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Objective: The accumulation of lipids in macrophages contributes to the development of atherosclerosis.
Strategies to reduce lipid accumulation in macrophages may have therapeutic potential for preventing
and treating atherosclerosis and cardiovascular complications. The antidiabetic drug metformin has been
reported to reduce lipid accumulation in adipocytes. In this study, we examined the effects of metformin

I<€yW0rd§5 on lipid accumulation in macrophages and investigated the mechanisms involved. Methods and results:
l;/loe)t(g)lrmm We observed that metformin significantly reduced palmitic acid (PA)-induced intracellular lipid accumu-

lation in macrophages. Metformin promoted the expression of carnitine palmitoyltransferase I (CPT-1),
while reduced the expression of fatty acid-binding protein 4 (FABP4) which was involved in PA-induced
lipid accumulation. Quantitative real-time PCR showed that metformin regulates FABP4 expression at the
transcriptional level. We identified forkhead transcription factor FOXO1 as a positive regulator of FABP4
expression. Inhibiting FOXO1 expression with FOXO1 siRNA significantly reduced basal and PA-induced
FABP4 expression. Overexpression of wild-type FOXO1 and constitutively active FOXO1 significantly
increased FABP4 expression, whereas dominant negative FOXO1 dramatically decreased FABP4 expres-
sion. Metformin reduced FABP4 expression by promoting FOXO1 nuclear exclusion and subsequently
inhibiting its activity. Conclusions: Taken together, these results suggest that metformin reduces lipid
accumulation in macrophages by repressing FOXO1-mediated FABP4 transcription. Thus, metformin
may have a protective effect against lipid accumulation in macrophages and may serve as a therapeutic
agent for preventing and treating atherosclerosis in metabolic syndrome.

© 2010 Elsevier Inc. All rights reserved.
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Introduction In the present study, we examined the effects of metformin on

palmitic acid (PA)-induced lipid accumulation in macrophages and

The accumulation of lipids in macrophages is a hallmark of ath-
erosclerotic lesion formation that not only contributes to choles-
terol and triglyceride retention within the vascular wall, but also
increases vascular oxidative stress and inflammation [1]. Develop-
ing strategies to lower lipid level and reduce lipid accumulation in
macrophages may have therapeutic potential for preventing and
treating atherosclerosis and cardiovascular complications.

Metformin, the first-line therapy for managing type 2 diabetes,
has been reported to inhibit triglyceride and cholesterol synthesis
and lower VLDL and LDL levels in patients with diabetes [2-4].
However, whether it can directly reduce lipid accumulation in
macrophages has not been examined. Metformin has been shown
to decrease intracellular lipid levels and improve insulin sensitivity
in pre-adipocytes, hepatocytes and skeletal muscle [5-7]. It is con-
ceivable that it may also directly reduce lipid accumulation in mac-
rophages and thus prevent the formation of atherosclerosis.
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investigated the molecular mechanisms involved. We observed that
metformin significantly reduced PA-induced intracellular lipid
accumulation in macrophages. Metformin prevented lipid accumu-
lation in macrophages by inhibiting the FOXO1-mediated transcrip-
tion of fatty acid-binding protein 4 (FABP4). Thus, metformin may
have the potential to prevent atherosclerosis formation.

Materials and methods

Cell culture. The human monocytic leukemia cell line THP-1
(ATCC, Manassas, VA) was cultured in RPMI 1640 medium (Invitro-
gen, Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS), 100 U/mL penicillin, 100 pg/mL streptomycin, and 5% L-glu-
tamine. Differentiation of THP-1 cells into macrophages was in-
duced by 100 nM phorbol 12-myristate 13-acetate (PMA) (Alexis
Biochemical, Farmingdale, NY) for 72 h. Then, the macrophages
were transfected with siRNA or plasmid DNA and/or treated with
PA or metformin at various concentrations for the various time
periods indicated in the text.
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Transfection of cells with siRNA and plasmid DNA. FABP4 siRNA
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA),
and FOXO1 siRNA was purchased from Dharmacon (Chicago, IL).
Silencer Negative control siRNA (Ambion, Austin, TX) was used
as a negative control. Various FOXO1 plasmid DNAs (Addgene,
Cambridge, MA) were used in this study. Transfection of THP-1
macrophages with siRNA or plasmid DNA was performed with
Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA) according to the
method described [8]. Transfected cells were then treated with
fatty acid or metformin at the concentrations for the time periods
indicated in the text. The efficiency of transfection was determined
by Western blot.

