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B Abstract Insulin-like peptides (ILPs) exist in insects and are encoded by multi-
gene families that are expressed in the brain and other tissues. Upon secretion, these
peptides likely serve as hormones, neurotransmitters, and growth factors, but to date,
few direct functions have been demonstrated. In Drosophila melanogaster, molecu-
lar genetic studies have revealed elements of a conserved insulin signaling pathway,
and as in other animal models, it appears to play a key role in metabolism, growth,
reproduction, and aging. This review offers (@) an integrated summary of the efforts to
characterize the distribution of ILPs in insects and to define this pathway and its func-
tions in Drosophila and (b) a few considerations for future studies of ILP endocrinology
in insects.

INTRODUCTION

Insulin is the most extensively studied peptide hormone, largely because its failure
to regulate carbohydrate metabolism in humans results in diabetes, and type II
diabetes mellitus is the most common metabolic disorder worldwide. In 1925, the
Nobel Prize was awarded to two Canadian scientists, Sir Frederick G. Banting
and John J.R. MacLeod, for their work on the “anti-diabetic principle from the
pancreas” (http://www.discoveryofinsulin.com/; http://digital.library.utoronto.ca/
insulin/). In association with Charles H. Best and James B. Collip, their contribution
was to develop a procedure whereby this “principle” could be extracted and purified
to a uniform potency for the treatment of diabetes. That invertebrates, as well,
may possess such a hormone was foreseen by Collip in his attempt to extract an
insulin-like factor from a clam (114). Later, Nobel Prizes were awarded to Fredrick
Sanger (1958) for defining the structure of insulin and to Rosalyn Yalow (1977)
for developing the radioimmunoassay for insulin. As indicated by its first name,
“isletin,” the earliest studies had shown that the islets of Langerhans in the pancreas
of mammals and even fishes were the primary source of insulin.

Now, some 80 years later, insulin is but one member of a peptide family that in-
cludes relaxins/insulin-like peptides (ILPs) and insulin-like growth factors (IGFs)
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in vertebrates; in fact, 10 such peptides are known for humans. Although insulin
is a gut hormone, IGFs are found in diverse tissues and relaxins in the brain and
reproductive tract. After synthesis as pre-propeptides and signal peptide cleavage,
the propeptides with contiguous B-C-A peptides are packaged in secretory gran-
ules. The A and B peptides are linked convalently by two interchain disulfide bonds
and one intrachain disulfide bond, and the C peptide, which aids this linkage, is
clipped out by convertases at the basic residues at each end in all but the IGFs. The
linked A and B peptides, each with 20 to 30 amino acids, are the bioactive form
(5000-6000 Da) of insulin and related peptides. These peptides may be stored
or released from the secretory granules at the cell surface in response to cellular
or molecular stimuli. Once released, the peptides can diffuse to local target cells
or be transported to distant ones where they act through different receptors and
signaling pathways to regulate a great variety of processes.

Reports on the existence of ILPs or bioactivity of insulin in insects were rela-
tively numerous from the mid-1960s to the late 1980s (60, 114, 128, 131). With
the more recent application of molecular techniques and genomics, genes for ILPs
have been identified in species from Orthoptera, Diptera, and Lepidoptera, and
soon Hymenoptera, now that the honey bee genome database is available. Genes
for enzymes needed to process peptide hormones before secretion have been cata-
loged for the fruit fly, Drosophila melanogaster (121), and the mosquito Anopheles
gambiae (97). After secretion into the hemolymph, binding proteins may trans-
port and facilitate ILP action, as known for IGF in mammals, and proteins with
high-affinity binding of insulin or gene homologs have been identified in insects
(25, 113) and in a mosquito baculovirus (2). Once ILPs are bound by receptors,
this complex may be internalized in target cells and the insulin degraded by a
specific enzyme, for which a homolog has been identified in D. melanogaster
(65).

Over the past decade, genetic studies of D. melanogaster have shown that
ILPs acting through a conserved insulin signaling pathway regulate development,
longevity, metabolism, and female reproduction (21, 38, 40). For other insects,
demonstrated direct functions of ILPs are surprisingly rare, and an extensive review
in 1989 (131) reached the conclusion that ILPs in insects likely do not regulate
circulating carbohydrate levels in the same way as insulin in vertebrates. Herein,
we offer (a) an integrated summary of the efforts to characterize the distribution
of ILPs in insects and to define this pathway and its functions in D. melanogaster
and () several considerations for future studies of ILP endocrinology in insects.

