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Abstract How animals achieve their specific body size
is a fundamental, but still largely unresolved, biologi-
cal question. Over the past decades, studies on the insect
model system have provided some important insights into
the process of body size determination and highlighted the
importance of insulin/insulin-like growth factor signaling.
Fat body, the Drosophila counterpart of liver and adipose
tissue, senses nutrient availability and controls larval growth
rate by modulating peripheral insulin signaling. Similarly,
insulin-like growth factor I produced from liver and mus-
cle promotes postnatal body growth in mammals. Organ-
ismal growth is tightly coupled with the process of sexual
maturation wherein the sex steroid hormone attenuates body
growth. This review summarizes some important findings
from Drosophila and mammalian studies that shed light on
the general mechanism of animal size determination.
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Introduction

One of the fundamental mysteries in biology is how animals
know whether they have grown enough to reach appropri-
ate body size. Recent studies combining cell growth, pro-
liferation, organ formation, and endocrine regulation have
provided new perspectives regarding the aforementioned
query. A number of studies have employed Drosophila as a
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model system to investigate the process of animal size deter-
mination, thus enabling the integration of endocrinological
studies with genetics. These studies have illuminated the
intriguing parallels between the processes of body growth
in flies and mammals and the involvement of surprisingly
similar genes and signaling pathways. For instance, mass
of the body exponentially increases during larval develop-
ment, which corresponds to the juvenile period of the flies.
As larvae prepare to maturate by initiating puparium for-
mation, the activity of a maturation hormone increases con-
comitantly with the deceleration of body growth, essentially
fixing the final body size at the end of the larval develop-
ment. In parallel, human body growth rapidly occurs from
birth until puberty, followed by high activities of sex hor-
mones coinciding with deceleration of body growth until
adulthood. Insulin signaling is highly conserved throughout
the animal kingdom, mediating nutrient condition, energy
metabolism, and cell proliferation. Insulin signaling plays
a major role in causing rapid increase in larval body mass
in Drosophila, and insulin-like growth factor I (IGF-I) is
critical in pre- and postnatal body growth in mammals. In
the present work, I will summarize some important findings
that may provide a clue in understanding the regulation and
determination of appropriate animal body size, which pro-
vide an important step towards understanding the general
principle of animal size determination.

Insulin/insulin-like growth factor signaling

The insulin/IGF signaling (IIS) is a conserved signaling
cascade in animals. It functions as a nutrient-sensing path-
way, connecting dietary conditions to the control of cellu-
lar and organismal metabolism. Past decades have seen an
expansion of our knowledge about this signaling pathway
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(Fig. 1). Insulin and insulin-like peptides (ILPs) such as
IGFs are secreted and act in an endocrine manner by bind-
ing to insulin receptors (InR), triggering a phosphorylation
cascade involving the insulin receptor substrate (IRS), phos-
phoinositide-3 kinase (PI3K), and Akt/PKB [1]. An active
PI3K complex consists of a catalytic subunit (p110) and a
regulatory subunit (p85a) [2]. PI3K promotes the conver-
sion of phosphatidylinositol 4,5-bisphosphate (PIP,) to
phosphatidylinositol 3,4,5-triphosphate (PIP;) in the cell
membrane [3], which is catalytically reversed by phos-
phatase and tensin homolog (PTEN) [4]. Accumulation of
PIP; in cell membrane recruits phosphoinositide-dependent
protein kinase 1 (PDK1) and Akt/PKB [1, 5]. Activation
of Akt by phosphorylation (p-Akt) subsequently leads to
phosphorylation of various downstream proteins. One of the
downstream targets of Akt is a transcription factor FOXO.
Phosphorylation of FOXO inhibits its nuclear localization,
thus preventing its transcriptional activity [6].

Target of rapamycin (TOR) protein kinase is another
branch of signaling cascade mediating nutrient and
cell growth, which is closely associated with insulin
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signaling. Activation of TOR promotes cell growth by
enhancing global translation and ribosome biogenesis
through phosphorylation of the translation initiation fac-
tor 4E-binding protein (4EBP) and ribosomal protein S6
kinase (S6K), respectively [7]. Each branch of IIS and
TOR can function either independently [8] or together as
linear insulin/Akt/TOR signaling network [9, 10]. TOR
can be activated cell-autonomously in response to nutrient
availability, especially at the level of cellular amino acids
[11]. Moreover, insulin signaling can indirectly activate
the TOR pathway. Activation of Akt by insulin signaling
promotes the TOR pathway by suppressing the complex
formed by tuberous sclerosis complex (TSC) 2, an inhibi-
tor of TOR activity [12—15]. Recent studies also suggest
that Akt phosphorylates PRAS40, an additional inhibi-
tor of TOR, thereby allowing the IIS-induced activation
of the TOR pathway [16, 17]. However, the linearity of
the insulin/Akt/TOR pathway appears to be complicated,
since separated regulation of IIS and TOR pathways by
nutrient stimuli were sometimes observed under certain
conditions [8, 18].