Western blot analysis. THP-1 macrophages were washed twice
with PBS and whole cell extracts were prepared as described [9].
Protein concentrations were measured by using a Bio-Rad protein
assay (Bio-Rad, Hercules, CA). Cell lysates were subjected to SDS-
polyacrylamide gel electrophoresis and transferred to PVDF mem-
branes. The membranes were blocked, incubated overnight with
primary antibody, washed, and then incubated with secondary
horseradish peroxidase-labeled antibody. Antigen detection was
performed with SuperSignal® West Femto Maximum Sensitivity
Substrate (Thermo Scientific, Rockford, IL) according to the manu-
facturer’s protocol. The data shown were representative of 3 sepa-
rate experiments. FABP4 and carnitine palmitoyltransferase I (CPT-
1) antibodies were purchased from Santa Cruz Biotechnology. Pro-
tein expression was quantified by densitometry by using Quantity
One software (Bio-Rad). Relative protein levels were normalized to
B-actin and expressed as percentages of the control.

Quantitative real-time PCR (Q-PCR). Q-PCR was conducted as de-
scribed [10]. Total RNA from treated cells was extracted with Trizol
(Invitrogen) according to the manufacturer’s protocol. Total cellu-
lar mRNA was reverse-transcribed into cDNA by using the iScript
cDNA synthesis kit (Bio-Rad). Q-PCR was performed by using the

iCycler iQ real-time PCR detection system (Bio-Rad). Primers were
designed with the use of Beacon Designer 2.0 software. The follow-
ing primers for human FABP4 were used: forward, 5-ATGAT
AAACTGGTGGTGGAAT-3'; reverse, 5-ATCAGCTTGGGAGAAAATT
AC-3'. The mRNA levels were acquired from the value of the
threshold cycle (Ct) of the target gene normalized to the Ct of B-ac-
tin. The data shown represent 3 separate experiments.

Detection of intracellular lipid accumulation. Intracellular lipid
accumulation was determined by oil red O staining as described
previously [11]. THP-1 macrophages were transfected with siRNA
and/or treated with PA in the presence or absence of metformin
for 24 h and washed with PBS. Treated cells were fixed with 4%
formaldehyde for 90 min and incubated with oil red O working
solution for 30 min. Absorbance at 490 nm was measured. Staining
intensity was measured and normalized to cell number. The mean
staining intensity was calculated from 3 independent experiments.
Intracellular lipid levels were compared with the no-treatment
control and expressed as percentages of the control.

Statistical analysis. All quantitative variables are presented as
means + SD from 3 separate experiments. The difference between
two groups was assessed with the use of an independent t-test.
We compared the differences of 3 or more groups with a one-
way ANOVA. A two-tailed P-value of P < 0.05 was considered statis-
tically significant.