IDENTIFICATION OF INSULIN-LIKE PEPTIDES

Other Invertebrate Phyla and Arthropods

Not surprisingly, ILPs and elements of insulin signaling pathways are conserved
across the higher invertebrate phyla. More than 30 putative ILP genes were
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identified in the genome of the nematode Caenorhabditis elegans, and with the ex-
ception of ins-1 and ins- 18, all lacked a putative C peptide (88). These two genes are
expressed in neurons, and alteration of their expression affects ILP signaling in
this animal (79). For mollusks, seven ILP genes in Lymnea stagnalis (114) and
one in Aplysia californica (34) have been characterized. All molluskan ILPs have
longer A and B peptides with additional cysteines, which form an extra interchain
disulfide bond. In these animals, neurosecretory cells in the cerebral ganglia are
the source of ILPs that, along with insulin, regulate carbohydrate metabolism and
other functions (114). Only one structurally related ILP, androgenic gland hor-
mone, has been characterized from a noninsect arthropod, the crustacean isopod
Armadillium vulgare (84). The ILP has a variant amino acid sequence and a gly-
can moiety on the A peptide, and the recombinant peptide is bioactive once the C
peptide is cleaved. Insulin immunoreactivity has been localized in the synganglion
of ticks (28) and in the digestive tissues, e.g., hepatopancreas, of the lobster Pan-
ulirus argus (37) but not in its neuroendocrine tissues. A putative insulin receptor
was partially characterized from the shrimp Penaeus japonicus (20) to explain the
metabolic activity of insulin (64).

Lepidoptera

The unintended discovery of the first insect ILP, named bombyxin (also small
prothoracicotropic hormone, PTTH, 4K-PTTH, and PTTH II), has been reviewed
recently (52). A large PTTH (30 kDa) and the ILP were purified for structural char-
acterization from mass extractions of heads from the silkworm, Bombyx mori, on
the basis of their stimulation of adult development when injected into brainless pu-
pae. The PTTH was active only in B. mori, and the ILP was active at subnanomolar
concentrations only in a related species, Samia cynthia. Similarly, the B. mori ILP
stimulated prothoracic glands isolated from S. cynthia larvae, but not those from B.
mori, to produce ecdysteroid hormones that regulate molting and metamorphosis
in insects. Synthetic B. mori and S. cynthia ILPs have been used for structure and
function studies (77,78). Notably, a putative ILP from Manduca sexta did stimulate
ecdysteroidogenesis in the homologous glands (47). These results, to date, are the
best-documented direct effects of insect ILPs.

Subsequent molecular studies led to the most surprising discovery of 38 different
ILP genes in B. mori. They are classified into seven subfamilies (A to G) according
to their amino acid sequence similarities (58, 138, 139). This information aided
the molecular identification of three ILPs in the convolvulus hawkmoth, Agrius
convolvuli (55), and five ILPs in S. cynthia (78). With the exception of five pseudo-
genes in B. mori, all lepidopteran ILP genes encode propeptides with contiguous
B, C, and A peptides. In B. mori, the ILP genes typically are arranged in pairs or
triplets in the genome and have opposing transcription, thus indicating that their
multiplication arose by unequal crossing over (58, 138, 139). These and other
features are characteristic of so-called processed genes or retroposons thought
to be generated by reverse transcription of processed mRNAs and subsequent
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reinsertion into the genome (58); thus, an intron-containing ancestral gene may
have been lost during the duplication of processed genes. Presumably, selection
of B. mori for increased silk protein production over the past 3000 years has
contributed to the proliferation of ILP genes.

Characterization of ILP gene expression in Lepidoptera has focused on the larval
brain, where transcripts are localized in four or more pairs of medial neurosecretory
cells (MNC) (54-56, 138, 139). In addition, a regulatory transcription element was
identified in the B. mori F1 ILP gene that was essential for neurosecretory cell
expression (103). An early study showed that bombyxin mRNA levels in brain
were unchanged in fifth-instar B. mori from eclosion to pupation, as quantified
from Northern blots (1). Later, ILP A and B family transcripts were detected in
a variety of B. mori larval and adult tissues (ganglia, epidermis, testis, ovary, fat
body, silk gland, Malpighian tubule, midgut, and hindgut) by RT-PCR and in situ
hybridization (56).

For other lepidopteran species, insulin antisera were used to quantify or track
the purification of putative and often bioactive ILPs in extracts of corpus cardiacum
(CC) corpus allatum (CA) complexes (114, 128, 131), hemolymph, and midgut (36,
75). Later, antisera to a B. mori ILP were used to verify its localization in the MNC
of B. mori larval brains, and axons from these cells extend to the CA, which serves
as arelease site (73). Whether these antisera recognize other ILPs in B. mori has not
been reported; nevertheless, they have been used for immunocytochemistry with
other insects. For the greater wax moth, Galleria mellonella, immunostaining was
present at all times in brain MNC and CC cells of the last larval instar, pupae, and
adults, whereas staining in the lateral neurosecretory cells of brains and cells in the
thoracic ganglia of these stages was temporary (143). For M. sexta, immunostaining
was evident in the brain MNC and CA of second and subsequent larval instars but
only in the brain MNC of pupae and adults (7). In a similar study, antisera to
S. cynthia ILP A and B consistently immunostained up to 16 brain MNC and the
CA from the earliest larval instars to adults (136).

Radioimmunoassays based on B. mori ILP antibodies have been used to profile
the hemolymph ILP titer in B. mori during development (72, 102). A later study
reported that ILP hemolymph titer in male B. mori went from ~40 pg ml~! at
eclosion to ~3 ng ml~! 3 h post eclosion, and there was no change in females (106).
In a review, ILP and ecdysteroid hemolymph titers were similar in life stages of
B. mori, thus suggesting “that the two hormones function cooperatively” (71).
Importantly, ILP hemolymph titer was profiled in parallel with ILP brain content,
which ranged from less than 0.5 to 3 ng per brain (72), and ILP release has been
stimulated from isolated B. mori brains (120).