Protein synthesis,

Growth

Fig. 1 The outline of the insulin/insulin-like growth factor signaling
(IIS) pathway. The insulin/PI3K/Akt branch exerts its downstream
effects through various ways. Akt phosphorylates FOXO transcription
factor, prevents its nuclear localization, and thus inhibits the expres-
sion of a variety of FOXO target genes. Akt can also activate TOR by
inhibition of either TSC2 or PRAS40, the two negative regulators of
TOR, thereby allowing the connection between IIS and TOR branch.
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TOR inhibits 4EBP and activates S6K, together enhancing global
translation and cellular growth. S6K can phosphorylate and inhibit
IRS1, thus preventing over-activation of IIS. FOXO can also tran-
scriptionally induce InR, contributing to feedback regulation of IIS.
In this diagram, IIS factors are in blue, TOR-pathway components are
in red. ILPs, insulin-like peptides
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There is an elaborate feedback network among IIS, TOR,
and their nutritional inputs. Activation of TOR, either by
sensing of cellular amino acids or by input from insulin
signaling, feeds back on IIS in several ways. First, activation
of S6K by TOR phosphorylates and inhibits IRS, thus atten-
vating IIS [19]. This mechanism might prevent the over-
activation of IIS by a plethora of nutrient stimuli. Second,
activity of Akt induced by ILPs can be promoted by TOR
[20], which presumably protects against harmful effects
caused by a poor nutritional condition. Lastly, expression
of InR is induced by FOXO [21], a transcription factor sup-
pressed by Akt. Thus, nutrient deprivation can potentiate
the effect of ILPs on IIS pathway by upregulating InR. For
detailed information about the pathways of insulin signal-
ing, the reader may refer to other reviews [22, 23].

Body size determination: lessons from Drosophila
Size determination during larval development

Drosophila has four morphologically distinct developmental
states: embryo, larva, pupa, and adult. After embryogenesis,
Drosophila goes through three larval stages called instars,
following the larval stages, which last for about 4 days, it
enters the pupal stage, during which there is formation of
a rigid exoskeleton of the adult body. Subsequently, after
about 10 days from hatching of embryo, a sexually mature
adult fly is made. Progression of larval molting and pupal
development is dictated by pulses of the steroid hormone
20-hydroxyecdysone (20E) [24]. The prothoracic gland
(PG), an insect endocrine organ, produces ecdysone, which
is released into larval hemolymph and modified in peripheral
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tissues into the active form, 20E [25, 26]. 20E acts through a
heterodimer of the ecdysone receptor (EcR) and Ultraspira-
cle (Usp) nuclear receptor to trigger stage-specific transcrip-
tional cascades, thus directing the progression of waves of
stages in fly development [24].

Early in the third instar, the larva grows to reach a physi-
ologically important developmental point, called the “criti-
cal weight” [27-29]. Upon the attainment of the critical
weight, the larva has acquired sufficient nutrients to com-
plete larval development without any requirement of further
feeding. Whether the deprivation of food from developing
larva prolongs the remaining time to puparium formation
depends on the critical weight [29]. When larvae are starved
before reaching critical weight, the animal pauses the devel-
opmental progression until normal nutritional condition
is restored, thus delaying larval development. In contrast,
when the larvae experience starvation after achieving criti-
cal weight, the animal still continues to develop into pupal
stage without delaying development. To be precise, the
nutritional condition past critical weight check point does
not affect the speed of larval development.

There is an intriguing relationship between the time of
starvation, duration of larval period, and final body size
(Fig. 2). As briefly mentioned above, body size drastically
increases during the larval period, contributing to most of
the final body size. As such, duration of larval period is an
important parameter in determining final body size. Inter-
estingly, although starvation preceding critical weight check
point extends the duration of larval development, this does
not increase the final body size. On the other hand, starva-
tion past the critical weight check point actually decreases
the final body size without extending the duration of larval
period. These observations suggest that starvation stimuli
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Fig. 2 Timing of malnutrition differentially affects the progress of
larval development and final body size in Drosophila. If a larva feeds
on insufficient food and thus experiences a condition of low insulin
signaling only before reaching critical weight, it exhibits slow devel-
opment, but finally achieves normal body size. Conversely, if a larva

Extended Larval Period

A

Normal Larval Period

experiences malnutrition and thus a condition of low insulin signal-
ing only after attaining critical weight, it exhibits development at a
normal rate but finally achieves decreased body size. Grey color indi-
cates the timing of malnutrition during larval development. CW criti-
cal weight
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cause the decrease in actual growth rate (body mass increase
per time) throughout the larval period, but in case of the
starvation preceding the critical weight attainment, exten-
sion of larval period could compensate the lower growth
rate to achieve normal body size. Perhaps there might be
a specific period sensitive to nutritional condition during
juvenile development that influences the final adult size in
metazoans. Since nutritional condition is sensed and trans-
duced through insulin signaling, it is tempting to speculate
that temporal modulation of insulin signaling during larval
development might similarly affect the final fly size as tem-
poral starvation does. Indeed, transient inactivation of InR
before critical weight check point lengthens the total larval
period without affecting final body size, whereas InR inacti-
vation after critical weight check point decreases final body
size without affecting total developmental time [30]. Thus,
insulin signaling in a specific time period during larval
development is influential in determining the final fly size.

Interestingly, the attainment of critical weight appears to
coincide with the onset of three serial low-titer pulses of
20E in third-instar larval stage [30, 31] (Fig. 2). This implies
that prothoracic gland (PG), the ecdysone producing organ,
may play an important role in determining final body size
by modulating the attainment of critical weight and total lar-
val length. Indeed, inactivation of PI3K, Ras, or Raf activ-
ity specifically in PG attenuates ecdysone release, which
results in increased body size by extending larval growth
period without affecting the rate of body growth [27, 32].
Notably, these observations suggest that insulin signaling
in various tissues can differentially affect final body size:
Temporal inactivation of insulin signaling in whole larva
before reaching critical weight has no effect on final body
size, whereas inactivation of insulin signaling specifically in
PG increases final body size.

Although most of the body size is established in the larval
period, a small fraction of size increase appears to be addi-
tionally gained after the cessation of feeding of late third-
instar larva. The marginal growth during postfeeding larval
and pupal stages is shown to be mediated by Drosophila
insulin-like peptide 6 (Dilp6), which is induced in fat body
by pupariation signal and FOXO [33, 34]. Dilp6 may serve
to mediate the tradeoff between body growth and storage of
energy resources during fly maturation, thereby generating
appropriately sized flies with resistance to nutritional stress.

