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The potential role of FoxO transcription factor during postembryonic periods
in the silkworm, Bombyx mori (Lepidoptera: Bombycidae)
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Abstract. The Forkhead box O (FoxO) transcription factors, including FoxO1, FoxO3a, and FoxO4, have been implicated in the
regulation of several biological processes, including stress resistance, metabolism, and apoptosis. In the present study, FoxO1 and
FoxO3a patterns and their role in the regulation of the insulin signalling and mitogen-activated protein kinase (MAPK) pathways
were analyzed after starvation in the fat body cells of the silkworm, Bombyx mori. FoxO1 and FoxO3a are localized to the nuclei. It
was found that the levels of the insulin receptor and phosphoryated kinase Akt (p-Akt) increased when the animals ceased feeding.
Starvation conditions caused a decrease in extracellular-signal-regulated kinase (ERK) phosphorylation, and an increase in c-Jun
N-terminal kinase (JNK) and p38 (MAP kinase) phosphorylation. This implies that the FoxO transcription factors are activated by
starvation and that starvation leads to changes in the insulin signalling and MAPK pathways in B. mori. These results strongly sug-
gest that the FoxO transcription factor may be involved in the regulation of the insulin signalling and MAPK pathways in B. mori.
As such, the findings provide molecular entomologists with valuable information on the molecular mechanism of the signalling path-

ways in postembryonic development ofthe silkworm.

INTRODUCTION

Forkhead box O (FoxO) transcription factors play a
critical role in regulating cell growth, survival, apoptosis,
differentiation and proliferation, metabolism, cell cycle
arrest, and protection from oxidative stress in a variety of
cell types (Accili & Arden, 2004). The transcriptional
activity of these transcription factors is regulated by mul-
tiple post-translational mechanisms. The FoxO subfamily
of transcription factors consists of FoxO1, FoxO3a, and
FoxO4, which are inhibited by growth factors, such as
insulin and insulin-like growth factor-1 (Huang &
Tindall, 2007). In conditions involving limited supply of
these growth factors, the inhibition of FoxO activity by
PI3K/Akt (phosphoinositide 3-kinase/serine threonine
protein kinase) is relieved, and the FoxO transcription
factors are activated and accumulate in the cell nucleus
(Skurk et al., 2005). Under starvation conditions, FoxO
translocates into the nucleus and participates in the tran-
scriptional activation of various genes involved in
metabolism. Addition of insulin results in FoxO translo-
cation out of the nucleus and into the cytoplasm. The
insulin-signalling pathway is an important mechanism for
sensing nutritional signals in organisms ranging from the
nematode, Caenorhabditis elegans (Maupas) to humans
(Britton et al., 2002). Insulin signalling can affect tran-
scription patterns via regulation by FoxO transcription
factors, which are inhibited by the presence of insulin
(Burgering & Medema, 2003). In Drosophila, FoxO is
required for the starvation-dependent upregulation of the
insulin receptor (Puig & Tjian, 2005). Akt (also known as

protein kinase B [PKB]) plays a critical role in mediating
various effects of insulin and related growth factors
downstream of PI3K. Akt is an important effector mole-
cule in the insulin-signalling pathway because it phospho-
rylates glucose transporters and glycogen synthase kinase
to promote glucose absorption and glycogen synthesis
(Taniguchi et al., 2006). This also phosphorlyates and
inhibits the activity of FoxO transcription factors (Barthel
et al., 2005).

Three major groups of mitogen-activated protein
kinases (MAPK) are found in mammalian cells: extracel-
lular signal-regulated protein kinase (ERK), p38 MAPK,
and c-Jun N-terminal kinase (JNK). MAP kinases regu-
late many cellular activities, ranging from gene expres-
sion to mitosis, movement, metabolism, and apoptosis
(Davis, 2000). These MAP kinases are activated by dual
phosphorylation of neighbouring threonine and tyrosine
residues in response to various extracellular stimuli
(Kyriakis & Avruch, 1996). In particular, p38 and JNK
are implicated in stress-responsive signalling leading to
the initiation of adaptive events such as gene differentia-
tion and apoptosis (Ono & Han, 2000). ERKs are acti-
vated by growth signals such as epidermal growth factor
(Lubinus et al., 1994).

FoxO transcription factors also play a crucial role in the
regulation of tissue homeostasis in organs and in complex
diseases. Despite extensive studies on the functional, cel-
lular, and molecular aspects of FoxO transcription factors,
the cellular production, molecular characteristics, and
functional aspects of these factors in the silkworm,
Bombyx mori, remained poorly understood until recently.
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In the present study, and in light of the aforementioned
previous findings FoxO1 and FoxO3a, and their regula-
tion of the insulin signalling and MAPK pathways were
investigated in the B. mori fat body following starvation
of the larval stages of the insect.