Orthoptera

The second insect ILP was isolated from the CC of the migratory locust, Lo-
custa migratoria, as a 5-kDa peptide that had no sequence similarity to known
peptides. Cloning and sequencing of the cDNA for this peptide revealed a locust
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insulin-related peptide (LIRP) (48, 66). In contrast to the B. mori ILP genes, the
LIRP gene contains introns, thus resembling the vertebrate insulin genes. The sin-
gle copy of the LIRP gene is expressed as two transcripts that differ in the 5’ region
(63): One is expressed only in the brain, a putative neurohormone, and the other
exists at low levels in essentially all tissues, a putative growth factor.

Later, LIRP was isolated for structural characterization (48) and localized to
specific brain neurosecretory cells by immunocytochemistry (41). A significant
quantity of LIRP is stored in the CC (30 ng per pair), presumably for release into
hemolymph, but to date, no function is known in locusts, although it was reported
that the native peptide failed to stimulate ecdysteroid production by locust protho-
racic glands (62). Interestingly, the C peptide itself was found to depolarize and
increase conductance of neurons isolated from the thoracic ganglia of L. migrato-
ria (5), and functions are known for the insulin C peptide in mammals (118). Yet
another peptide (pQSIDLFLLSPK) was isolated from the locust CC and found
to be a proteolytic cleavage product from the extended B peptide (24). In bioas-
says it inhibits glycogen phosphorylase activity in locust fat body and was named
glycogenolysis-inhibiting peptide (GIP).

Other studies of orthopteran species have used insulin and IGF antisera to lo-
calize ILPs in the nervous system of the cockroach Periplaneta americana and the
stick insect Carausius morosus (92) and in midgut endocrine cells of P. americana
(133). A strikingly complete immunocytochemical survey used a panel of 15 in-
sulin antisera to define the distribution of immunostained cells and their axons in
the brain, subesophageal ganglia, and CC-CA of the adult cockroach Leucophaea
maderae (44). In addition, immunoreactive peptides were partially purified from
brains, and in total such results point to the existence of multiple ILPs that may
function as hormones and neurotransmitters.

Diptera

A series of classic endocrine studies in the late 1970s were the first to demonstrate
that brain MNCs in flies were the source of a hormone that decreased circulating
glucose and trehalose levels (16, 31, 81). Such a hormone, when extracted from
D. melanogaster, even had insulin bioactivity in mice (70), but it was the more
comprehensive effort by Duve & Thorpe (32) that set high standards for subsequent
work on insect ILPs. Their quest failed to isolate an ILP from the heads of the adult
blow fly Calliphora vomitoria in sufficient quantity for structural characterization,
but the highly purified ILP had activity in mammalian bioassays and lowered
trehalose and glucose levels in flies made hyperglycemic by the extirpation of
brain MNCs, which contain insulin-like immunoreactivity.

Given the pioneering application of genetic and molecular techniques to D.
melanogaster, itis surprising that ILPs were identified long after an insulin receptor
in this insect was characterized (see below). It was not until the D. melanogaster
genome database was established that the seven ILP genes, dilp1—7, were identified
(10, 130). Five of the dilp genes are clustered on chromosome 3, with dilp6 and
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dilp7 on the X chromosome, and all have introns. At least one of the predicted
peptides, DILP6, possesses notable variations: (a) The N terminus of the B peptide
contains a decapeptide, a likely cleavage product, with no similarity to the locust
GIP, and (b) the C peptide is truncated (KRRKR) similar to that of IGFs but still
possesses proteolytic cleavage sites.

Tissue expression patterns for dilp genes in larvae and adults have been revealed
by RNA in situ hybridization and immunocytochemistry. Transcripts for dilp1, 2,
3, and 5 exist in the same paired clusters of brain MNCs (10, 11). Transcripts also
were detected in midgut (dilp4, 5, and 6), imaginal discs (dilp2), ventral nerve
cord (dilp7), and salivary glands (dilp2) of larvae, but none were observed in fat
body. In females, dilp5 transcripts were localized in the follicle cells surrounding
oocytes (51). Immunocytochemistry with antisera specific to DILP2 showed that
brain MNCs with axons to the CC were the primary source of ILPs in larvae and
females, and no significant immunostaining was seen in other tissues (13, 100). Two
earlier studies using antisera to insulin or B. mori ILP reported immunostaining in
the brain MNCs, other cells in the brain and fused ganglia, and peripheral neurons
of larvae and adults (42, 142).

With the sequencing of the genome for the African malaria mosquito, An.
gambiae, researchers identified seven ILP genes, AgamILP1-7, and the predicted
ILP A and B peptides showed distinct similarities to the DILPs (61, 97). As in
D. melanogaster, AgamILP1—4 are arrayed proximally on chromosome 3, but a
pair of genes, AgamILP3/1, are duplicated as AgamILP6/7 approximately 23 kb
away. Transcripts for AgamILP2 and AgamILP5 were detected in heads, thoraces,
and abdomens of all life stages by RT-PCR, pointing to a growth factor function.
AgamlILP1/7, 3/6, and 4 were detected only in the heads and thoraces of all life
stages, and this distribution coincides with the ILP immunostaining of brain MNC
and other cells (61) and a neurohormone function. In another mosquito, Aedes
aegypti, the lateral neurosecretory cells of female brains were stained with a DILP
antiserum, but no axons extended to the CC (13). The native structure and function
of mosquito ILPs have yet to be defined.

