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Enhancement of Thioredoxin Production from Nasal Epithelial
Cells by the Macrolide Antibiotic, Clarithromycin In Vitro
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Abstract. Low-dose and long-term administration of 14-
membered macrolide antibiotics is well-known to be effective
in the treatment of chronic airway diseases. Although there is
much evidence that the anti-inflammatory action, but not the
anti-microbial action of macrolides, is responsible for the
clinical efficacy of these agents on chronic airway
inflammatory diseases, the precise therapeutic mechanisms
are not well-understood. Since thioredoxin (TRX) has now
attracted attention as an endogenous peptide with
immunomodulatory effects, the present study was undertaken
to examine whether macrolide antibiotics could favorably
modulate the clinical status of such diseases via the
production of TRX from nasal epithelial cells in vitro. Nasal
epithelial cells (5x10° cells/ml) obtained from five patients
were stimulated with 50 uM H,O, in the presence of different
concentrations of macrolide antibiotics for 24 h. TRX levels
in culture supernatants were examined by enzyme-linked
immunosorbent assay. We also examined the influence of
macrolide antibiotics on TRX mRNA expression and mRNA
translation by RT-PCR and a wheat germ cell-free protein
synthesis  technique, respectively. The addition of
clarithromycin (CAM) to cell cultures caused an increase in
the ability of cells to produce TRX in response to H,0,
stimulation, and the minimum concentration that caused a
significant increase was 0.5 ug/ml. On the other hand,
josamycin, a 16-membered macrolide antibiotic, did not
increase TRX production induced by H,0, stimulation.
Although the treatment of cells with CAM inhibits TRX
mRNA transcription, the agent might increase translation of
mRNA to produce specific proteins. The ability of CAM to
increase TRX production may account, at least in part, for
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the clinical efficacy of this agent on chronic airway
inflammatory diseases, including chronic rhinosinositis.

Macrolide antibiotics are a group of anti-bacterial agents
with a distinctive macrocyclic lactone ring combined with
sugars and are active against many species of Gram-positive
and some Gram-negative bacteria. It is now known that in
addition to anti-bacterial activity, these compounds exert
anti-inflammatory effects in vitro and in vivo through their
inhibitory action on inflammatory cell migration and
inflammatory cytokine production, amongst others (1-3). In
addition, macrolide antibiotics, especially 14-membered
macrolides, are well-known to have beneficial effects in the
treatment of chronic airway inflammatory diseases, such as
diffuse panbronchiolitis (DPB), chronic sinusitis (CS) and
cystic fibrosis (CF) (4). In this regard, much effort has been
made to elucidate the therapeutic mechanisms of macrolides
and revealed that the anti-inflammatory action, but not the
anti-microbial action of macrolides is responsible for the
clinical efficacy of the agents against chronic airway
inflammatory diseases (1-6).

It is now accepted that inflammatory cells such as
neutrophils, which are the most important effector cells in
the development of chronic airway diseases, produced not
only several types of chemical mediators but also free
radicals, including O3~ and H,0, (3, 4). Although
physiological production of free radicals is generally
believed to be essential in host defense, overproduction of
free radicals and their metabolites are harmful and cause
oxidative stress responses, which are implicated in the
pathogenesis of conditions such as DPB, CS and pulmonary
fibrosis (3, 7). On the other hand, under normal physiological
conditions, there are several types of antioxidants such as
glutathione, superoxide dismutase and hydrogen peroxide,
which prevent the development of oxidative stress responses.
Among these, thioredoxin (TRX) has attracted attention as
an endogenous antioxidant protein. TRX, which was
originally identified as a hydrogen donor for ribonucleotide
reductase in Escherichia coli, is a 12-kDa protein with two
redox active half-cysteine residues (-Cys-Gly-Pro-Cys-) (8-
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10). In addition to its anti-oxidative activity, TRX is reported
to exert immunomodulatory effects. Administration of
exogenous TRX suppresses airway hyper-responsiveness
induced by specific allergen challenge through the inhibition
of eosinophil accumulation in airways of mouse models of
asthma (11, 12). TRX also suppresses the chemotactic
response of neutrophils and monocytes induced by
stimulation with either lipopolysaccharide or monocyte
chemoattractant protein-1 (MCP-1) (13, 14). Moreover, TRX
is able to inhibit activity of purified human neutrophil
elastase as well as elastolytic activity of sputum prepared
from patients with CF (15). Since it is believed that elastase
plays an important role in the development of structural lung
damage, such as bronchiectasis, progressive pulmonary
function decline, and early death, which are observed in CF
and DPB (15, 16), the manipulation of the TRX system
consisting of TRX, TRX reductase and NADPH, may be
good targets in the treatment of chronic airway inflammatory
diseases, including CF and DPB. However, the influence of
macrolide antibiotics on the function of the TRX system is
not clear at present. In the present study, therefore, we
investigated the influence of macrolide antibiotics on the
TRX system by examining the effect of agents on TRX
production from human nasal epithelial cells in vitro.