Non-autonomous regulation of body growth by metabolic
organs

The fat body is the characteristic organ in insects that func-
tions as mammalian liver and adipose tissues. It is known to
have the ability to directly sense the organismal condition
of nutrition, thereby storing or mobilizing energy resources
such as glycogen and lipids. Fat body also plays an important

@ Springer

role in insect immune system by producing antimicrobial
peptides in response to infectious bacteria [35]. Accumu-
lated evidence indicates that fat body functions as an impor-
tant endocrine organ producing some hormonal peptides
into the hemolymph, thereby regulating the systemic home-
ostasis of metabolism. A seminal study by Leopold et al.
[18] showed that inactivation of an amino acid transporter
specifically in larval fat body attenuates the TOR signaling
in this organ, which in turn decreases the organismal growth
non-autonomously via secreted factor(s) emanating from fat
body. They proposed that the secreted factor(s) diffuse into
peripheral tissues and modulate their insulin signaling,
thereby controlling body growth.

Several gene products may be raised as candidate
humoral factors derived from fat body that regulate organ-
ismal growth during larval development. Acid-labile subu-
nit (ALS) is a binding partner of IGF-1, which stabilizes
and at the same time restrains the activity of IGF-1 in
mammals [36]. Drosophila homolog of ALS was recently
shown to form a complex with Dilps in a similar way as
do mammalian counterparts [37]. It has been reported
that ALS is expressed in larval fat body and its expres-
sion is severely suppressed by starvation [37]. Interest-
ingly, depletion of ALS specifically in fat body affects
final adult size, though in an opposite manner depending
on rearing nutritional condition: ALS suppresses body
growth in normal nutritional condition, whereas it pro-
motes growth in starvation [37]. Imaginal morphogen-
esis protein-Late 2 (Imp-L2) is another binding partner of
Dilps, consistent with its sequence homology to human
IGF binding protein 7 (IGFBP-7) [38, 39]. Imp-L2 can
form a ternary complex with Dilp2 and ALS, and appears
to antagonize Dilps’ activity [38, 39]. Consistently, dele-
tion of Imp-L2 increases final fly size [38]. Interestingly,
Imp-L2 expression is induced in fat body in response to
starvation, which is in stark contrast with the repression
of ALS by starvation [38]. Neural Lazarillo (NLaz), the
Drosophila Lipocalin family member homologous to the
Retinol-Binding Protein 4, was found to be the secreted
protein that suppresses insulin signaling [40]. The expres-
sion of NLaz is induced by oxidative stress, starvation, and
JNK signaling [40]. NLaz mutant flies are bigger in size,
and exhibit an increase in systemic insulin signaling [40].
Notably, overexpression of NLaz specifically in fat body
decrease insulin signaling in oocytes nurse cells as well
as final body size, and fat body specific depletion of NLaz
prevents hyperglycemia induced by high sugar diet [40,
41]. These observations indicate the physiological role of
fat body NLaz in organismal insulin signaling. The pro-
cess by which secreted NLaz modulates peripheral insulin
signaling remains to be unknown. In summary, ALS, Imp-
L2, and NLaz are fat body-derived hormones that nega-
tively regulate entire larval growth in normal nutritional
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Fig. 3 Communication among metabolic organs controls body
growth in Drosophila. The fat body produces various peptide hor-
mones that modulate systemic insulin signaling and body growth, and
their production depends on fat body’s nutritional signaling. Impl-L2
and ALS can forms a complex with Dilp (Drosophila insulin-like
peptide), thereby inactivating Dilp. SDR produced by glial cells in
the brain has a strong sequence homology with ectodomain of InR,
whereby it can bind to and attenuate Dilp. Upd2 secreted from fat
body activates JAK/STAT signaling in the neurons situated in the
vicinity of IPC, which results in the activation of IPC to release Dilp.
NLaz produced in response to stress condition suppresses systemic
insulin signaling via unknown ways. Insulin signaling in muscle tis-
sue can promote the growth of other unrelated organs and entire body.
Some specific bacteria normally resident in the fly’s intestine promote
body growth by activating systemic insulin signaling

condition, and their expressions are regulated by nutrient
availability (Fig. 3).

Recent findings provide an additional way in which
secreted hormone(s) from fat body modulate systemic insu-
lin signaling and organismal growth. Leopold and colleagues
[42] found that Dilp secretion from insulin-producing cells
(IPCs) located on median neurosecretory cluster (mNSC)
in the brain is promoted by humoral factor(s) derived from
fat body. They showed by ex vivo organ culture that Dilps
are released from IPCs by co-culturing with larval fat body
from fed larva, and not by co-culturing with underfed larval
fat body. Moreover, Dilp secretion from IPC is also induced
by the addition of hemolymph derived from fed larva, and
not from underfed larva, thus indicating that fat body in
fed state emits its signal to the IPC via some hormone(s)
secreted in hemolymph. A very recent study by Perrimon’s
lab identified a hormone produced from fat body that pro-
motes Dilp secretion from IPCs [43]. Unpaired 2 (Upd2),
a protein with sequence similarity to type 1 cytokine, is
secreted from the fat body of well-fed larva, which in turn
activates JAK/STAT signaling in GABAergic neurons in the

vicinity of IPCs. Activation of JAK/STAT signaling in these
neurons then relieves their inhibitory effect on the IPC,
thereby releasing Dilps into the hemolymph. Consistently,
knockdown of fat body Upd2 decreases final adult size as
well as prevents the release of Dilp2 from IPCs. One seem-
ingly inconsistent observation is that Upd2 expression in fat
body is not induced by amino acid, but rather induced by
fat and sugar. Previous study by Leopold’s group [42] dem-
onstrated that amino acid is the main nutrient that is sensed
and relayed to IPCs by fat body. Thus, it is unclear whether
Upd2 also mediates the relay of amino acid availability into
IPCs or additional hormone may play that role (Fig. 3).

