, p < 0.001 versus control.

information concerning the involvement of FoxO3a in glucose
metabolism is available. Certainly, no defects in glucose metab-
olism have been described in FoxO3a-deficient mice (36), sug-
gesting that the function of FoxO3a in glucose metabolism is
compensated for by FoxO1l. Indeed, Haeusler et al. (37)
reported that triple liver-specific ablation of FoxOl,
FoxO3a, and FoxO4 causes a more pronounced hypoglyce-
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mia and increased insulin sensitivity in mice compared with
a single knockout of FoxO1. The present findings indicate
that FoxO proteins, including FoxO3a, regulate hepatic glu-
cose metabolism in a coordinated manner. These data reveal
that FoxO3a, the downstream target of metformin/AMPK,
positively regulates SEPPI transcriptional activity in cul-
tured hepatocytes independently of FoxO1 and suggest that
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mediated at least in part by SeP suppression in the liver.

FoxO3a participates in glucose homeostasis via regulation of
the hepatic production of SeP, an insulin resistance-induc-
ing hepatokine.

Knockdown of Foxo3a, but not Foxol, rescued the cells from
metformin-induced inactivation of the SEPPI promoter,
although knockdown of both Foxo3a and Foxol down-regu-
lated Sepp1 in the absence of metformin (Fig. 5, A and B). These
results are in harmony with early reports showing that FoxO1
positively regulates Seppl expression in cultured hepatocytes
(38, 39). The current data suggest that both FoxO3a and FoxO1
positively regulate expression of SEPPI in the basal conditions,
but FoxO3a has a dominant role in the suppression of SEPPI
downstream of metformin/AMPK pathway in H4IIEC3 hepa-
tocytes. Interestingly, metformin selectively phosphorylated
and deacetylated FoxO3a but not FoxO1 (Fig. 6, B and C). This
FoxO3a-selective phosphorylation by metformin is consistent
with the previous report showing that AMPK-induced phos-
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phorylation displays a strong preference toward FoxO3 com-
pared with FoxO1 by using in vitro kinase assays (16).

The current study is the first to demonstrate the decreased
nuclear localization and subsequent transcriptional inactiva-
tion of FoxO3a by AMPK downstream of metformin in the
cultured hepatocytes. Greer et al. (16) identified FoxO3a as a
direct phosphorylation target of AMPK using in vitro kinase
assays. However, the authors reported that phosphorylation by
AMPK increases FoxO3a transcriptional activity without
affecting FOXO3A subcellular localization in mouse embry-
onic fibroblasts or 293T cells. A similar activation of FoxO3a by
AMPK was reported in C2C12 myotubes (17). In this respect,
our results suggest that the AMPK-induced inactivation of
FoxO3a is hepatocyte-specific. When FoxO proteins are phos-
phorylated by Akt, the dissociation of nuclear co-factors from
FoxO is thought to be required for nuclear exclusion of FoxO
(40). Hence, the difference in nuclear co-activator/co-repressor

JOURNAL OF BIOLOGICAL CHEMISTRY 343



Metformin and FoxO3a-mediated Suppression of SeP Expression

recruitment between hepatocytes and other cells might explain
differences in the action of AMPK on FoxO3a cellular localiza-
tion and transcriptional activity. Notably, the siRNA-induced
knockdown of Foxo3a decreased Seppl and G6pc mRNA levels
in H4IIEC3 hepatocytes, suggesting that the AMPK/FoxO3a
pathway in the liver regulates gluconeogenesis and the produc-
tion of the hepatokine SeP. These findings shed light on a pre-
viously unrecognized role for the AMPK/FoxO3a pathway in
the regulation of glucose metabolism in the liver.

The cancellation of the metformin-induced suppression of
SeP by compound C, a known inhibitor of the AMPK pathway,
was only partial (Fig. 2B). Likewise, the overexpression of
FoxO3a only partially cancelled the suppressive action of met-
formin on Sepp1 gene expression (Fig. 6, D and E). These results
suggest that metformin decreases Seppl gene expression
through both AMPK/FoxO3a-dependent and other indepen-
dent pathways. Recently, Kalender et al. (41) reported that met-
formin acts to suppress mTORCI1 signaling in an AMPK-inde-
pendent manner. In addition, Guigas et al. (42) found that
metformin inhibits glucose phosphorylation in primary cul-
tured hepatocytes independently of AMPK activity. Additional
studies are needed to elucidate the AMPK-independent actions
of metformin on SeppI expression in H4IIEC3 hepatocytes.

The present sequence of SEPPI promoter completely corre-
sponds to the refseq of the National Center for Biotechnology
Information, but it misses one thymidine against the sequence
of a previous report (21). This site had been reported as an SNP
site (reference SNP ID rs201851607). Because both allele origin
and minor allele frequency of this SNP site are not available, it is
difficult to prove which genome sequence is “correct.” At least
this SNP site does not seem to affect basal SEPP1 promoter
activity. In addition, the metformin-responsible element iden-
tified in the current paper locates in the other region of the SNP
site. Thus, we consider that the effect of this SNP on the con-
clusion of this paper is negligible.

A limitation of the present study is that the effects of met-
formin on SeP expression were not investigated in human sam-
ples. The metformin concentrations used in this study (0.25-1
mm) were higher than the blood levels of metformin in patients
treated with conventional doses of the drug (10 —40 um). How-
ever, it has been pointed out that concentrations of metformin
in liver tissue are much higher than those in the blood because
the liver receives portal vein blood, which may contain materi-
ally higher doses of metformin than plasma (43). An early
report indicated that metformin concentrations in the liver
were greater than 250 wmol/kg in an STZ diabetic mouse model
treated with 50 mg/kg metformin (44). One previous study used
0.25-1 mM metformin in rat primary hepatocytes as a more
physiological range of intrahepatic concentration (43). In addi-
tion, we show that administration of 300 mg/kg metformin was
effective on hepatic expression for Seppl in C57BL/6] mice
(Fig. 1F). Although clinical trials are necessary, we speculate
here that treatment with metformin decreases blood levels of
SeP in patients with diabetes. Additionally, the contribution of
SeP suppression to the anti-diabetic actions of metformin
should be confirmed by additional investigations using Sepp1-
knock-out mice.
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In summary, the present data provide a novel mechanism
of action for metformin involving improvement of systemic
insulin sensitivity via the regulation of SeP production (Fig.
6E) and suggest that AMPK/FoxO3a pathway in the liver
may be a therapeutic target to the development of new anti-
diabetic drugs.
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