Materials and Methods

Reagents. Clarithromycin (CAM) was kindly donated by Taisho-
Toyama Pharmaceutical Co. Ltd. (Tokyo, Japan) as a preservative-
free pure powder. The agent was dissolved firstly in 100% ethyl
alcohol to a concentration of 10.0 mg/ml and then diluted with
phosphate buffered saline (PBS) to a concentration of 10 pg/ml.
This was sterilized by passing it through 0.2-um filters, and stored
at 4°C until used. Josamycin (JM) purchased from Sigma Pure
Chemical Co. (St Louis, MO, USA) was also dissolved in PBS in a
similar manner.

Cell source and epithelial cell culture. Nasal polyp specimens were
surgically-obtained from patients with CS who had not received
any medical treatment, including systemic and topical steroid
application or oral macrolide antibiotics. Specimens were washed
five times with PBS that contained 500 pg/ml streptomycin, 500 U
penicillin and 5 pg/ml ampotericin B. These tissues were then
treated with 0.1% protease type XIV for 12 h at 4°C. Epithelial cell
layers were then obtained and vigorously mixed with a pipette to
obtain a single-cell suspension. The cells were suspended in SABM
medium (Lonza Co., Ltd., Walkersville, MD, USA) at a density of
5x103 cells/ml. The cell suspension was introduced into triplicate
24-well tissue culture plates coated with human type I collagen and
cultured for 48 h, when the number of cells had reached
approximately 5 x 105 cells/well. The cells were then stimulated
with 50 uM H,O, in the presence of different concentrations of
either CAM or JM. After 24 h, culture supernatants were collected
and stored at —40°C until used. In the case of examination for
mRNA expression, cells were cultured in a similar manner for 12 h.
In all experiments, treatment of cells with the agents was started
2 h before H,O, stimulation.
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Assay for TRX mRNA expression. Poly A* mRNA was separated
from cultured cells with oligo(dT)-coated magnetic micro beads
(Milteny Biotec, Bergisch Gladbach, Germany). The first-strand
cDNA was synthesized from 1.0 pg of Poly A* mRNA using a
Superscript cDNA synthesis kit (Invitrogen Corp., Carlsbad, CA,
USA) according to the manufacturer’s instructions. Polymerase
chain reaction (PCR) was then carried out using a GeneAmp 5700
Sequence Detection System (Applied Biosystems, Foster City, CA,
USA). The PCR mixture consisted of 2.0 ul of sample cDNA
solution (100 ng/ul), 25.0 wl of SYBR-Green Mastermix (Applied
Biosystems), 0.3 ul of both sense and anti-sense primers, and
distilled water to a final volume of 50.0 pl. The reaction was
conducted as follows: 4 min at 94°C, followed by 40 cycles of 15 s
at 95°C and 60 s at 60°C. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was amplified as an internal control.
mRNA levels were calculated by using the comparative parameter
threshold cycle and normalized to GAPDH. The primers used for
real-time RT-PCR were 5’-GCCTTGCAAAATGATTCAAGC-3’
(sense) and 5’-TTGGCTCCAGAAAATTCACC-3’ (anti-sense) for
TRX (17), and 5’-TGTTGCCATCAATGACCCCTT-3’ (sense) and
5’-CTCCACGACGTACTCAGCG-3’ (anti-sense) for GAPDH (18).

Preparation of TRX-specific mRNA. To prepare TRX-specific
mRNA for cell-free protein synthesis, the first-strand cDNA
synthesized was amplified with a Takara PCR Amplification kit
using specific primers for TRX in a final volume of 30 ul. The PCR
conditions were as follows: 5 min at 94°C, followed by 30 cycles
of 20 s at 94°C, 30 s at 58°C, and 30 s at 72°C. After measuring
mRNA contents, samples were stored at —80°C until used.