The fact that nutritional condition during growing larval
period has a huge impact on final adult size and the fat body
is the major endocrine organ that coordinates the systemic
growth in response to rearing nutritional condition leads to
the expectation that insulin/TOR signaling in fat body may
play a central role in body size determination. Although it is
less clear that insulin/PI3K/Akt signaling and TOR signal-
ing act in parallel or in a linear pathway in larval fat body,
suppression of either one in fat body can cause a decrease
in the body size. Inactivation of an amino acid transporter,
Slimfast (Slif), in fat body decreases final body size by sup-
pressing fat body’s TOR activity without affecting PI3K
[18]. However, suppression of InR or PI3K in fat body
decreases the organismal growth [44, 45], and activation
of Akt in fat body rescues the small body size induced by
immune responses [46]. Whether insulin/PI3K/Akt signal-
ing in fat body promotes body growth by activating the TOR
pathway or independently of TOR remains to be determined.

Several genes downstream of insulin/TOR have been
found that Myc act in fat body to regulate organismal
growth. Myc is a well-known transcription factor that acts
as a downstream effector of the TOR pathway, regulating
ribosome biogenesis, and translational capacity [47-49].
Recent study has shown that overexpression or knockdown
of Myc in fat body increases or decreases final pupal size,
respectively, and that growth retardation as larva approaches
the pupal stage coincides with repression of Myc in fat body
[50]. The capacity of tRNA synthesis has been proposed
to be an important factor for directing organismal growth.
Mafl1 is a conserved repressor of Pol III-dependent tRNA
transcription, which is regulated by TOR signaling [51-53].
Knockdown of Mafl increases larval growth and tRNA lev-
els [54]. Interestingly, elevation of initiator of methionine
tRNA (tRNA™') mimics the growth promoting effects of
Mafl knockdown [54]. Upon treatment of rapamycin, a
TOR inhibitor, Maf1 forms a complex with Brf, a conserved
component of the TFIIIB complex responsible for tRNA
synthesis [55]. In this manner, Mafl decreases tRNA levels
by inhibiting Brf. Although Myc can also promote the syn-
thesis of tRNA, Maf1/Brf appears to more dominantly regu-
late the tRNA synthesis in response to TOR activity than
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Myc does [55]. Recent study also identified the transcription
factor DREF as an additional mediator that links TOR activ-
ity to ribosome biogenesis and growth [56]. FOXO is the
crucial transcription factor that mediates downstream effects
of insulin signaling, whereby Akt inhibits FOXO activity by
its phosphorylation [6]. Consistent with positive regulation
of body growth by fat body’s insulin signaling, knockdown
of FOXO in fat body has been shown to increase final pupal
size [50].

An important question that still remains to be unan-
swered is how these described downstream events of
insulin/TOR signaling in fat body can non-autonomously
regulate organismal growth. Might the protein biosynthetic
capacity modulated by TOR signaling regulate the produc-
tion of such hormones as ALS, Imp-L2, NLaz, or Upd2? If
this is the case, the question arises as how? Or could these
hormones be transcriptionally regulated by FOXO? Future
studies should address these questions by investigating the
connection between fat body-derived hormones and the
downstream events of insulin/TOR signaling in fat body.

Glial cells in the central nervous system have been shown
to play a role in organismal body growth in Drosophila. A
very recent study by Okamoto et al. [57] has identified a new
secreted protein in hemolymph that can suppress systemic
insulin signaling and body growth. This protein was named
as secreted decoy of InR (SDR), for its strong sequence sim-
ilarity to the extracellular domain of InR. As expected from
this sequence homology, SDR was shown to have a prefer-
ential binding affinity for a wide range of Dilps, thereby sup-
pressing their activities. Interestingly, SDR in hemolymph
mainly stems from glial cells in the central nervous system,
and its expression appears to be constitutive regardless of
nutritional condition. In addition to being larger body mass
and structural size, SDR-null flies show increased mortal-
ity when raised in poor nutritional condition, probably due
to abnormally high level of insulin signaling and lowered
FOXO activity (Fig. 3).

It has been well established that commensal bacteria in
the intestine have a huge impact on host physiology such as
immunity and metabolism in metazoan [58—60]. Two recent
papers demonstrate that certain bacterial strains among
other commensal bacteria in the Drosophila gut play a criti-
cal role in larval growth and development. Storelli et al. [61]
showed that the residence of a bacterium called Lactobacil-
lus plantarum in fly’s gut promotes larval growth rate espe-
cially under poor nutritional conditions. They found that
this bacterium in the gut promotes insulin signaling in larval
peripheral tissues and this effect is dependent on TOR activ-
ity in the fat body. Meanwhile, Shin et al. [62] found that
the colonization of a commensal bacterium, Acetobacter
pomorum, in the gut is sufficient to rescue the growth retar-
dation and reduced insulin signaling of germ-free fly. Fur-
thermore, they found that acetic acid, a metabolic product of
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A. pomorum, in the gut is responsible for normal growth and
proper insulin signaling in germ-free fly mono-associated
with this bacterium [62]. Overall, these two studies indicate
the potential role of fly’s intestine associated with some spe-
cific microorganisms in the regulation of systemic insulin
signaling and organismal growth, although the exact mecha-
nism requires further investigation (Fig. 3).