Other Insect Orders

There is limited evidence for ILPs in representative species of Hemiptera (111),
Coleoptera, and Hymenoptera (82, 131). In another demonstration of the conser-
vation of ILP function, the prothoracic glands from the last instar of a hemipteran,
Rhodnius prolixus, were stimulated to secrete ecdysteroids in vitro by a B. mori
ILP (117). Immunoassays with insulin antisera detected an ILP in larval head and
midgut extracts from the beetle Tenebrio molitor (127) and immunostained cells
in the brain, CA, and subesophageal ganglion of different life stages (110). An ILP
purified from midguts of this beetle altered carbohydrate metabolism in the larval
fat body in vitro (75). Royal jelly from the honey bee was the first insect-derived
substance reported to possess insulin bioactivity (29), and later this activity was
attributed to specific fatty acids (83).
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Two types of membrane-bound receptors are at the top of intracellular signaling
pathways activated by insulin and related peptides in vertebrates. One type is a
receptor tyrosine kinase (RTK), and although specific RTKs exist for insulin and
IGF, the peptides can bind to both but with different affinities. These glycosylated
receptors are homodimers of a proprotein with «- and B-subunits that are cleaved
and joined by disulfide bridges. The first insulin receptor to be characterized for
invertebrates was purified from extracts of adult D. melanogaster on the basis of its
binding of radiolabeled insulin and found to have the same physical and enzymatic
properties as the human insulin receptor (87).

The other receptor type is a leucine-rich repeat-containing G-protein coupled
receptor (LGR), and only recently have LGRs been shown to bind relaxins and
activate the cAMP pathway in mammalian cell systems (18, 53). Given the conser-
vation of ILP signaling in animals, it seems probable that an orphan LGR identified
in D. melanogaster or An. gambiae will bind an ILP with basic amino acids in
signature positions in the B peptide, as in the relaxins.

In mammalian cell systems, the RTKSs for insulin and IGF potentially can acti-
vate two signaling pathways that affect cell metabolism and growth. Once ligand
binding occurs at the extracellular o-subunits, the kinase regions of membrane
spanning B-subunits undergo extensive tyrosine phosphorylation. In this state, the
receptors interact at the intracellular membrane with adaptor proteins and insulin
receptor substrates (IRS), which are phosphorylated by the receptor’s kinase re-
gion. These proteins then bind and activate either a growth factor receptor-bound
protein (GRB2) or a phosphatidylinositol-3-kinase (PI3K), each of which initiates
a distinct pathway. The activated GRB2 activates the mitogen-activated protein
kinase (MAPK) pathway, resulting in cell proliferation. In D. melanogaster, other
ligands and RTKs activate the MAPK pathway during embryogenesis, and there
are no reports that it plays a role in ILP signaling.

In the other pathway activated by PI3K, p110, the catalytic subunit, generates
a membrane lipid messenger, phosphatidylinositol-3,4,5-triphosphate (PIP3), that
activates kinases, including phosphoinositide-dependent protein kinase 1 (PDK1)
and Akt/protein kinase B. These activated proteins in turn alter other proteins as-
sociated with insulin action, such as glucose uptake and lipid synthesis, or gene
expression. An increasing number of proteins block or aid insulin action at spe-
cific steps in this pathway. This whole sequence of protein interactions forms the
so-called conserved pathway (Figure 1) that has been extensively investigated in
different animal models but only in one insect, D. melanogaster, for its effect on
growth, longevity, and an increasing number of physiological processes (38). Puta-
tive homolog genes for many of these proteins have been identified in the mosquito
An. gambiae (97). A summary based on concepts drawn from the phenotypic ef-
fects of these genetic manipulations follows, and the few relevant studies of other
insects are included.
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Figure 1 Conserved insulin signaling pathway in insects. Homologs for the key compo-
nents illustrated here have been characterized genetically and biochemically in Drosophila
melanogaster and in a few other insects. Abbreviations: Akt, protein kinase B; FOXO, fork-
head box-containing protein, O subfamily; ILPs, insulin-like peptides; INR, insulin recep-
tor; IRS, insulin receptor substrate; p110, catalytic subunit of PI3K; p85, adaptor subunit of
PI3K; PDK1, phosphatidylinositol-dependent kinase 1; PI3K, phosphatidylinositol 3-kinase;
PIP2, phosphatidylinositol-4,5-biphosphate; PIP3, phosphatidylinositol-3,4,5-triphosphate;
PTEN, phosphatase and tensin homolog; Rheb, Ras-homolog expressed in brain; S6K, p70
ribosomal S6 kinase; TOR, target of rapamycin; TSC, tuberous sclerosis complex. See text
for details.