Cell-free protein synthesis. Cell-free protein synthesis was cell-free
protein synthesis core kits (Toyobo Co., Ltd., Osaka, Japan). The
reaction mixture consisted of 2.0 ul of reaction buffer, 1.7 pl of
creatine kinase (10 pg/ml), 1.0 upl of ribonuclease inhibitor
(40 U/ml), 10.0 pl of wheat germ extract, 33.5 ul of specific mRNA
(0.4 pg/ul) and distilled water containing different concentrations
of CAM to a final volume of 50.0 pl. The reaction mixture (50 ul)
was then introduced into each well of 96-well plates that contained
250 ul of reaction buffer. The plates were incubated at 26°C for
24 h and the solutions were stored at —40°C until use.

Assay for TRX. TRX levels in culture supernatants and protein
synthesis solution were examined by the commercially available
TRX enzyme-linked immunosorbent assay (ELISA) test kits
(BioVendor Lab. Med. Inc., Brno, Czech Republic), according to
the manufacturer’s recommendations. The minimum detectable level
of this kit was 2.13 ng/ml.

Statistical analysis. The statistical significance between control and
experimental groups was examined by analysis of variance
(ANOVA) followed by the Dunette’s multiple comparison test. The
level of significance was considered at a p-value of less than 0.05.

Results

Influence of H,0, stimulation on TRX production from nasal
epithelial cells in vitro. The first experiments were
undertaken to examine whether H,O, stimulation increased
TRX production from nasal epithelial cells and the optimal
concentration of H,O, for stimulation. To do this, the cells
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were stimulated with different concentrations of H,O, for 24 h,
and the TRX levels in culture supernatants were examined by
ELISA. As shown in Figure 1, stimulation of cells with H,O,
caused a significant increase in the ability of cells to produce
TRX. As little as 2.5 uM of H,0O, strongly stimulated TRX
production. Maximal production was obtained with 25.0 to
750 uM of H,0,, and 100 uM was inhibitory (Figure 1).

Influence of macrolide antibiotics on H,0,-induced TRX
production from nasal epithelial cells in vitro. The second set
of experiments was designed to examine the influence of
macrolide antibiotics on TRX production from nasal
epithelial cells after H,O, stimulation. The cells were
stimulated with 50 uM H,O, in the presence of either CAM
or JM for 24 h. TRX levels in culture supernatants were
examined by ELISA. As shown in Figure 2, treatment of cells
with CAM at concentrations of both 0.2 pg/ml and 0.4 ug/ml
scarcely affected the ability of cells to produce TRX; TRX
levels in culture supernatants were nearly identical to those
detected in the control. CAM at 0.5 pg/ml or more
significantly increased the TRX levels in culture supernatants,
as compared with that in the control. On the other hand, JM
did not increase TRX production from nasal epithelial cells
in response to H,O, stimulation even when 10.0 pg/ml of the
agent was used for treatment.

Influence of CAM on TRX mRNA expression in nasal
epithelial cells in vitro. The third set of experiments was
undertaken to examine the influence of CAM on TRX mRNA
expression in nasal epithelial cells in vitro. As shown in
Figure 3, stimulation of cells with H,O, caused significant
increase in TRX mRNA level, as compared with the non-
stimulated control. On the other hand, the addition of CAM
at 0.5 ug/ml but not 0.2 pg/ml caused a significant decrease
in TRX mRNA expression, which was increased by H,O,
stimulation.

Influence of CAM on cell-free protein synthesis. The final set
of experiments was designed to examine the influence of
CAM on TRX production in cell-free protein systems. As
shown in Figure 4, the addition of CAM at 0.1 pg/ml and
0.2 pg/ml into cell-free protein systems did not increase
TRX synthesis; TRX level in the solutions were nearly
identical (p>0.05; not significant) to those observed in the
control. On the other hand, CAM at more than 0.5 pg/ml
significantly increased the ability of wheat germ extract to
produce specific protein as compared with the control.

