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Abstract 

Recent years, invertebrate animals with clear genetic background and completed genome 
sequence have become very popular in biological research. Insulin and insulin-like peptides (ILPs) are 
a class of peptides having important physiological functions, including promotion of cell proliferation 
and differentiation, and body growth and development. To date, many invertebrates have been 
identified with multiple ILP families, whose structures and functions have become increasingly clear to 
scientists. This review summarizes the ILPs identified in the model Lepidopteran insect Bombyx mori, 
in the aspects of structures and classification, functions and pathways. A brief discussion on the ILPs 
from several other model insects, including Drosophila melanogaster, Aedes aegypti, and Apis 
mellifera, was also included. 
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Introduction 

 
Insulin is a well-known hormonal peptide in the 

human body that regulates carbohydrate 
metabolism, and malfunction in the regulation can 
result in type II diabetes. There are also peptides 
that exhibit similar sequence and structural similarity 
to insulin, known as insulin-like peptides (ILPs), 
which regulate many different biological processes 
and have certain physiological activities similar to 
that of insulin, but their secretion sites are different 
and possess distinct functions (Okamoto et al., 
2009). ILPs are hallmarked by the presence of a 
conserved cysteine knot motif, and their precursor 
proteins share similar structure domains, i.e., signal 
peptide followed by the B, C, and A chain. ILPs 
have in general about 50 to more than 200 amino 
acids in length, and are not only conversed in pretty 
much all vertebrates but also in most invertebrates 
and even unicellular organisms, and have thought to 
be emerged very early during the evolution of 
eukaryotes (Souza and López, 2004).  

Insects compose the largest and most diverse 
class in the arthropods and many are important 
economically and scientifically. Starting 1960s, 
many insulin-like peptides (ILPs) have been 
reported in insects, and the ILPs from several model 
organism will be discussed in detail in this review. 
ILPs have been demonstrated as key regulators in 
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the animal body for growth and development, 
survival and proliferation. Insulin-like peptides in 
other arthropods, such as crustaceans, have also 
been characterized and found exclusively produced 
by a male-specific androgenic gland (Cronin, 1947). 
Significant research has been carried out on these 
crustaceans, and proved that the ILPs of these 
species were crucial in sexual differentiation and 
spermatogenesis, which have been discussed in 
detail elsewhere (Abdu et al., 2002; Aflalo et al., 
2006; Barki et al., 2006; Ventura and Sagi, 2012). A 
more distant invertebrate, the nematode 
Caenorhabditis elegans encodes a remarkable 40 
ILPs in its genome (Pierce et al., 2001). These ILPs 
were found primarily expressed in the nervous 
system, and differs in disulfide bond arrangement 
(Matsunaga et al., 2017; Zheng et al., 2018). In this 
review, various aspects of insect ILPs will be 
discussed, including classifications, structures, 
functions and pathways in several model insects, 
including Bombyx mori, Drosophila melanogaster, 
Aedes aegypti, and Apis mellifera, with a more 
detailed discussion into B. mori. 

 
Classification of insulin-like peptides in B. mori  

 
Insulin-like peptide in B. mori, also known as 

bombyxin, was first identified in 1984 by Nagasawa, 
who found that a 19 amino acids long peptide at the 
N terminus of 4K-prothoracicotropic hormone (4K-
PTTH) was highly homologous to insulin and 
insulin-like growth factors in vertebrates. This was 
the first time that insulin-like peptide was identified 
in invertebrates (Nagasawa et al., 1984). Up to now, 
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a total of 38 bombyxins belonging to 12 families 
have been identified in B. mori (Yoshida et al., 
1998). Among them, 32 bombyxin genes have been 
successfully cloned, and based on their sequence 
similarities, have been divided into 7 families, 
namely families A-G (Ingvarsson et al., 1988; Ikuyo 
et al., 1997; Tsuzuki et al., 1997; Iwami et al., 2008; 
Iwami et al., 1990; Kawakami et al., 1989; Kondo et 
al., 1996). Familes A, B and C contain 10, 12, and 6 
bombyxin genes, respectively, and families D, E, F 
and G have only one bombyxin gene in each family 
(Table 1) (Ingvarsson et al., 1988). Another 5 
bombyxin families, namely families V, W, X, Y and Z, 
were predicted by Aslam et al. through analysis of 
the B. mori genome and then confirmed 
experimentally (Table 1). Family V contains two 
bombyxin genes, and families W to Z have one 
gene in each family (Aslam et al., 2011).  