FUNCTIONAL SIGNIFICANCE OF THE CONSERVED
PATHWAY

Insulin Receptor

Ten years after the identification of an insulin receptor in D. melanogaster, its
gene structure was reported (99) and its expression in embryos and cell lines was
described, along with the effects of mutagenesis (33, 99). The D. melanogaster
insulin receptor (DIR) is an RTK of ~400 kDa, and the degree of amino acid
sequence conservation between DIR and the human insulin receptor is remarkable,
as exemplified by the high affinity (K; = 15 nM) with which DIR binds human
insulin (33, 137). However, to date, there is no report that the DIR binds or is
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activated by a DILP or any other insect ILP. Another distinguishing characteristic is
the 368-amino-acid extension of the 8-subunit, which contains additional tyrosine
phosphorylation sites (33), and its function has been examined (69). In some
cells, this extension is cleaved from the receptor to give one isoform, which exists
along with the extended isoform. In addition, partial nucleotide sequences for
putative IGF receptors have been identified in D. melanogaster (89). The tissue
distribution of DIR is poorly defined for all life stages of D. melanogaster, although
DIR transcripts are reportedly ubiquitous up to mid-embryogenesis and then more
localized in the nervous system and imaginal discs of larvae and in the nurse cells
of ovaries and nervous system of females (17, 33, 39).

Structurally related insulin receptors in ovaries and other tissues from lepi-
dopteran and mosquito species have been identified. In the last instar of M. sexta, a
membrane protein (178 kDa) was detected with a human insulin receptor antibody
in prothoracic glands, muscle, and fat body (115). Specific binding of a synthetic
B. mori ILP to receptors on ovarian cells from three lepidopteran species and Sf9
cells has been reported, and the putative receptors possess the physical charac-
teristics of an RTK (35). For the mosquito, Ae. aegypti, an insulin receptor was
first identified as a PCR product from ovary cDNA, after it was found that bovine
insulin stimulated the ovaries to produce ecdysteroid hormones (43, 95). Activity
of the ovarian receptor was demonstrated, and receptor transcripts are present in
adult brain. In contrast to the DIR, this receptor and one predicted for another
mosquito, An. gambiae (97), do not have an extended B-subunit.

Metabolism

Insulin in mammals induces cells to take up glucose and convert it to glycogen,
to inhibit glycogen breakdown and gluconeogenesis, and generally to shift from
catabolic to anabolic lipid and protein metabolism. As a test of the concept that
insulin structure and function are conserved, most early studies focused on elic-
iting these regulatory effects in insects with vertebrate insulins or in mammalian
bioassays with purified insect ILPs. Now with the identification of insect ILPs,
this concept awaits validation by testing synthetic ILPs for direct effects in bioas-
says, and to date, only two such studies exist. When injected into neck-ligated B.
mori larvae, a silkmoth ILP (bombyxin II) lowered the concentration of trehalose,
the major hemolymph sugar, and induced elevated trehalase activity (105). The
injected ILP also lowered glycogen content and raised glycogen phosphorylase
activity in the fat body. The apparent role of the injected ILP in B. mori larvae
was to promote consumption of carbohydrate reserves and not the accumulation
of reserves, as for insulin in mammals. When injected into adult B. mori, this ILP,
however, had no effect on trehalose or lipid levels in hemolymph (106). Contrast-
ing results for an ILP administered to different life stages of an insect suggest that
ILP regulation of metabolism may be particularly complex.

Genetic manipulation of D. melanogaster offers another approach to define
the regulation of carbohydrate and lipid metabolism through this pathway.
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Targeted expression of a cell-death-promoting factor ablated brain MNCs in larvae
that contain DILPs and elevated trehalose and glucose levels in hemolymph (11,
100). Although there is no significant difference in levels of proteins and glyco-
gen, dwarf flies with mutations in DIR and the IRS gene exhibit up to a fivefold
increase in lipids (6). Although homolog genes for glucose transporters and en-
zymes involved in glycogen synthesis have been identified in D. melanogaster,
only one study has looked at glucose uptake and metabolism. Insulin had no effect
on glucose uptake or lipid synthesis and reduced glycogen in D. melanogaster
Kc cells, as above with silkmoth larvae, but it did increase glucose oxidation
and lactate production, thus providing biosynthetic precursors needed for growth
(15). Relevant studies, described below, have focused on the regulation that this
pathway exerts on cell size and growth in D. melanogaster, as mediated by
nutrients.

Cell Size and Growth

DROSOPHILA MELANOGASTER  Altered expression of genes for ILPs and proteins
in the conserved pathway produced phenotypic effects on the growth and organs of
D. melanogaster. Overexpression of dilp genes ubiquitously results in bigger flies
by increasing cell size and cell number of individual organs in a DIR-dependent
manner (10). Genetic ablation of DILP MNCs caused developmental delay and
growth retardation (100), and cells in the wings of these flies showed reductions
in both size and number. These phenotypes are similar to those observed in flies
homozygous for a partial loss-of-function mutation in DIR (10), but strong DIR-
deficient mutants are recessive embryonic lethal, indicating a key developmental
role for DIR (17, 33). Flies with a mutation in the IRS gene chico display reduced
body size owing to an autonomous reduction in cell number and cell size (6).
The growth deficiency phenotype of chico mutants resembles that of DIR mutants,
suggesting that DIR requires IRS to affect growth. Targeted expression of the PI3K
subunit gene p/170 as a dominant-negative in the developing wing imaginal discs
causes a reduction in both cell size and cell number in the wing (134). Conversely,
overexpression of an active, membrane-targeted variant of p/70 increased cell size
and cell number. Furthermore, p/10 mutant larvae are incapable of growth beyond
the size reached in the early third instar, indicating that the increase in larval cell
size depends on PI3K (134).