Results

Metformin reduced fatty acid-induced lipid accumulation in THP-1
macrophages

We first tested whether metformin could reduce lipid accumula-
tion in macrophages, which can be significantly induced by free fatty
acids (unpublished data). Macrophages differentiated from human
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Fig. 1. Metformin significantly reduced the PA-induced increase of intracellular lipid accumulation in human THP-1 macrophages. THP-1 macrophages were treated with
increasing amounts of metformin in the presence of PA. Intracellular lipid accumulation was assessed by oil red O staining. Staining intensity was measured and normalized
to cell number. The mean staining intensity was calculated for 3 randomly selected fields per coverslip. Intracellular lipid levels were compared with the no-treatment control
and expressed ags percentages of the control. Representative images and quantitative analysis of oil red O staining from 3 independent experiments are shown. Data represent

as means £ SD. P <0.001 vs PA treatment alone.
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THP-1 cells were incubated with increasing amounts of metformin
in the presence of PA, and lipid accumulation was examined by oil
red O staining. As shown in Fig. 1, PA significantly increased intracel-
lular lipid accumulation, an observation consistent with previous re-
port [12]. Importantly, the PA-induced increase in intracellular lipid
accumulation was reduced by metformin in a dose-dependent man-
ner, indicating that metformin is capable of reducing intracellular li-
pid accumulation in macrophages.

Metformin reduced lipid accumulation in macrophages by
downregulating FABP4 and upregulating CPT-1

We next investigated the mechanisms for the metformin-in-
duced reduction of lipid accumulation observed in macrophages.
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Lipid accumulation is controlled by a few key molecules, such
as FABP4, a fatty acid transport protein involved in fatty acid up-
take and CPT-1, a rate-limiting enzyme involved in fatty acid oxi-
dation. We assessed the effect of metformin on the expression of
these molecules. As shown in Fig. 2A, metformin alone slightly
decreased FABP4 expression and increased CPT-1 expression. In
the presence of PA, metformin significantly decreased PA-induced
FABP4 expression, and increased CPT-1 expression in a dose-
dependent manner (Fig. 2B). Importantly, the knockdown of
FABP4 by siRNA decreased basal intracellular lipid accumulation
and prevented PA-induced intracellular lipid accumulation

(Fig. 2C), suggesting a critical role for FABP4 in macrophage lipid
accumulation. We therefore, focused our study on FABP4
regulation.
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Fig. 2. Metformin reduced lipid accumulation by downregulating FABP4. (A, B) Metformin inhibited FABP4 and increased CPT-1 expression in the absence or the presence of
PA. Human THP-1 macrophages were treated with increasing amounts of metformin in the absence (A) or presence (B) of PA. FABP4 and CPT-1 expression was examined by
Western blot. The relative Jevels of protein were compared and expressed as percentages of the control. Representative blots and quantitative analyses from 3 independent

experiments are shown. P<0.05, P<0.01,

P<0.001 vs the no-treatment control, or as indicated. (C) Involvement of FABP4 in PA-induced intracellular lipid

accumulation. Human THP-1 macrophages were transfected with FABP4 siRNA and then treated with PA for 24 h. Intracellular lipid accumulations were detected with oil red
O staining, and staining intensity was measured and normalized to cell number. Intracellular lipid levels were compared with the no-treagment control and expressed as the

percentage of the control. Representative staining and quantitative analysis are shown. Data represent the mean +SD (n=3). P<0.05,
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Metformin regulated FABP4 expression at the mRNA level

To further investigate the mechanisms of metformin-induced
FABP4 repression, we examined whether metformin affected the
expression of FABP4 mRNA. We found that PA increased FABP4
mRNA levels, which were significantly reduced by metformin in
a dose-dependent manner (Fig. 3). Indicating that metformin
may decrease FABP4 expression at the mRNA level either by
decreasing transcription or by promoting mRNA degradation.