In 2009, Okamoto et al. purified an 8 kDa 
insulin-like peptide from the hemolymph of B. mori 
(Okamoto et al., 2009). Sequencing analysis 
showed that the peptide was more similar to insulin-
like growth factors (IGFs) of vertebrates than to 
bombyxin (Okamoto et al., 2009). It was found that 
ecdysone could stimulate the secretion of the 
peptide and the secreted peptide could further 
promote the growth of specific tissues in the adult. 
Therefore, this ILP peptide was also named B. mori 
insulin-like growth factor peptide (BIGFLP). Both 
ILPs and IGFs have the conserved cysteine knot 
motif, but IGFs hold additional domains, e.g., a C 
domain between the A and B chains, and/or D, E 
domains at the C terminus (Lecroisey et al., 2015).  
 

Spatial distribution of insulin-like peptides in B. 
mori 

 
Early studies by Northern blot hybridization 

could only detect bombyxins in the brain tissue of 
the silkworm, but later RT-PCR analysis showed 
that they could also be expressed in other tissues, 
such as ganglia, epidermis, testis, ovary, fat body, 
silk gland, malpighian tubule, midgut and hindgut of 
B. mori, although the expression levels were much 
lower than that in the brain (Iwami et al., 1996). 
Bombyxin families A-G, as well as family V and W, 
were mainly expressed in four pairs of central 
nerves in the brain of B. mori, while the expression 
in other tissues was very low (Table 1) (Iwami et al., 
1996). Family X was mainly found in the fat body, 
family Y was mainly found in the brain and ovary at 
the larval stages, and family Z was highly expressed 
in follicular cells (Aslam et al., 2011). Our group has 
previously characterized the BmILP gene in B. mori 
and found it has identical sequence to bombyxin Z1 
and had the highest expression level in the ovary 
tissue, especially in the mated females, suggesting 
a role of BmILP in the regulation of egg maturation 
(Chen et al., 2016). 

The BILGFP peptide was mainly expressed in 
the fat body of B. mori from the pupal to adult stage 
(Okamoto et al., 2009). The fat body tissue of B. 
mori is functionally equivalent to the liver and 
adipocytes of vertebrates, and the liver was the 
main place where mammals secreted IGFs. 
BIGFLP was also found expressed in other tissues of 
B. mori, such as brain, ovary and testis. The median 
 

 
 
 
 
 