Discussion
Low-dose and long-term administration of macrolide

antibiotics, also called macrolide therapy, is effective in the
treatment of DPB, CS and CF (4). In addition to these airway
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Figure 1. Influence of H,O, on thioredoxin (TRX) production from nasal
epithelial cells in vitro. Nasal epithelial cells (5x10° cells) were
stimulated with different concentrations of H,O,. After 24 h, TRX levels
in culture supernatants were examined by ELISA. The data are
expressed as the mean+SE of five cultures from different subjects.
*Significant at p<0.05 vs. 0 uM H,0,; **p>0.05 vs. 12.5 uM H,0,.

inflammatory diseases, several types of skin diseases
characterized by inflammatory disorders are also reported to
be susceptible to the macrolide therapy (19, 20). There is
considerable evidence to suggest that the inhibitory action of
macrolides on the chemotaxis and activation of inflammatory
cells such as neutrophils, which are the most important
effector cells in the development of chronic airway
inflammatory diseases, may account for the clinical efficacy
of macrolides in inflammatory diseases (4).
Oxygen-consuming organisms obtain energy through
cellular respiration, which is the transformation of
carbohydrates and oxygen into carbon dioxide and water.
Up to two percent of the oxygen used in this system is
transformed into superoxide, a free radical that is toxic to
cells. Furthermore, free radicals also produced by
phagocytic cells such as macrophages and granulocytes,
which are cells essential to the development of airway
inflammatory diseases, and function in the intracellular
killing of bacteria. Because free radicals are necessary for
life, the body has a number of mechanisms to minimize
free-radical-induced damage and to repair damage that
occurs, such as via several types of enzymes and
endogenous proteins. Among these, TRX attracts attention
as being not only an important antioxidative factor (8-10)
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Figure 2. Influence of macrolide antibiotics on thioredoxin (TRX) production from nasal epithelial cells induced by H,0, stimulation in vitro. Nasal
epithelial cells (5x 103 cells) were stimulated with 50 uM H,O, in the presence of clarithromycin (CAM) or josamycin (JM) for 24 h. TRX levels in
culture supernatants were examined by ELISA. The data are expressed as the mean+SE of cells from five different subjects. A: CAM; B: JM;

*Significant at p<0.05 vs. H,0, alone.

but also a protective factor in the development of various
inflammatory diseases (12-15). However, there is little
evidence showing the influence of macrolide antibiotics on
TRX. The present study clearly demonstrates that CAM
increases the ability of nasal epithelial cells to produce TRX
in response to H,O, stimulation, when the cells were treated
with the agent at more than 0.5 pg/ml, which is a quite low
level compared with therapeutic blood levels (1.03+0.16
pug/ml) (21). On the other hand, JM, which is ineffective in
the treatment of DPB and CS (4), did not increase TRX
levels in the culture supernatants even when the cells were
treated with 10.0 pg/ml. TRX, a well-characterized protein
with a highly conserved active site, is reported to play a
variety of redox-related roles in organisms from bacteria to
Man (12, 13). Intracellular TRX, together with
peroxiredoxin, plays essential roles in the scavenging of free
radicals and the regulation of redox-sensitive transcription
factors such as nuclear factor (NF)-kKB and activator protein
(AP)-1 (13). In addition to intracellular functions, TRX has
been shown to inhibit neutrophil chemotaxis induced by
lipopolysaccharide (LPS) and chemokine stimulation (13).
It is also reported that TRX directly blocks the adhesion of
LPS-stimulated neutrophils on endothelial cells in vitro (13).
Furthermore, TRX inhibits the down-regulation of L-selectin
precursor (CD62L) expression on neutrophils after LPS
stimulation via the suppression of p38 mitogen-activated
protein kinase phosphorylation (13), suggesting that TRX
exerts a suppressive effect on neutrophil activation. In the
development of airway inflammatory  diseases,
administration of TRX into mice for three days prevented
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lung injury induced by exposure by cigarette smoking
through the suppression of neutrophil influx (22). Moreover,
although chronic exposure by cigarette smoking is reported
to cause pulmonary emphysema in normal mice
accompanying prominent infiltration of macrophages and
neutrophils into the lung, TRX-transgenic mice, which
produce much higher levels of human TRX in response to
inflammatory stimulation, significantly prevented the
development of these pathological changes (22). Taken
together, the present data show that the enhancement of
TRX production by nasal epithelial cells may be interpreted
as part of the therapeutic mode of action of 14-membered
macrolides in chronic airway inflammatory diseases.
Forkhead transcription factor-3 (FOXO3) is reported to be
an essential transcription factor involved in the up-regulation
of TRX mRNA expression (17). It is also reported that AMP-
activated protein kinase (AMPK) plays a pivotal role in
phosphorylation of FOXO3 (23), which is responsible for the
promotion of TRX transcription in nuclei, indicating that the
AMPK-FOXO3 pathway is essential for TRX mRNA
expression (17, 23). Together with these reports, the present
results showing the inhibitory effect of CAM on TRX mRNA
expression may be, in part, due to the suppressive effect of
the agent on AMPK-FOXO3 pathway activation. This
speculation may be supported by the observation that 14-
membered macrolide antibiotics, including CAM, exert a
suppressive effect on the activation of transcription factors
such as NF-KB and AP-1 through the inhibition of activation
of MAPKs (3). On the other hand, the present results clearly
show that treatment of nasal epithelial cells with CAM
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Figure 3. Influence of clarithromycin (CAM) on thioredoxin (TRX)
mRNA expression in nasal epithelial cells in vitro. Nasal epithelial cells
(5x10° cells) were stimulated with 50 uM H,O, in the presence of
CAM. After 12 h, TRX mRNA expression was examined by real-time RT-
PCR. The data are expressed as the mean ratio calculated as
TRX/GAPDH of cultures from five different subjects. GAPHD:
Glyceraldehyde-3-phosphate dehydrogenase.