Metformin reduced FABP4 expression by inhibiting FOXO1

To investigate the mechanisms by which metformin induces the
downregulation of FABP4 mRNA, we examined the transcriptional
regulation of FABP4. Transcription factor FOXO1 has been shown to
regulate lipid metabolism. We therefore, examined whether
FOXO1 can regulate FABP4 expression in macrophages. As shown
in Fig. 4A, inhibiting FOXO1 expression with FOXO1 siRNA signifi-
cantly reduced basal and PA-induced FABP4 expression suggesting
that FOXO1 mediates the PA-induced upregulation of FABP4
expression. Additionally, the overexpression of wild-type FOXO1
(FOXO01 WT) and constitutively active FOXO1 (FOXO1 CA) signifi-
cantly increased FABP4 expression, whereas dominant negative
FOXO01 (FOXO1 DN) dramatically decreased FABP4 expression
(Fig. 4B) indicating that FOXO1 positively regulates FABP4. Impor-
tantly, treating cells with metformin significantly reversed the
FOXO1-induced induction of FABP4 expression supporting the no-
tion that metformin may downregulate FABP4 expression by inhib-
iting FOXO1. Indeed, immunostaining showed that PA increased
FOXO1 nuclear translocation (Fig. 4C). Metformin not only main-
tained FOXO1 in the cytoplasm, but also prevented PA-induced
FOXO1 nuclear translocation, indicating that metformin can effec-
tively inhibit FOXO1 nuclear translocation. Together, these data
suggest that metformin may inhibit FABP4 expression by inhibiting
FOXO1 nuclear translocation and subsequently affecting its target
transcription.

Discussion

In the present study, we show that metformin reduced fatty
acid-induced lipid accumulation in macrophages. Metformin re-
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Fig. 3. Metformin regulates FABP4 expression at the mRNA level. Human THP-1
macrophages were treated with metformin in the presence of PA for 24 h. FABP4
mRNA levels were examined by Q-PCR and normalized with B-actin mRNA. The
relative levels of mRNA were compared and expressed as percentages of the control.
Data represent the mean+SD (n=3). P<0.05, P<0.01, P<0.001 vs PA
treatment. Metformin induced a significant dose-dependent decrease in FABP4
mRNA.

duced lipid accumulation in macrophages by inhibiting FOXO1-
mediated FABP4 transcription. A proposed mechanism for the met-
formin-mediated reduction of intracellular lipid accumulation is
shown (Fig. 4D).

Free fatty acids are biologic molecules that can be used as met-
abolic fuels at physiologic concentrations. However, when fatty
acids are oversupplied (as seen in metabolic syndrome), lipid accu-
mulation increases in macrophages (Song et al., unpublished data),
thereby facilitating inflammation and apoptosis that contribute to
the formation and progression of atherosclerosis.

Metformin has profound beneficial effects in metabolism and
reduce insulin resistance. However, the protective effects of met-
formin on human atherosclerosis are less clear [13-15], even
though it has been reported to reduce the development of athero-
sclerotic lesions in animal models [16]. Studies have shown that
metformin can correct dyslipidemia in humans [2-4]. In this study,
we show that metformin can directly reduce lipid accumulation in
macrophages, suggesting a potential role of metformin in reducing
foam cells and preventing atherosclerosis. Metformin has been
shown, to reduce the expression of pro-inflammatory cytokines
[17], ameliorate oxidative stress [18,19] and protect endothelial
cell function [20]. With all these beneficial effects on lipid lower-
ing, macrophage lipid reduction and vascular protection [21-23],
metformin may have the potential to prevent the development of
atherosclerotic lesions. However, further studies are necessary to
test this hypothesis in vivo.

We further investigated the mechanisms involved in the met-
formin-induced reduction of intracellular lipid accumulation.
Reduction of intravascular lipid accumulation can be achieved by
preventing fatty acid uptake, inhibiting triglyceride synthesis,
and promoting lipolysis and fatty acid-beta oxidation. Metformin
has been shown to reduce lipid accumulation by increasing fatty
acid oxidation [5-7]. Here, our results show that metformin can
decrease fatty acid-induced upregulation of FABP4—a novel mech-
anism that explains the effect of metformin on reducing intracellu-
lar lipid accumulation. FABP4, a member of the cytosolic 14- to 15-
kDa FABP family, is ubiquitously expressed in macrophages and
adipocytes and is involved in fatty acid transport and metabolism
[24-26]. It has been shown to promote intracellular lipid accumu-
lation and inflammation [27,28]. Lack of FABP4 expression signifi-
cantly reduces lipid accumulation and inflammation in
macrophages and protects hyperlipidemic mice from developing
atherosclerotic lesions [28,29], supporting a critical role for FABP4
in atherosclerosis development. Thus, downregulation of FABP4 by
metformin may be an important mechanism for preventing exces-
sive lipid accumulation in macrophages and vascular
inflammation.