Muscle is another main metabolic organ that heavily
responds to insulin. Demontis et al. [63] showed that insu-
lin signaling in Drosophila larval muscle can non-autono-
mously regulate systemic growth. Increase in muscle size
by modulating muscle specific InR can lead to an increase
in size of unrelated organs such as salivary glands, gut, fat
body, and epidermis. Modulating FOXO affects the muscle
size and Myc activity in a consistent manner as InR modu-
lation does. Interestingly, although overexpression of Myc
increases the size of nucleolus and some Myc target genes’
transcripts known to promote growth, it cannot drive muscle
growth and probably subsequent body growth. This appears
to contrast with the fat body, in which Myc overexpression
can promote systemic body growth [50]. The authors sug-
gest that changes in muscle size affect larval feeding behav-
ior, which in turn modifies the final body size [63]. How-
ever, possible endocrine function of muscle in body growth
regulation should not be excluded (Fig. 3).

Connecting body growth to sexual maturation

Human body growth occurs rapidly from infant until
puberty, after which growth gradually stops [64, 65]. This
growth pattern parallels that of Drosophila, as mentioned
above [66]. Although numerous studies have demonstrated
that insulin/insulin-like growth factor signaling plays a
major role in directing animal growth, it still remains mys-
terious as to why growth is largely restricted to the juvenile
stage and how it is terminated upon sexual maturation. In
general, the cessation of metazoan growth coincides with
the rise in circulating steroid hormones that directs sexual
maturation (e.g., ecdysone in flies and estrogen in human),
implying the connection between steroid hormone and insu-
lin/insulin-like growth factor signaling. In the mid-2000s,
several studies on Drosophila began to identify the linkage
between these two pathways. As mentioned above, modu-
lating the PI3K, Ras, or Raf activity in prothoracic gland
(PG) modifies the ecdysone production, which in turn
changes the duration of larval growth period by altering
timing of pupariation and thereby affecting the final body
size [27, 32]. Interestingly, it was found that ecdysone could
affect final body size not only by altering pupariation tim-
ing but also by changing larval growth rate via modifying
insulin signaling. Leopold and colleagues [67] found that
modulating PI3K in PG in some cases modifies final body
size without changing the pupariation timing. Blocking
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ecdysone receptor (EcR) signaling increases the final body
size, activates PI3K and Akt, and excludes FOXO from cel-
lular nucleus. These observations suggest that maturating
steroid hormone, ecdysone, not only directs the pupariation
process but also suppresses insulin signaling during larval
development [67]. A following study by Leopold’s group
[50] further uncovered that circulating ecdysone mainly tar-
gets larval fat body, in which EcR signaling attenuates Myc
activity. Subsequently, repression of fat body’s Myc activity
non-autonomously suppresses peripheral insulin signaling
and body growth.

Then, how does ecdysone signaling suppress insulin
signaling and Myc activity in larval tissues? A microRNA
was recently proposed as an important molecular linker
between ecdysone and insulin signaling [68] (Fig. 4). MiR-8
is a highly conserved microRNA among nematodes, flies,
and human, and was found to promote insulin signaling in
both flies and human by suppressing a common target gene,
u-shaped (ush) [44]. FOG2, a human ortholog of USH,
was revealed to bind and interfere with active PI3K com-
plex [44]. Interestingly, the promoter region of miR-8 has
numerous binding sites for ecdysone’s early response genes,
and promoter reporter assay showed that miR-8 is transcrip-
tionally repressed by ecdysone signaling [68]. Modulating
miR-8 level was shown to correlatively change the body size
of fly. Importantly, overexpression of miR-8 antagonizes
ecdysone-induced growth suppression while deletion of
miR-8 abrogates EcR-mediated regulation of insulin sign-
aling and growth. Perturbation of USH also consistently
impedes ecdysone’s effect on body growth. Together, this
study demonstrates that miR-8 is a critical molecular linker
that mediates ecdysone regulation of insulin signaling and
body growth [68].

A recent study showed that insulin signaling can con-
versely suppress ecdysone signaling (Fig. 4). Drosophila
DOR was identified as a novel coactivator of EcR for proper
ecdysone signaling [69]. DOR-null flies display a number of
ecdysone loss-of-function phenotypes like impaired salivary
gland degradation and pupal lethality. Notably, DOR expres-
sion is suppressed by insulin signaling via FOXO, thereby
enabling the insulin-induced suppression of ecdysone sign-
aling. Although it was shown that DOR functions in the pro-
cess of pupal development to promote adult flies’ adiposity
as ecdysone signaling does, it is unclear whether this effect
is through insulin signaling or through other factors [69].
Currently, the role of DOR in the regulation of body growth
remains to be demonstrated.

The Drosophila imaginal discs are larval tissues that
give rise to the adult appendage following metamorphosis.
When growth of the imaginal disc is perturbed, the duration
of larval growth period is extended by delaying timing of
pupariation. This physiological change has been thought to
allow the tissues to regenerate to their correct size, helping
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Fig. 4 Connection between steroid hormone signaling and body
growth. In flies, a maturation signal, ecdysone, suppresses larval
insulin signaling, thereby decelerating larval body growth. This pro-
cess is mediated by a conserved microRNA-target axis regulating
insulin signaling. miR-8 expression is transcriptionally repressed by
ecdysone’s early response genes, thereby leading to the suppression
of insulin signaling and body growth. Conversely, insulin signaling
can also inhibit ecdysone signaling. DOR is a coactivator of ecdysone
receptor (EcR) and also a target gene of FOXO. Increasing insu-
lin signaling represses FOXO, decreases DOR expression, and can
reduce ecdysone signaling. This relationship between the two signal-
ing pathways may potentially create a bistable feedback loop: high
insulin/low ecdysone state vs. low insulin/high ecdysone state. In
mammals, estrogen signaling during puberty promotes the inactiva-
tion of growth plate, thereby terminating longitudinal bone growth.
Sex steroid hormones such as androgen and estrogen during puberty
have been known to be associated with insulin resistance, whose
involvement in body growth requires further investigation. Gluco-
corticoid signaling in liver promotes IGF-1 expression and postna-
tal body growth. Interestingly, this signaling also affects the genes
related to sexual maturation, raising the possible role of glucocorti-
coids in coupling mammalian body growth with sexual maturation