caused an increase in TRX protein production in spite of the
suppression of its mRNA expression induced by H,0,
stimulation. The reasons for this discrepancy are not clear at
present. The process of protein synthesis in cells requires two
different steps: in the first step, transcription, mRNA is
synthesized from DNA in the nucleus. mRNA formed then
comes out through the nuclear membrane into the cytoplasm
where it binds to mRNA-binding sites on ribosomes and
starts protein synthesis translocation. The final experiments,
therefore, were undertaken to examine whether pre-treatment
of nasal epithelial cells with CAM could increase the
translocation activity of TRX mRNA. Cell-free protein
synthesis assay revealed that the addition of CAM at more
than 0.5 pg/ml could increase TRX synthesis. These results
strongly suggest that there is the possibility that CAM could
increase the translation of TRX mRNA, resulting in an
increase of TRX levels in culture supernatants. Further
experiments are required to clarify this point.

The present results strongly suggest that macrolide therapy
causes an increase in the ability of airway cells, especially
epithelial cells, to produce TRX, explaining the favorable
modification of clinical symptoms of chronic airway
inflammatory diseases (e.g. DPB and CS) through the
suppression of both neutrophil influx and oxidative stress
responses in the area of inflammation.
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Figure 4. Influence of clarithromycin (CAM) on thioredoxin (TRX)
production in cell-free protein synthesis systems. TRX levels in samples
were examined by ELISA. The data are expressed as the mean+SE of
five different subjects. ND: Not detected (below 2.13 ng/ml);
*Significant at p<0.05 vs. 0 ug/ml CAM.

References

1 Asano K, Suzuki M, Shimane T and Suzaki H: Suppressive
activity of co-stimulatory molecule expressions on splenic B
lymphocytes by a macrolide antibiotic, roxithromycin in vitro.
Int Immunopharmacol /(7): 1385-1392, 2001.

2 Suzaki H, Asano K, Yu M and Hisamitsu T: Influence of
roxithromycin on inflammatory cytokine production from nasal
polyp fibroblasts in vitro. Acta Oto-laryngol 123(5): 637-642,2003.

3 Furuya A, Asano K, Shoji N, Hirano K, Hamasaki T and Suzaki
H: Suppression of nitric oxide production from nasal fibroblasts
by metabolized clarithromycin in vitro. J Inflamm 7: 56, 2010.

4 Keicho N and Kudoh S: Diffuse Panbronchiolitis: role of
macrolides in therapy. Am J Respir Med /(2): 119-131, 2002.

5 Culic O, Erakovic V and Parnham MJ: Anti-inflammatory effects
of macrolide antibiotics. Eur J Pharmacol 429(103): 209-229, 2001.

6 Kwiatkowska B and Maslinska M: Macrolide therapy in chronic
inflammatory diseases. Med Inflamm 2012: ID: 636157, 2012.

7 HsuY, Wang LF and Chien YW: Nitric oxide in the pathogenesis
of diffuse pulmonary fibrosis. Free Rad Biol Med 42(5): 599-
607, 2007.