Our study shows that activation of metformin reduced FABP4
expression by inhibiting FOXO1, which we identified as a tran-
scription factor that positively regulates FABP4 expression and
mediates PA-induced FABP4 induction. FOXO transcription factors
play important roles in regulating lipid metabolism [30]. FOXO1
has also been shown to induce lipolysis in adipocyte [31] and stim-
ulate the production of VLDL [32] in hepatocytes. In muscle cells,
FOXO1 has been shown to promote fatty acid uptake and enhance
fatty acid oxidation, with fatty acid uptake exceeding oxidation
and net triglyceride accumulation [33]. Elevated FOXO1 expression
and nuclear localization have been observed in mouse models of
diabetes and obesity, and inhibition of FOXO1 has been shown to
reduce hepatic fatty accumulation and improve insulin sensitivity
[34,35]. In this study, we show for the first time that FOXO1 posi-
tively regulates the transcription of FABP4, suggesting FOX0O1 may
play an important role in regulating fatty acid uptake and lipid
accumulation in macrophages, thus contributing to the formation
of atherosclerotic lesions. However, future in vivo studies are re-
quired to examine the role of FOXO1 in the formation and progres-
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Fig. 4. Metformin reduced FABP4 expression by inhibiting FOXO1. (A) Involvement of FOXO1 in PA-induced FABP4 protein expression. Human THP-1 macrophages were
transfected with FOXO1 siRNA and then treated with PA for 24 h. The effectiveness of FOXO1 knockdown was examined by anti-FOXO1 antibody. FABP4 protein was
measured by Western blot. The relative levels of protein were compared and expressed as percentages of the control. Representative blots and quantitative analyses from 3
independent experiments are shown. P<0.05, P<0.01 vs the no-treatment control or as indicated. (B) Metformin reduced FABP4 expression by inhibiting FOXO1. THP-1
macrophages were transfected with FOXO1 WT, FOXO1 CA, or FOXO1 DN, followed by treatment with metformin. The expression of FABP4 and B-actin were examined. The
relative Jevels of protein were compared and expressed as percentages of the control. Representative blots and quantitative analyses from 3 independent experiments are
shown. P<0.05, P<0.01, P<0.001vs the no-treatment control, or as indicated. (C) Effects of metformin on FOXO1 cellular location. Human THP-1 macrophage were
cultured on coverslips and treated with PA and/or metformin for 24 h. Treated cells were stained with anti-FOXO1 antibody-Texas Red (red) and DAPI (blue). Merged image
shows colocalization. Representative images from 3 independent experiments are shown. Metformin promoted FOXO1 nuclear exclusion and prevented PA-induced FOXO1
nuclear translocation. (D) Schematic diagram of the possible mechanism for the metformin-induced reduction in intracellular lipid accumulation in macrophages. Metformin
prevented FOXO1 nuclear translocation and subsequently inhibited FOXO1-mediated FABP4 transcription/expression, which leads to decreased intracellular lipid
accumulation. (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)
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sion of atherosclerosis. Additionally, studies are necessary to inves-
tigate the underling mechanisms in FOXO1-mediated regulation of
FABP4 expression and define the detailed signaling involved in
metformin-induced inhibition of FOXO1.

Conclusions

In summary, we observed that metformin reduces PA-induced
lipid accumulation in macrophages by inhibiting FOXO1-mediated
FABP4 expression. Thus, metformin may have therapeutic poten-
tial in preventing the accumulation of lipids in macrophages and
the formation of atherosclerotic lesions.