A tumor suppressor protein in humans, PTEN (phosphatase and tensin ho-
molog), is a negative regulator of this pathway because its phosphatase activity
opposes that of PI3K. Overexpression of PTEN in D. melanogaster inhibits cell
cycle progression at an early stage of mitosis and promotes cell apoptosis during
eye development (49). The small-eye phenotype caused by PTEN overexpression
can be rescued by overexpression of wild-type p110. Interestingly, overexpression
of DIR also results in eye proliferation in the few survivors, but overexpression of
both DIR and PTEN completely rescues this phenotype and blocks lethality, thus
supporting the role of PTEN as a negative regulator.
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PDK1 and Akt are mediators of the growth and proliferative responses regu-
lated through this pathway. Biochemical studies demonstrate that Akt is activated
by phosphorylation of a specific threonine by PDK1 and a particular serine by
the target of rapamycin (TOR) kinase and its associated protein, rictor (8, 104).
Flies deficient in PDK1 exhibit lethality and apoptosis during embryogenesis, and
overexpression of PDK1 increases cell and organ size in a PI3K-dependent manner
and enhances Akz gain-of-function phenotypes during eye morphogenesis (19, 98).
Mutations in Akt reduce cell size, whereas its overexpression leads to increased
cell size (108, 132). Overexpression of Akt rescues the phenotypes caused either
by dominant-negative pI10 or overexpression of PTEN, which indicates Akt is
downstream of both (108). Notably, unlike mutations in the upstream genes, Akt
mutations do not affect cell proliferation, thus suggesting that it may be part of the
downstream branch in this pathway (Figure 1).

Recent studies show a tight but complex connection between this pathway and
that mediated through TOR in response to nutrient availability. Null mutation of
TOR in D. melanogaster results in severe growth defects, reductions in larval body
size and imaginal discs, and lethality during the second instar (85, 140). Clonal
analysis of imaginal discs shows that TOR mutant cells are smaller and have a
slower proliferation, thus indicating that TOR autonomously regulates both cell
growth and proliferation. Partial TOR mutation in larvae has the same effect as
the withdrawal of amino acids, which is consistent with a role for TOR in growth
control by sensing nutrient levels (140).

Genetic interaction studies indicate that TOR signaling is coupled to the con-
served pathway by a complex of two tumor suppressor proteins, TSC1 and TSC2
(86). Mutation of TSCI and TSC2 in D. melanogaster recapitulates alterations
in the activity of PTEN-increased cell size and number, whereas coexpression of
TSCI and TSC2 has the opposite effects (90, 123). On the other hand, overex-
pression of 7SCI and TSC2 blocks the overgrowth phenotypes caused by DIR
overexpression, while dominant-negative T7SC1/2 can rescue the lethality associ-
ated with loss of DIR function. Furthermore, the large cell phenotype of TSC!
mutants cannot be suppressed by mutations in DIR or Akt or by overexpres-
sion of PTEN (90). These results and the fact that Akt destabilizes the TSC1/2
complex indicate that the negative regulator role of this complex is downstream
of Akt.

The connection between TSC1/2 and TOR has been genetically mapped to a
small GTP-binding protein, Rheb (Ras-homologue expressed in brain), in
D. melanogaster. Mutation of Rheb results in growth defects similar to those
caused by mutations in chico or other components in the pathway (107, 119, 141).
Moreover, the phenotype of larval lethality caused by loss of TSCI1 function is
rescued by Rheb mutations. Genetic and biochemical evidence suggest that Rheb
is a critical upstream activator of TOR (119), but its role is elusive.

Studies of animal models have shown that the ribosomal protein S6 kinase (S6K)
is a downstream effector of this pathway. Loss of S6K function in D. melanogaster
causes a severe reduction in body size by decreased cell size but does not alter cell
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number (74). Moreover, S6K activity appears normal in chico mutants, suggesting
that S6K regulates cell size by acquiring additional signals from other pathways
(85, 93). Disruption of PI3K affects both cell size and cell number, thus implying
that S6K is downstream of PDK1 and resides in a branch that controls cell growth
and size but not cell number (59) (Figure 1). The large cell phenotype of TSC/
mutation is suppressed by S6K mutation (90), thus indicating that TSC1 and TSC2
are upstream of S6K.

In addition, the transcription factor FOXO (forkhead box-containing protein,
O subfamily) in D. melanogaster has been identified by genetic and biochemical
approaches (91) as another critical target of Akt. Clonal analysis and genetic
interaction assay show that FOXO regulates cell and organismal size by specifying
cell number but not cell size (57, 91). Gain-of-function analysis reveals that under
normal conditions excess FOXO is phosphorylated by Akt and kept inactive in the
cytoplasm, but when deprived of nutrients or signaling through the DIR-IRS-PI3K
pathway, unphosphorylated FOXO is transported to the nucleus, where it promotes
factors that impede cell growth and proliferation (57).