MATERIAL AND METHODS

Animals

Cold-treated eggs of the silkworm, Bombyx mori L. (Lepido-
ptera: Bombycidae), were obtained from the National Institute
of Agricultural Science and Technology, Suweon, South Korea.
The eggs were incubated in plastic containers for about ten days
at 26.5°C following their hatching; the time and date of hatching
were recorded. The larvae were reared on the Silkmate™ artifi-
cial diet (Nihon Nosan Kogyo, Yokohama, Japan) and incubated
at 25°C with alternating 12 h periods of light and dark, and 70%
humidity in growth chamber (Doori, Seoul, Korea). Fifth instar
larvae were used during the starvation experiment. The starved
larvae were reared under the same conditions without food and
placed in Tupperware plastic containers containing a moist
paper towel.

Immunohistochemistry and microscopy analysis

Tissue preparation and whole mount immunohistochemistry
were performed as described by Na et al. (2004). After anes-
thetic treatment of stage-5 pupae at 4°C for 1 h, the fat bodies
were isolated in 0.1 M sodium phosphate buffer (PB), pH 7.4,
and fixed in 4% paraformaldehyde in 0.1 M PB for 6 h at 4°C.
The fixed tissues were immersed in 0.1 M phosphate-buffered
saline with 1% Triton X-100 (PBST) at 4°C overnight. Peroxi-
dase activity was blocked by dipping the tissues in a 3% H,0,
solution with 10% methanol for 25 min. This was followed by
washing of the tissues in 0.1 M Tris-HCI buffer (pH 7.6-8.6)
containing 1% Triton X-100 and 4% NaCl. The tissue samples
were shaken gently and incubated with either anti-rabbit-
polyclonal phospho-FoxO1A (Abcam, Cambridge, MA, USA;
product No. 38501) or anti-rabbit-polyclonal phospho-FoxO3A
(Abcam; product No. 47285), both of which were diluted to
1:200 with a dilution buffer (0.1 M PBST and 10% normal goat
serum), for 1 day. After washing in 0.1 M PBST, tissues were
incubated in a 1:500 dilution of goat anti-rabbit Cy3-conjugated
antibody for 1 day at 4°C. The tissues were then rinsed in 0.005
M Tris-HCI buffer, mounted in glycerin, examined, and photo-
graphed using a model LSM 310 microscope (Carl Zeiss, Jena,
Germany).

Western blotting

Larvae were dissected under a stereoscope, and fat bodies iso-
lated in 0.1 M PB (pH 7.4). Isolated tissues were washed in
fresh PB buffer, homogenized in PB buffer, and then centri-
fuged at 500 x g for 3 min and then supernatant was removed.
For nuclear extracts, the cells were lysed using NE-PER extrac-
tion reagent (Pierce, Rockland, IL, USA) according to the
manufacturer’s protocol.

The pellets were layered over 200 pl of Cytoplasmic Extract
Reagent I (CER 1) and incubated on ice for ten min. The pellets
were layered over 11 pl of Cytoplasmic Extract Reagent II
(CER 1I) and incubated on ice for 1 min. The supernatant solu-
tions were then combined and centrifuged at 16,000 x g for 5
min. The resulting supernatant fraction contained cytoplasmic
extract. The insoluble fractions were added to 100 pl of Nuclear
Extraction Reagent (NER) and incubated on ice for 40 min. The
solutions were then combined and centrifuged at 16,000 x g for
10 min. The resulting supernatant fraction contained nuclear
extract.
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Protein concentration was determined by Bradford assay. The
purified proteins were separated by polyacrylamide gel electro-
phoresis (SDS-PAGE) and the resolved proteins transferred to a
nitrocellulose membrane. Each membrane was incubated over-
night with the primary antibody at 4°C. The primary antibodies
included anti-rabbit-polyclonal phospho-FoxO1 (Abcam; pro-
duct No. 38501), anti-rabbit-polyclonal phospho-FoxO3A
(Abcam; product No. 47285), anti-rabbit-polyclonal phospho-
-Akt (Cell Signaling Technology, Danvers, MA, USA; product
No. 9271), anti-rabbit-polyclonal Akt (Cell Signaling Technol-
ogy; product No. 9272), anti-rabbit-polyclonal insulin receptor
(Abcam; product No. 5500), anti-rabbit-polyclonal phospho-
-ERK (Cell Signaling Technology; product No. 9101), anti-
rabbit-polyclonal ERK (Cell Signaling Technology; product No.
9102), anti-rabbit-polyclonal phospho-p38 (Cell Signaling
Technology; product No. 9211), anti-rabbit-polyclonal p38
(Cell Signaling Technology; product No. 9212), anti-mouse-
monoclonal Actin (Abcam; product No. 3280) and anti-mouse-
monoclonal TATA-binding protein TBP (Abcam; product No.
818) at dilutions of 1:1000 and 1:500. The membranes were
treated with a 1:1000 dilution of peroxidase-conjugated secon-
dary anti-rabbit or anti-mouse antibodies for 2 h. The proteins
were detected using the enhanced chemiluminescence (ECL)
western blotting method (Amersham Biosciences, Piscataway,
NIJ, USA). Densitometric quantification of the bands was per-
formed using Image] software (version 1.29x: NIH, Bethesda,
MD, USA) (Abramoff et al., 2004).
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Fig. 1. Western blots of fat body from Bombyx mori 5th instar
larvae showing existence of anti-rabbit-polyclonal InR. The
level of InR gradually increased after starvation. P-actin was
served as a control. Densitometric quantification of the bands
was performed using Imagel] software (version 1.29x: NIH,
Bethesda, MD). Error bars represent the mean (+SD) of three
replicates.
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Fig. 2. Western blots of fat body from Bombyx mori 5th instar
larvae showing existence of p-Akt and Akt. The level of p-Akt
gradually increased after starvation. Densitometric quantifica-
tion of the bands was performed using ImageJ software (version
1.29x: NIH, Bethesda,MD). Error bars represent the mean
(£SD) of three replicates.