Disclosures
None.
Acknowledgments

The authors thank Nicole Stancel, Ph.D., of the Texas Heart Insti-
tute at St. Luke’s Episcopal Hospital for editorial assistance in the
preparation of this manuscript. This study was supported by grants
AHA-TX 0565134Y (YHS) and AHA-0730190N (YHS).

References

[1] A. Aronis, Z. Madar, O. Tirosh, Mechanism underlying oxidative stress-
mediated lipotoxicity: exposure of J774.2 macrophages to triacylglycerols
facilitates mitochondrial reactive oxygen species production and cellular
necrosis, Free Radic. Biol. Med. 38 (2005) 1221-1230.

[2] J. Schneider, T. Erren, P. Zofel, H. Kaffarnik, Metformin-induced changes in
serum lipids, lipoproteins, and apoproteins in non-insulin-dependent diabetes
mellitus, Atherosclerosis 82 (1990) 97-103.

[3] J. Schneider, Effects of metformin on dyslipoproteinemia in non-insulin-
dependent diabetes mellitus, Diabetes Metab. 17 (1991) 185-190.

[4] F. Abbasi, J.W. Chu, T. McLaughlin, C. Lamendola, E.T. Leary, G.M. Reaven, Effect
of metformin treatment on multiple cardiovascular disease risk factors in
patients with type 2 diabetes mellitus, Metabolism 53 (2004) 159-164.

[5] K.B. Alexandre, A.M. Smit, LP. Gray, NJ. Crowther, Metformin inhibits

intracellular lipid accumulation in the murine pre-adipocyte cell line, 3T3-

L1, Diabetes Obes. Metab. 10 (2008) 688-690.

C.A. Collier, C.R. Bruce, A.C. Smith, G. Lopaschuk, D.J. Dyck, Metformin counters

the insulin-induced suppression of fatty acid oxidation and stimulation of

triacylglycerol storage in rodent skeletal muscle, Am. ]. Physiol. Endocrinol.

Metab. 291 (2006) E182-E189.

M. Zang, A. Zuccollo, X. Hou, D. Nagata, K. Walsh, H. Herscovitz, P. Brecher, N.B.

Ruderman, R.A. Cohen, AMP-activated protein kinase is required for the lipid-

lowering effect of metformin in insulin-resistant human HepG2 cells, J. Biol.

Chem. 279 (2004) 47898-47905.

[8] X.Li,Y.Rong, M. Zhang, X.L. Wang, S.A. LeMaire, ].S. Coselli, Y. Zhang, Y.H. Shen,

Up-regulation of thioredoxin interacting protein (Txnip) by p38 MAPK and

FOXO1 contributes to the impaired thioredoxin activity and increased ROS in

glucose-treated endothelial cells, Biochem. Biophys. Res. Commun. 381 (2009)

660-665.

Y.H. Shen, L. Zhang, Y. Gan, X. Wang, ]. Wang, S.A. Lemaire, J.S. Coselli, X.L.

Wang, Up-regulation of PTEN (phosphatase and tensin homolog deleted on

chromosome ten) mediates p38 MAPK stress signal-induced inhibition of

insulin signaling: a cross-talk between stress signaling and insulin signaling in
resistin-treated human endothelial cells, . Biol. Chem. 281 (2006) 7727-7736.
[10] X.L. Wang, L. Zhang, K. Youker, M.X. Zhang, J. Wang, S.A. LeMaire, J.S. Coselli,
Y.H. Shen, Free fatty acids inhibit insulin signaling-stimulated endothelial
nitric oxide synthase activation through upregulating PTEN or inhibiting Akt
kinase, Diabetes 55 (2006) 2301-2310.

[11] J.L. Ramirez-Zacarias, F. Castro-Munozledo, W. Kuri-Harcuch, Quantitation of
adipose conversion and triglycerides by staining intracytoplasmic lipids with
Oil red O, Histochemistry 97 (1992) 493-497.