Growth of insects is dependent on the metabolism of ingested nutrients or nu-
trients mobilized from reserves, and as alluded above, nutrient levels modulate
signaling through this pathway. Results from a study of D. melanogaster larvae
support this notion: (a) Mutation of PI3K suppresses cell growth in the same
way as starvation, (b) ectopic induction of DIR or PI3K is sufficient to bypass
the nutritional requirement for autonomous cell growth and DNA replication in
starved larvae, (c) PI3K activity is downregulated in response to deprivation of
dietary protein and amino acids, and (d) hyperactivation of DIR and PI3K led to
reduced feeding and wandering (9). This study also showed that hyperactivation
of this pathway increased nutrient storage in the fat body, whereas inhibition of
PI3K activity depleted stored nutrients from the fat body, mimicking starvation
(9). This and a more recent study point to the fat body in D. melanogaster as a
key tissue that monitors nutrients through an amino acid transporter and the TOR
pathway and that controls growth remotely through effects on this pathway in
peripheral tissues (25). Autophagy of organelles and proteins in the fat body of
D. melanogaster is induced by starvation or metamorphosis, and genetic anal-
ysis has shown that signaling through PI3K and TOR blocked starvation- or
ecdysteroid-induced autophagy (101, 109). Together these findings show that nu-
trient intake leads to the activation of this pathway and in turn promotes anabolic
metabolism, cell growth, and development, whereas nutrient deprivation has an
opposing effect.

OTHER INSECTS For some time it has been known that insulin, IGF, and insect
ILPs act as growth factors on insect cell lines and imaginal discs (15, 46, 60,
67, 114, 122, 128). A more comprehensive study showed that a putative ILP is
a growth factor for wing imaginal discs in the butterfly Precis coenia (80). Such
discs grow in vitro when supplemented with ecdysone and larval hemolymph, and
B. mori ILP antibodies can remove the requisite hemolymph factor. A heat-stable
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factor extracted from brains or synthetic B. mori ILP (bombyxin-II) can replace
this activity in hemolymph, but ecdysone still is required.

Reproduction

The presence of putative insulin receptors in the ovaries of lepidopteran species
(35) hints at arole for ILPs in the reproductive physiology of insects, and studies of
dipterans offer more evidence. Female D. melanogaster with genetically ablated
DILP MNCs are smaller than wild ones and have greatly reduced fecundity (11,51).
Dwarf D. melanogaster females with mutant DIR expression have ovaries arrested
at the previtellogenic stage, but treatment with a juvenile hormone (JH) analog,
methoprene, restores vitellogenesis (126). In many insects, JH is the primary ef-
fector of reproduction, and this result may link these two endocrine pathways. In
addition, chico mutation results in sterile females (6), and it impairs the prolifera-
tion of ovarian follicle cells and blocks egg chamber progression into vitellogenesis
even when females have abundant food (30). Ovaries from wild-type females im-
planted into homozygous chico females were vitellogenic, but those from chico
females implanted into wild-type females were not (93a). Thus, the chico mutation
blocks the insulin signaling needed for yolk protein synthesis and uptake in the
ovary but appears to have no effect on ovarian ecdysteroid production, hemolymph
ecdysteroid levels, and even JH biosynthesis by the CA (in contrast to the reports
below), because they were approximately the same in chico females and in wild-
type females. Mutation of Akz, however, causes a cell-autonomous reduction in the
size of ovarian follicle cells but does not affect cell proliferation (14).

Ovarian ecdysteroids are the primary effectors of vitellogenesis and egg matu-
ration in many dipterans. As shown for the mosquito Ae. aegypti, bovine insulin
stimulates ecdysteroid production by ovaries in vitro, and specific inhibitors of
insulin receptor and PI3K activity blocked this stimulation (94). Ovaries from
the blow fly Phormia regina were similarly stimulated in vitro with bovine in-
sulin and a B. mori ILP (68), but isolated ovaries from long-lived DIR-mutant D.
melanogaster produce little ecdysone compared with those from wild ones (129).
Another neuropeptide, ovary ecdysteroidogenic hormone, originating from brain
MNCs, stimulates the same process in ovaries of Ae. aegypti (12). This peptide is
structurally related to neuroparsins in locusts that appear to be members of a super-
family thatincludes IGF-binding proteins in vertebrates (22). Although ecdysteroid
hormones may be required for egg maturation in these dipterans, heterozygotic mu-
tations in the ecdysteroid receptor increased the life span of D. melanogaster with
no reduction in fertility (112), contradicting the often postulated tradeoff between
reproduction and longevity.

Other components of the conserved pathway are directly involved in dipteran re-
productive physiology. Insulin receptor expression in ovaries of Ae. aegypti females
during a gonadotropic cycle was characterized (95), as described above, and an
ovary-specific Akt was identified (96). Levels of insulin receptor transcript and
protein increased in the ovaries during the first 24 hours after blood feeding and
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disappeared thereafter (95). Interestingly, receptor transcripts and protein were
not evident in earlier mosquito life stages. Initiation of vitellogenesis in the fat
body of Ae. aegypti females is dependent on the ingestion of a blood meal that
initiates an endocrine cascade and provides amino acids, which are monitored
through TOR and S6K signaling, as shown by RNA interference of TOR, TSC2,
and S6K expression (45). Finally, an oddity—insulin-fed Anopheles mosquitoes
given infected blood meals had higher levels of malaria infection than those not
fed insulin (4)—offers a hint that even host-parasite interactions may be regulated
through this pathway.