the organs to be in the same proportion [70-75]. Thus, the
developing animal monitors organ growth and coordinates
it with the timing of maturation. It has been postulated
that damaged imaginal discs may emit some humoral sig-
nals that target ecdysone biosynthetic machinery, thereby
communicating local growth perturbation to the center of
developmental timing. Two recent studies have identified
this humoral factor. It was demonstrated that this previously
uncharacterized secreted peptide, named Dilp8 for its invar-
iant 6-cysteine motif typical of Dilps, is produced in imagi-
nal disc tissues that exhibit perturbed growth, which leads to
delayed pupariation [76, 77]. Depletion of Dilp8 abrogates
the developmental delay caused by local growth perturba-
tion, while ectopic overexpression of Dilp8 decreases the
expression of ecdysone biosynthetic genes and delays the
pupariation timing. Therefore, local organ growth as well as
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the organismal growth is tightly coordinated with matura-
tion process.

Body growth regulation in mammals
Growth hormone/insulin-like growth factor I axis

The growth hormone (GH) is a peptide hormone produced
mainly from the anterior region of the pituitary. The secre-
tion of GH is governed by the neurosecretory signal from
hypothalamus. GH is known to enhance muscle and longi-
tudinal bone growth mainly by promoting IGF-1 produc-
tion in liver, muscle, and many other tissues expressing GH
receptor (GHR) [78-80] (Fig. 5). In these tissue cells, GH
binding to GHR triggers intracellular signaling involving
Janus kinase 2 (JAK?2) and the signal transducers and acti-
vators of transcription 5 (STATS) [81-84], which results in
the expression of IGF-1 [85-90]. Numerous studies have
pointed to the critical role of the GH/IGF-1 axis in direct-
ing mammalian growth. Deletion of GHR in mice reduces
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Fig. 5 Schematic diagram of growth hormone (GH)/insulin-like
growth factor I (IGF-I) axis. GH is synthesized in the anterior pitui-
tary in response to the signal from hypothalamus. GH acts on liver,
muscle, and other organs to induce the synthesis of IGF-1. Circulat-
ing IGF-1 mainly stems from liver, contributing to postnatal body
growth. IGF-1 produced from muscle and other tissues promotes the
growth of local organ tissues in an autocrine/paracrine manner. GH
can also promote tissue growth in an IGF-I-independent way
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adult body mass by about 50 %, whereas deletion of IGF-1
reduces adult body mass by about 70 % [91, 92]. Con-
versely, overexpression of GH or IGF-1 in mice increases
the mass of the adult mice [93, 94]. Although IGF-1 is the
main mediator of growth promoting effects of GH, separate
effects of GH and IGF-1 on body growth and other animal
physiology have been observed. Knockout of IGF-1 results
in severe intrauterine growth retardation in mice [92, 95],
which is in sharp contrast to the minimal effect on birth size
by GH mutation [96]. IGF-1-null mice showed about 60 %
of normal birth size, followed by further decrease of post-
natal growth that resulted in 30 % of normal adult size [92,
95]. Thus, IGF-1 has an additional role in promoting prena-
tal growth besides the role in mediating the effects of GH on
postnatal body growth. Moreover, mice lacking both GHR
and IGF-1 exhibited small birth weight to a similar extent
with that of mice lacking IGF-1 alone, but showed more
severe retardation of postnatal body growth than IGF-1-null
mice [91]. This observation indicates that GH has addi-
tional ways independent of IGF-1 in promoting postnatal
body growth. In line with this, there have been suggestions
that GH can exert direct effects on some target tissues that
are not mediated by IGF-1. For example, Green et al. [97]
proposed that GH increases tissue formation by promoting
the differentiation of precursor cells into the cells that can
respond to IGF-1, meaning that GH can also act upstream of
IGF-1 in promoting tissue growth. Moreover, GH and IGF-1
are known to have different metabolic effects in that GH
administration caused hyperglycemia while IGF-I adminis-
tration caused hypoglycemia [98].

Several studies on other vertebrate species corroborate the
critical role of IGF-1 in body growth and adult size determi-
nation. Small breeds of domestic dogs have been frequently
observed to harbor a common IGF-1 single-nucleotide poly-
morphism not observed in larger breeds [99], and positive
correlation between plasma IGF-1 concentration and adult
body size was observed in many free-ranging animals such
as turtles, deer, and snakes [100-102]. Moreover, domes-
ticated sheep that have been artificially selected for high
level of plasma IGF-1 exhibit increased postnatal growth
rate [103, 104], and conversely, domesticated chickens that
have been artificially selected for high postnatal growth rate
exhibit increased level of plasma IGF-1 [105].

IGF-1 promotes body growth in both in an endocrine and
para/autocrine manner. Circulating IGF-1 in serum is sup-
plied mainly from the liver, which is responsible for approxi-
mately 75 % of serum IGF-1 [106]. There have been some
debates on the extent of contribution of circulating IGF-1
to the postnatal body growth. Initial studies surprisingly
showed that liver-specific deletion of IGF-1 did not result in
severe retardation of growth despite about a 75 % decrease
in circulating IGF-1 [106, 107]. However, additional muta-
tion of ALS, which binds to and stabilizes IGF-1, in IGF-1
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knockout mouse decreased the IGF-1 even further (~90 %)
and significantly retarded postnatal growth [108]. More
recently, it was shown that liver-specific knock-in of IGF-1
in IGF-1-null mice substantially rescues the growth retarda-
tion postnatally, demonstrating the significant contribution
of circulating IGF-1 emanating from the liver in postnatal
body growth [109]. IGF-1 produced from skeletal muscle
was also shown to significantly contribute to postnatal body
growth. Skeletal muscle-specific deletion of STATS reduced
IGF-1 mRNA levels by 60 % in muscle, and caused about
20 % reduction in mouse body size. Interestingly, this mouse
also showed reduced sizes of skeletons despite only slight
reduction in circulating IGF-1 levels [110]. In summary,
both circulating and locally produced IGF-1 appear to sig-
nificantly contribute to mammalian body growth, the extents
of contributions by which are roughly the same [109].