[12] E.E. Lloyd, ].W. Gaubatz, AR. Burns, H.J. Pownall, Sustained elevations in NEFA
induce cyclooxygenase-2 activity and potentiate THP-1 macrophage foam cell
formation, Atherosclerosis 192 (2007) 49-55.

(6

(7

[9

[13] B. Staels, Metformin and pioglitazone: effectively treating insulin resistance,
Curr. Med. Res. Opin. 22 (Suppl. 2) (2006) S27-S37.

[14] DJ. Stocker, AJ. Taylor, RW. Langley, M.R. Jezior, R.A. Vigersky, A randomized
trial of the effects of rosiglitazone and metformin on inflammation and
subclinical atherosclerosis in patients with type 2 diabetes, Am. Heart J. 153
(2007) 445. el-e6.

[15] R.B. Goldberg, The new clinical trials with thiazolidinediones-DREAM, ADOPT,
and CHICAGO: promises fulfilled?, Curr Opin. Lipidol. 18 (2007) 435-442.

[16] G. Marquie, Metformin action on lipid metabolism in lesions of experimental
aortic atherosclerosis of rabbits, Atherosclerosis 47 (1983) 7-17.

[17] Y. Hattori, K. Suzuki, S. Hattori, K. Kasai, Metformin inhibits cytokine-induced
nuclear factor kappaB activation via AMP-activated protein kinase activation
in vascular endothelial cells, Hypertension 47 (2006) 1183-1188.

[18] N. Ouslimani, J. Peynet, D. Bonnefont-Rousselot, P. Therond, A. Legrand, ]J.L.
Beaudeux, Metformin decreases intracellular production of reactive oxygen
species in aortic endothelial cells, Metabolism 54 (2005) 829-834.

[19] D. Bonnefont-Rousselot, B. Raji, S. Walrand, M. Gardes-Albert, D. Jore, A.
Legrand, ]. Peynet, M.P. Vasson, An intracellular modulation of free radical
production could contribute to the beneficial effects of metformin towards
oxidative stress, Metabolism 52 (2003) 586-589.

[20] L.G. de Aguiar, L.R. Bahia, N. Villela, C. Laflor, F. Sicuro, N. Wiernsperger, D.
Bottino, E. Bouskela, Metformin improves endothelial vascular reactivity in
first-degree relatives of type 2 diabetic patients with metabolic syndrome and
normal glucose tolerance, Diabetes Care 29 (2006) 1083-1089.

[21] CJ. Bailey, Metformin: effects on micro and macrovascular complications in
type 2 diabetes, Cardiovasc. Drugs Ther. 22 (2008) 215-224.

[22] AE. Caballero, A. Delgado, C.A. Aguilar-Salinas, A.N. Herrera, J.L. Castillo, T.
Cabrera, F.J. Gomez-Perez, J.A. Rull, The differential effects of metformin on
markers of endothelial activation and inflammation in subjects with impaired
glucose tolerance: a placebo-controlled, randomized clinical trial, J. Clin.
Endocrinol. Metab. 89 (2004) 3943-3948.

[23] N.V. Chu, A.P. Kong, D.D. Kim, D. Armstrong, S. Baxi, R. Deutsch, M. Caulfield,
S.R. Mudaliar, R. Reitz, RR. Henry, P.D. Reaven, Differential effects of
metformin and troglitazone on cardiovascular risk factors in patients with
type 2 diabetes, Diabetes Care 25 (2002) 542-549.

[24] AV. Hertzel, D.A. Bernlohr, The mammalian fatty acid-binding protein
multigene family: molecular and genetic insights into function, Trends
Endocrinol. Metab. 11 (2000) 175-180.