Longevity

The concept that ILPs acting through the conserved pathway stimulate growth and
reproduction in organisms that, as a result, have a shorter life can be drawn from an
early study of the butterfly Pieris brassicae. When injected into diapausing pupae of
P. brassicae, vertebrate insulins induced diapause termination, synchronous adult
development, and an apparent de novo synthesis of ecdysteroids (3). Now, many
studies of D. melanogaster and other animal models offer more support for this
concept (124, 125). Flies bearing a hypomorphic mutation in DIR or null mutations
in chico display up to an 85% extension of life span (23, 126). Interestingly, the
CA isolated from DIR mutant flies show decreased JH biosynthesis, and treatment
of the long-lived DIR flies with a JH analog restored normal life expectancy. A
subsequent study showed that the DIR and chico mutations in females altered JH
synthesis by the CA for up to 10 days after eclosion (129a). In many adult insects,
JH stimulates reproduction and inhibits diapause, but in its absence, adult life span
may be extended. Because of this connection, it has been conjectured that DILPs
acting though this pathway may directly regulate JH synthesis (124). More recently,
insulin signaling is implicated in the deterioration of heart function in aging D.
melanogaster. Flies with genetically ablated DILP MNCs (11) or mutations in
DIR and chico had minimal heart deterioration over time and a longer life span
(135). Downregulation of this pathway exclusively in the heart, by overexpressing
PTEN or FOXO, also abolished age-dependent decline in heart function; but life
span was normal. Together, these results show that this pathway has the potential
to affect life span and organ senescence in D. melanogaster. These life-extending
effects are comparable to those elicited by diet restriction but are not manifested
in reduced metabolic rates (50).

Other Functions

That this pathway is implicated in other functions is expected given the relative
ease of genetically manipulating D. melanogaster and the continued interest in this
pathway. DIR is expressed throughout the brain, particularly in optic lobe regions,
and mutation of DIR disrupted connections between the optic lobes and brain in
larvae and adults in the same way as mutation of a gene for an adaptor protein,
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Dock (116). This protein binds to the extended form of the DIR B-subunit and is
required for axon guidance in the nervous system, but mutations in chico had no
effect, and thus DIR may interact with Dock and activate another pathway crucial
for nervous system development. Behaviors are seated in the nervous system, and
ethanol intoxication is regulated through this pathway in the nervous system of
adult D. melanogaster (26). Targeted expression of a gene for an inhibitor of cAMP-
dependent protein kinase A in the brain MNCs containing DILPs significantly
increased adult ethanol sensitivity, as did global DIR and chico mutations and
specific expression of FOXO in the nervous system.

CONCLUSIONS

The founding concept that a peptide exists in insects with the same structure and
regulatory role in glucose metabolism as insulin in mammals has expanded over
the past four decades to include multiple ILPs and an intricate signaling pathway
that coordinates the regulation of metabolism, growth, reproduction, longevity
and other behavioral and physiological processes. Noticeably, this expanded con-
cept is based on a preponderance of studies in which supporting conclusions are
drawn from the genetic manipulations of one highly specialized fly species, D.
melanogaster. In such studies, the effects of gene-specific mutations play out over
the relatively long time needed to reach a particular life stage that is observed for
an anomalous phenotype. The mutational effects on transcript or protein expres-
sion in target tissues or individuals should be quantified or assessed directly. This
assessment may reveal a confounding effect, as described in one study in which
the DILP MNCs were genetically ablated but other brain cells were seen to contain
ILPs (11). The neuroendocrine action of ILPs in D. melanogaster is presumed, and
future studies need to define the extent of ILP expression in the nervous system and
other tissues and the hallmarks of peptide hormone actions that are only seconds
to a few hours in duration. In particular, these issues must be resolved to further
validate this expanded concept for insects in general:

1. The parameters of ILP synthesis, processing, storage, and release in cell
sources must be determined, along with internal and external cues that gov-
ern these processes. High transcript or peptide levels in ILP-secreting cells
may reflect increased storage or release. The action of other peptides origi-
nating from the propeptide ILPs, e.g., GIP and the C peptide, and that of the
processed ILP must be assessed.

2. The hormonal effects of ILPs on target tissues usually are the result of rising
or falling titers in hemolymph, and thus titer profiles must be correlated with
a particular endocrine action of an ILP. ILPs acting as growth factors or
neurotransmitters will have more local effects.

3. The binding of insect ILPs to an insect insulin receptor or LGR has yet to be
demonstrated. Likely, this will necessitate the expression of such receptors
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in heterologous cell systems for detailed binding studies of ILPs. In addi-
tion, receptor expression and turnover in tissues must be correlated with the
associated ILP action, whether endocrine or local.

Nevertheless, this wonderfully integrative concept for ILP signaling in insects
ties nutrient acquisition and reserves to the fundamentally important processes
of development and reproduction and shows that it has the potential to exhibit
an effect on the expression of genes required for these processes as profound as
that exhibited by JH and ecdysteroids. Future investigations of ILP signaling must
be spread to representatives of other insect orders that have proven so useful in
defining the endocrinology and physiology of other peptide hormones.
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