IGF-2 has a structural similarity with IGF-1 and insulin,
exerting its mitogenic effects by binding to IGF-1 recep-
tor [111]. IGF-2-null mice exhibited severe retardation of
embryonic growth and decreased birth weight, to similar
extents to those observed in IGF-1-null mice [92]. Interest-
ingly, in contrast to IGF-1, IGF-2-null mice did not show
a further reduction of body growth after birth, following
normal growth rate throughout life [96]. In accordance with
this, IGF-2 expression is largely restricted to the period of
embryogenesis in rodents and is absent throughout the rest of
life [96]. Thus, IGF-2 appears to play a major role in prena-
tal growth in mice, not constituting the GH/IGF axis in post-
natal period. However, in humans, it was found that IGF-2
expression continues postnatally [112]. Notably, IGF-2 is an
imprinted gene, expressed only in paternal allele, and loss
of IGF-2 imprinting has been found in a number of cancers
[111]. Currently, the role of IGF-2 in postnatal body growth
in human remains enigmatic.

The bioactivity of IGFs can be modulated by their bind-
ing partner proteins. There are at least six specific IGF-bind-
ing proteins (IGFBPs) in mammals (IGFBP-1 to IGFBP-6).
Some are soluble and while others are tethered in the cell
membrane [113]. Most of the IGFs (~90 %) are in complex
with IGFBPs in human body, among which IGFBP-3 is the
most abundant. These proteins can promote or inhibit the
action of IGFs in different ways. By binding IGFs, IGFBPs
promote IGFs’ activity both by increasing the half-life of
IGFs and by aiding in delivery of the IGFs to the receptor,
while IGFBPs also inhibit IGFs’ action by preventing their
binding to the receptor. In addition, specific proteases were
found to regulate the degradation of the IGFBPs, providing
an additional layer of IGF regulation [113].

Modulation of GH/IGF-1 axis

Glucocorticoids are the steroid hormones secreted from
the adrenal cortex and comprise the final effectors for the

hypothalamic—pituitary—adrenal axis. Recent studies have
demonstrated that glucocorticoids act to potentiate STATS
activity in the liver cell, thereby promoting postnatal body
growth [114, 115]. Liver-specific deletion of glucocorti-
coids receptor (GR) showed severe growth retardation to a
similar degree as liver-specific STATS deletion in mice. GR
was shown to physically interact with STATS and act as its
coactivator and mediate IGF-1 and ALS expression in the
liver. Thus, these studies corroborate the critical role of the
growth-promoting hormones emanating from the liver in
the postnatal mammalian growth. Interestingly, GR-STAT5
interaction in hepatocyte not only affects genes involved in
growth but also those involved in sexual maturation, thus
raising the possibility of glucocorticoids’ role in coupling
mammalian body growth with sexual maturation [115]
(Fig. 4).

Cell-to-cell contact-mediated signaling also appears to
be involved in postnatal body growth. Very recent stud-
ies by Jing et al. [116] have demonstrated that mutation of
Epha4, a receptor for ephrins anchored in cell membrane,
causes significant retardation of organismal growth in
mice. They found that Epha4 can activate STATS5B in both
JAK2-dependent and JAK2-independent manners, thereby
enhancing the synthesis of IGF-1. This study suggests that
local cell-cell contact signal mediated by EphA4 is also
important in IGF-1 production and body growth.

Mammalian adipose tissues have been well known to
secrete several humoral peptides, commonly called as adi-
pokines, influencing the homeostasis of energy metabolism
in an organism. Cybulski et al. [117] recently provided the
evidence that TOR signaling in adipose tissue can non-
autonomously control whole body growth. They showed
that adipose-specific knockout of Rictor, a component of
mammalian TOR complex 2 (mTORC2), unexpectedly
increases whole body growth in mice. This genetically
engineered mouse showed an increase in size of non-adi-
pose organs, like heart and bone as well as the elevation
of IGF-1 and IGF-1 binding protein 3 (IGFBP3). Although
the exact molecular mechanism via which the disruption
of mTORC?2 in fat tissues increases circulating IGF-1 and
IGFBP3 remains elusive, this study suggests the existence
of mTORC2-dependent adipose/liver axis that controls
whole-body growth [117].

Puberty and growth

As mentioned above, the rise in sex steroid hormone lev-
els during puberty is accompanied shortly by a gradual
decrease in body growth. Estrogen does play a role in
growth deceleration, especially by acting on the growth
plate. Upon puberty, in both boys and girls, a rise in estrogen
levels causes a temporal burst of linear growth partly due to
increased GH [118, 119]. Soon afterward, the growth rate
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rapidly declines, approaching zero as puberty progresses. At
this time, growth plates are inactivated and converted into
bone [120] (Fig. 4). Interestingly, when the estrogen effect
is absent, this growth deceleration occurs more slowly. For
example, a man harboring mutations in estrogen receptor
showed persistent activity of growth plate later in adulthood
[121]. Rodents whose growth plate appeared not to respond
to estrogen similarly showed slower decline in linear growth
rate [122]. Thus, estrogen diminishes body growth follow-
ing pubertal period by inactivation of growth plate. The
underlying mechanism for the regulation of the growth
plate activity by estrogen receptor (ER)-mediated signaling
requires further investigations.