[25] J.B. Boord, S. Fazio, M.F. Linton, Cytoplasmic fatty acid-binding proteins:
emerging roles in metabolism and atherosclerosis, Curr. Opin. Lipidol. 13
(2002) 141-147.

[26] L. Makowski, G.S. Hotamisligil, The role of fatty acid binding proteins in
metabolic syndrome and atherosclerosis, Curr. Opin. Lipidol. 16 (2005) 543-
548.

[27] M.D. Layne, A. Patel, Y.H. Chen, V.I. Rebel, .M. Carvajal, A. Pellacani, B. Ith, D.
Zhao, B.M. Schreiber, S.F. Yet, M.E. Lee, ]. Storch, M.A. Perrella, Role of
macrophage-expressed adipocyte fatty acid binding protein in the
development of accelerated atherosclerosis in hypercholesterolemic mice,
FASEB ]. 15 (2001) 2733-2735.

[28] M. Furuhashi, R. Fucho, C.Z. Gorgun, G. Tuncman, H. Cao, G.S. Hotamisligil,
Adipocyte/macrophage fatty acid-binding proteins contribute to metabolic
deterioration through actions in both macrophages and adipocytes in mice, J.
Clin. Invest. 118 (2008) 2640-2650.

[29] L. Makowski, J.B. Boord, K. Maeda, V.R. Babaev, K.T. Uysal, M.A. Morgan, R.A.
Parker, J. Suttles, S. Fazio, G.S. Hotamisligil, M.F. Linton, Lack of macrophage
fatty-acid-binding protein aP2 protects mice deficient in apolipoprotein E
against atherosclerosis, Nat. Med. 7 (2001) 699-705.

[30] D.N. Gross, M. Wan, M. Birnbaum, The role of FOXO in the regulation of
metabolism, Curr. Diab. Rep. 9 (2009) 208-214.

[31] P. Chakrabarti, K.V. Kandror, FoxO1 controls insulin-dependent adipose
triglyceride lipase (ATGL) expression and lipolysis in adipocytes, ]J. Biol.
Chem. 284 (2009) 13296-13300.

[32] A. Kamagate, S. Qu, G. Perdomo, D. Su, D.H. Kim, S. Slusher, M. Meseck, H.H.
Dong, FoxO1 mediates insulin-dependent regulation of hepatic VLDL
production in mice, J. Clin. Invest. 118 (2008) 2347-2364.

[33] C.C. Bastie, Z. Nahle, T. McLoughlin, K. Esser, W. Zhang, T. Unterman, N.A.
Abumrad, FoxO1 stimulates fatty acid uptake and oxidation in muscle cells
through CD36-dependent and -independent mechanisms, J. Biol. Chem. 280
(2005) 14222-14229.

[34] V.T. Samuel, C.S. Choi, T.G. Phillips, AJ. Romanelli, J.G. Geisler, S. Bhanot, R.
McKay, B. Monia, J.R. Shutter, R.A. Lindberg, G.I. Shulman, M.M. Veniant,
Targeting foxo1 in mice using antisense oligonucleotide improves hepatic and
peripheral insulin action, Diabetes 55 (2006) 2042-2050.

[35] M. Matsumoto, A. Pocai, L. Rossetti, R.A. Depinho, D. Accili, Impaired regulation
of hepatic glucose production in mice lacking the forkhead transcription factor
Foxo1 in liver, Cell Metab. 6 (2007) 208-216.



	Metformin reduces lipid accumulation in macrophages by inhibiting  FOXO1-mediated transcription of fatty acid-binding protein 4
	Introduction
	Materials and methods
	Results
	Metformin reduced fatty acid-induced lipid accumulation in THP-1 macrophages
	Metformin reduced lipid accumulation in macrophages by downregulating FABP4 and upregulating CPT-1
	Metformin regulated FABP4 expression at the mRNA level
	Metformin reduced FABP4 expression by inhibiting FOXO1

	Discussion
	Conclusions
	Disclosures
	Acknowledgments
	References