Statistical analyses

Results are expressed as mean + SD. Comparisons between
groups were made by one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test, with P values of
< 0.05 considered statistically significant.

RESULTS

To determine the change of B. mori insulin signalling,
protein in the fat body from day 2 of 5th instar larvae
were analyzed 6, 12, 24, and 48 h after starvation. The
effect of starvation on activation of the insulin receptor
and p-Akt level was measured. Results from Western blot
showed that insulin receptor and p-Akt levels markedly
increased 12 h after starvation (Figs 1, 2).

To assess the roles of the phosphorylation status of
FoxO1 and FoxO3a, changes in phosphorylated FoxO
protein levels were measured after starvation. Changes in
nuclear localization were investigated by Western blot
analysis. Because FoxO proteins were partially regulated
by control of nuclear localization, the nuclear and cyto-
plasmic distributions of FoxO1 and FoxO3a were meas-
ured after starvation. From day 2, protein levels in the fat
body of the 5th instar larvae were analyzed at 6, 12, 24,
and 48 h after starvation and compared with the corre-
sponding levels in normally fed insects. Increase in the
starvation period from 0 to 6 h had no significant effects
on FoxO1 protein levels, which increased in the nucleus
only after 12 h of starvation. However, cytoplasmic levels
of FoxOl1 decreased after 24 h of starvation. FoxO3a pro-
tein levels in the nucleus increased 12 h after starvation,
whereas its cytoplasmic levels decreased after 24 h of
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Fig. 3. Western blots of fat body from Bombyx mori 5th instar larvae showing localization of p-FoxO1 and p-FoxO3a. Cytoplasm
and nucleus extracts were prepared from fat body under starvation conditions. Levels of p-FoxO1 and p-FoxO3a gradually decreased
in the cytoplasm after starvation, but levels of p-FoxO1 and p-FoxO3a increased in the nucleus after starvation. TATA-binding pro-
tein was used as a nucleus marker. Densitometric quantification of the bands was performed using ImagelJ software (version 1.29x:
NIH, Bethesda, MD). Error bars represent the mean (+SD) of three replicates.
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Fig. 4. Immunohistochemistry of fat body cells showing localization of p-FoxO1 and p-FoxO3a. The fat body isolated from
Bombyx mori 5th instar larvae under starvation conditions were analyzed using p-FoxO1 and p-FoxO3a antibodies (red) and DAPI
(blue), showing the location of the nuclei (48 h), respectively. Fat droplets in these cells generated a mesh-like appearance in the
cytoplasm (control). Scale bar indicates 50 um.
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Fig. 5. Western blots of fat body showing existence of p-ERK, ERK, p-JNK, INK, p-p38 and p38. The level of p-ERK decreased
after starvation, but the level of p-JNK and p-p38 increased after starvation. Densitometric quantification of the bands was per-
formed using ImagelJ software (version 1.29x: NIH, Bethesda, MD). Error bars represent the mean (£SD) of three replicates.
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starvation (Fig. 3). The changes in the FoxOl and
FoxO3a after nuclear localization were investigated by
immunohistochemistry and also studied during nuclear
localization of these factors after starvation. Compared to
the fat body samples obtained from normally fed larvae,
the samples obtained from starved S5th instar larvae
(starved for 48 h) showed increased nuclear translocation
of FoxO1 and FoxO3a (Fig. 4).