It has long been documented that a state of insulin
resistance occurs during puberty. Insulin resistance peaks
at mid-puberty and declines to nearly prepubertal levels
by adulthood [123, 124]. The elevated serum levels of sex
steroids in puberty have been thought to mediate the insulin
resistance. Indeed, many studies indicated that high levels
of sex steroids induce insulin resistance. Administration of
testosterones or estrogens caused a reduction in peripheral
glucose uptake and hyperinsulinemia, indicative of insulin
resistance [125-128]. Similarly, abuse of anabolic steroids
was observed to cause reduced insulin sensitivity [129].
Notably, the polycystic ovarian syndrome, a disorder with
excessive androgen production, manifests insulin resist-
ance, which is ameliorated by treatment of an anti-andro-
gen drug [130]. The molecular basis of this sex hormone-
induced insulin resistance is poorly understood, although
some studies indicate that IRS protein in insulin signal-
ing components fails to function normally in conditions
of cellular insulin resistance induced by steroid treatment
[131, 132]. Despite the well-known phenomenon of insulin
resistance in puberty, it remains to be determined whether
the molecular mechanism underlying sex hormone-induced
insulin resistance contributes to the growth regulation in
puberty (Fig. 4).

Recent genome-wide association studies have discovered
a candidate gene that might play a critical role in integrat-
ing puberty and body growth. The sequence variants around
the LIN28B locus have been demonstrated to be closely
associated with the timing of puberty and height in human
[133-137]. LIN28B and its paralogs LIN28A are the RNA-
binding proteins that regulate the translation of mRNA and
the metabolism of various RNAs, and have been recently
highlighted for its importance in stem cell pluripotency,
cancer progression, and biogenesis of microRNA [138].
Zhu et al. [139] generated the transgenic mouse expressing
LIN28A and found that this mouse indeed showed the phe-
notypes of body size and puberty. The moderate expression
of LIN28A from the tetON promoter without Doxycline led
to an increase in lean body mass, sizes of many organs, and
bone mineral density in mice. Moreover, these mice showed
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delayed onset of puberty as measured by timing of virginal
opening or first estrus. The mRNA expression of LIN28A
was especially increased in such organs as hypothalamus,
ovary, and muscle, which might underlie the growth and
maturation phenotypes. Interestingly, these transgenic mice
showed an increase in liver Igf2 mRNA, glucose uptake, and
insulin sensitivity, which appear partly due to the decrease
in let-7 microRNA [139, 140].

Conclusions and perspectives

Numerous studies in both insects and mammals have uncov-
ered the important factors and their action mechanisms in
regulation of organismal growth and body size determina-
tion. Insulin/insulin-like growth factor signaling is the main
effector pathway in driving body growth in metazoans rang-
ing from insects to mammals. Nutritional conditions and
developmental signals modulate the insulin/insulin-like
growth factor signaling, thus affecting growth and final body
size. In Drosophila, determination of body size is prone to
the nutritional condition in specific time period during lar-
val development. A maturation signal, ecdysone, continu-
ously attenuates the peripheral insulin signaling and body
growth rate as larva reaches pupal stage, which may under-
lie the formation of the appropriately sized adult. Similarly,
in mammals, estrogen decelerates body growth following
puberty via gradual inactivation of growth plates. Moreo-
ver, the elevated serum levels of sex steroids in puberty are
known to be associated with the insulin resistance, which
might underlie the growth deceleration following puberty.
Meanwhile, genome-wide association studies and trans-
genic mice reveal LIN28 as a potential candidate gene that
coordinates timing of puberty and adult height. Several
metabolic organs, such as liver, muscle, and the adipose tis-
sue have been suggested to play critical roles in controlling
body growth via diverse means involving several hormones
in both flies and humans.

One of the directions that future studies should focus on
is the convergence of insect and mammalian studies, thereby
synergizing the discovery that would break new ground in
this field. The applicability of the many of the findings from
Drosophila regarding body growth and adult size determina-
tion in mammalian system remains unknown. For example,
would miR-200 and FOG2, the mammalian counterpart of
fly miR-8 and USH microRNA/target axis, play a similar
role in mediating pubertal growth in mammals in response to
increased activities of sex hormones like miR-8 and USH in
flies [68]? The literature indicates that miR-200 expression is
repressed by estrogen in human cells, raising the possibility
that miR-200 links estrogen and insulin signaling in human
[141-143]. Whether mammals also have a similar post-
embryonic developmental checkpoint like critical weight is
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an interesting question that merits the aims of future studies.
This issue is related with the question about the existence of
specific time during adult size determination that might be
susceptible to dietary conditions in mammals. In addition,
the significance of communication among metabolic organs
via various hormones in postnatal mammalian growth should
be an important issue, which could be investigated based on
the findings in Drosophila studies.

Modern sequencing technology can provide the most val-
uable information in revealing the genes and their variants
associated with the abnormalities in body growth and sex-
ual maturation. Identifying this genetic information should
undoubtedly unveil the new mechanisms via which body
growth and final body size are regulated. LIN28 identified
using this technology might open a new avenue in study-
ing the mechanism connecting sexual maturation and adult
body size.

It should be noted that most of the genes and hormones
involved in body growth are known to be associated with
cancer and aging. Enhanced activity of insulin/insulin-like
growth factor signaling is highly correlated with proliferative
capacity of tumor growth and also negatively correlated with
lifespans in many animals [144]. Therefore, elucidation of
the fundamental mechanism in body growth involving insu-
lin/insulin-like growth factor signaling may help in treating
the pathophysiology of many growth disorders, unrestrained
cancer growth, and many aging-related diseases.
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