8 Hirota K, Nakamura H, Masutani H and Yodoi J: Thioredoxin
superfamily and thioredoxin-inducing agents. Ann NY Academy
Sci 957: 189-199, 2002.

9 Gromer S, Uring S and Becker K: The thioredoxin system-from
science to clinic. Med Re Rev 24(1): 40-89, 2004.

10 Watson W, Yang X, Choi Y, Jones D and Kehrer J: Thioredoxin
and its role in toxicology. Toxicol Sci 78(1): 3-14, 2004.

11 Nakanishi K, Yoshimoto T, Tsutsui H and Okamura H:
Interleukin-18 is a unique cytokine that stimulates both Th1 and
Th2 responses depending on its cytokine milieu. Cytokine
Growth Factor Rev 12(1): 53-72,2001.

355



in vivo 27: 351-356 (2013)

12 Ichiki H, Hoshino T, Kinoshita T, Imaoka H, Kato S, Inoue H,
Nakamura H, Yodoi J, Young HA and Aizawa H: Thioredoxin
suppresses airway hyper-responsiveness and airway inflammation in
asthma. Biochem Biophys Res Commun 334(4): 1141-1148, 2005.

13 Nakamura H, Herzenberg LA, Bai J, Araya S, Kondo N,
Nishinaka Y, Herzenberg LA and Yodoi J: Circulating thioredoxin
suppresses lipopolysaccharide-induced neutrophil chemotaxis.
Proc Natl Acad Sci USA 98(26): 15143-15148, 2001.

14 Pagliei S, Ghezzi P, Bizzarri C, Sabbatini V, Frascaroli G,
Sozzani S, Caselli G and Bertini R: Thioredoxin specifically
cross-desentizes monocytes to MCP-1. Eur Cytokine Netw
13(2): 261-267, 2002.

15 Lee RL, Rancour RC, del Val G, Pack K, Accurso FJ and White
CW: Thioredoxin and dihydrolipoic acid inhibit elastase activity
in cystic fibrosis sputum. Am J Physiol Lung Cell Mol Physol
289(5): L875-L882, 2005.

16 Konstan MW and Berger M: Current understanding of the
inflammatory process in cystic fibrosis: Onset and etiology.
Pediatric Pulmonol 24(2): 137-142, 1997.

17 Li XN, Song J, Zhang L, LeMaire SA, Hou X, Zhang C, Coselli
JS, Chen L, Wang XL, Zhang Y and Shen YH: Activation of the
AMPK-FOXO 3 pathway reduces fatty acid-induced increase in
intracellular reactive oxygen species by up-regulating
thioredoxin. Diabetes 58(10): 2246-2257, 2009.

18 Zeng J, Wang J, Gao W, Mohammadreza A, Kelbauskas L,
Zhang W, Johnson RH and Meldrum DR: Quantitative single-
gene expression measurements of multiple genes in response to
hypoxia treatment. Anal Bioanal Chem 40/(1): 3-13, 2011.

356

19 Cerdeira CR, Blance ES and Vila AM: Clinical application of
development of nonantibiotic macrolides that correct
inflammation-driven immune dysfunction in inflammatory skin
diseases. Med Inflamm 20172: 1ID:563709, 2012

20 Alzolibani AA and Zedan K: Macrolides in chronic inflammatory
skin disorders. Med Inflamm 2072: ID: 159354, 2012.

21 Ferrero JL, Bopp BA, Marsh KC, Quigley SC, Johnson MJ,
Anderson DJ, Lamm JE, Tolman KG, Sanders SW and
Cavanaugh JH: Metabolism and deposition of clarithromycin in
man. Drug Metab Dispos 18(4): 441-446, 1990.

22 Sato A, Hoshino Y, Hara T, Muro S, Nakamura H, Mishima M
and Yodoi J: Thioredoxin-1 ameliorates cigarette smoke-induced
lung inflammation and emphysema in mice. J] Pharmacol Exp
Ther 325(2): 380-388, 2008.

23 Greer EL, Oskoui PR, Bank MR, Maniar JM, Gygi MP, Gygi SP
and Brunet A: The energy sensor AMP-activated protein kinase
directly regulates the mammalian FOXO3 transcription factor. J
Biol Chem 282(41): 30107-30119, 2007.

Received March 12, 2013
Revised March 29, 2013
Accepted April 1, 2013