MAPK pathways regulate many cellular activities
ranging from gene expression to metabolism (Farooq &
Zhou, 2004). The change of ERK, JNK and p38 MAPKs
was examined during starvation (Fig. 5). The starvation
condition caused a decrease in ERK phosphorylation and
an increase in JNK phosphoryaltion and p38 phosphory-
lation. These data suggest that starvation might inhibit
growth and induce apoptosis through regulation of
MAPK pathways in B. mori.

DISCUSSION

The insulin-signalling pathway in insects is of major
interest as it is conserved in animals, both in terms of
structure and function. Bombyxin is an insect neurohor-
mone with an insulin-like peptide structure. The first
Bombyxin was identified from B. mori about 30 years
ago (Nagasawa et al., 1984). Similar to mammal insulin,
Bombyxin regulates sugar and lipid metabolism in the
insect (Masumura et al., 1999; Satake et al., 1999).
Remarkably, Bombyxin stimulates the phosphorlyation of
insulin receptor and Akt, in a manner apparently identical
to mammalian insulin (Nagata et al., 2008). In Droso-
phila, there are seven insulin-like peptides that are
expressed in several tissues. A single insulin receptor of
the receptor tyrosine kinase family mediates the action of
the seven insulin-like peptides. Once bound by the
insulin-like peptides, the insulin receptor is self-
phosphorylated and auto-activated (Brogiolo et al., 2001).
Therefore, an increase in the number of insulin receptors
in response to starvation would increase receptor sensi-
tivity when the nutrient availability is restored.

The fat body is the central organ that integrates and
coordinates different hormonal and nutritional signals to
regulate growth and final body size in Drosophila mela-
nogaster (Meigen) (Colombani et al., 2005). Inhibition of
the Drosophila insulin-signalling pathway in the fat body
induces the cellular and organismal effects of starvation,
whereas its activation in a small portion of fat body cells
with an Flp-out mosaic method bypasses the nutrient
requirement for cell growth. Activity of the insulin-
signalling pathway in the fat body is regulated by the
availability of dietary protein in vivo (Britton et al.,
2002).

The FoxO transcription factor can be phosphorylated
by Akt, inhibited by the insulin-signalling pathway, and
activated by starvation. Overexpression of FoxO reduces
the body size and induces starvation in Drosophila
(Kramer et al., 2003). Under the conditions of starvation,
FoxO transcription factor activates the insulin receptor
mRNA expression (Puig et al., 2003) by directly binding

to the FoxO response element in the insulin receptor pro-
moter region (Puig & Tjian, 2005).

The FoxO transcription factor is an important target of
insulin and its growth factor activity. FoxO transcription
factors show both nuclear localization and nuclear export
signals, and are shuttled between the cytoplasm and
nucleus. Typically, FoxO transcription factors are local-
ized in the cytoplasm, which restricts their transcriptional
activation activity. On activation, the FoxO transcription
factors are re-located to the nucleus. However, the
mechanisms regulating nuclear/cytoplasmic shuttling of
FoxO transcription factors remained poorly understood
until recently.

It has previously been reported that the concentration of
amino acid is altered by changes in the nutritional status
(Fafournoux et al., 1990). The present study demonstrated
a signal transduction pathway in B. mori that responds to
variations in the starved state. This study also showed that
starvation possibly causes the activation of JNK/p38 and
the inhibition of ERK in B. mori. Therefore, ERK activa-
tion appears to be protected after stress and is dependent
upon both JNK and p38.

The FoxO transcription factors changes its intracellular
localization from the cytoplasm to nucleus under stress
conditions (Kaneto et al., 2004). The overexpression of
JNK induced the nuclear localization of FoxO transcrip-
tion factors whilst the suppression of JNK reduced the
nuclear localization of FoxO transcription factors, sug-
gesting involvement of the JNK pathway in FoxO translo-
cation. Activation of ERK has been shown to
phosphorylate FoxO transcription factors, resulting in
nuclear exclusion and transcriptional repression. In addi-
tion to ERK, phosphorylation of FoxO transcription fac-
tors by Akt results in cytoplasmic retention, inhibiting the
expression of FoxO transcription factors, which control
the cell death and stress (Stahl et al., 2002).

In conclusion, FoxO transcription factors are activated
by starvation and the starved state leads to changes in the
insulin signalling and MAPK pathways in B. mori. Our
data strongly suggest that the FoxO transcriptional factor
is involved in the regulation of the insulin signalling and
MAPK pathways in this insect. The molecular mecha-
nisms of the signalling pathways remain to be further elu-
cidated.
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