Table 1 Characteristics of bombyxin genes* 
 

Bombyxin 
gene family 

Number of 
genes 

Chromosome location 
Primary 

expression cites 
Notes 

A 10 

B1, B2, B4, A2-A4 
clustered on an unknown 
chromosome; rest all on 

Chromosome 11 

Brain  
A6 and/or A7 

encodes bombyxin II 

B 12 Brain  

C 6 Brain  

D 1 Brain  

E 1 unknown Brain Encodes bombyxin IV 

F 1 Chromosome 11 Brain  

G 1 Chromosome 11 -  

V 2 Chromosome 9 Brain  

W 1 Chromosome 1 Brain  

X 1 Chromosome 11 Fat body  

Y 1 Chromosome 1 Brain  

Z 1 Chromosome 1 Follicular cells  

 
* Data summarized based on reports from Mizoguchi and Okamoto, 2013, Aslam et al., 2011, and Iwami, 2000 
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Fig. 1 Structure of insulin and insulin-like peptides. (a) ILP maturation process and (a) alignment of representative 
insulin-like peptides from different species. Grey, orange, blue and purple bars above or below and amino acid 
sequence indicate the peptide domains for signal peptide, B chain, C chain, and A chain, respectively. S-S 
indicate disulfite bonds formed between the cysteine sites. Most species have more than one identified ILPs, and 
only one or two of the ILPs from one species was selected for alignment and comparison. Mus musculus 
(NP_032412.3), Homo sapiens (NP_001278826.1), Bos Taurus (NP_001172055.1), Anopheles gambiae 
(XP_314565.2), Bombyx mori (XP_021202224.1 and XP_021202225.1), Apis mellifera (NP_001171374.1), 
Aedes aegypti (XP_001657487.1), Drosophila melanogaster (NP_648359.1 and NP_996037.2). Conserved sites 
were colored according to amino acid hydrophobicity 
 
 
 
 
 
neurosecretory cells (MNCs) in the brain have been 
identified to produce both BIGFLP and bombyxins, 
although the time of secretion varies between the 
two. In vitro experiments showed that the secretion 
of the BIGFLP gene in the ovary and testis was 
induced by ecdysone. The B. mori nephrocytes, 
which are functionally equivalent to glomerular 
podocytes of vertebrate kidneys, have been 
detected with high BIGFLP activity during the pupal 
stage, but the expression of BIGFLP gene was not 
detected. This indicated that the circulating BIGFLP 
was taken up and degraded by nephrocytes 
(Okamoto et al., 2011). 
 
Structures of ILP genes and proteins 

 
Compared to ILPs in higher animals, insect ILP 

genes are often intron-less (Mizoguchi and 
Okamoto, 2013). The human insulin gene contains 
two introns in two relatively conservative sites which 
are respectively located in 5’ UTR and C-domain 

(Steiner et al., 1985), though sometimes the first 
intron can be inefficiently spiced (Wang et al., 1997). 
Whereas, there are no introns for bombyxin families 
A-G, W, X, and Y. Two genes V1 and V2 in the 
family V were found to contain one intron in the UTR 
of each gene, and the gene in family Z1 contained 
two introns that are similar to those ILPs found in 
vertebrates (Aslam et al., 2011). In B. mori, 25 of 
ILP genes were found clustered on chromosome 11, 
and 3 were located on chromosome 1, 2 were 
located on chromosome 9, and 1 on chromosome 
11, while the locations for the rest ILPs have not 
been identified yet (Table 1)  (Mizoguchi and 
Okamoto, 2013). 

To now, five structural forms of bombyxin 
proteins have been isolated from the head of B. 
mori, namely, bombyxins I, II, III, IV and V 
(Nagasawa et al., 1986; Jhoti et al., 1987; 
Maruyama et al., 1988). The amino acid sequences 
of bombyxins II and IV have been fully identified, 
which are the products of the bombyxin A6/A7 and 
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the E1 genes, respectively (Table 1). The structures 
of bombyxins I, III and V have not been fully 
analyzed, and the bombyxin genes encoding them 
have not been revealed. The five protein structural 
forms all contain heterodimers of a A chain and a B 
chain, which have 50 % and 30 % amino acid 
similarity to those of human insulin, respectively. 
The A chain and B chain are linked by disulfide 
bonds within and between two chains in exactly the 
same way as insulin (Figure 1a) (Iwami, 2000). 
During translation, a bombyxin precursor, which is 
composed of a signal peptide, a B chain, a C chain, 
and a A chain successively from the N-terminal to 
the C-terminal end, will first be formed (Iwami, 2000). 
After that, the mature peptide is formed by 
proteolytic cleavage of the signal peptide and the C 
chain, and thereby leaving it with a heterodimer 
structure linked by disulfide bonds (Figure 1a). The 
newly discovered BIGFLP has a similar precursor to 
that of the bombyxin. However, when the BIGFLP 
matures, C chain is not completely excised, and part 
of the sequence is retained, while the signal peptide 
is completely excised, thus the BIGFLP peptide has 
a different structural form that contains the B, C, and 
A domains consecutively as a monomeric structure 
(Figure 1a) (Okamoto et al., 2009). From an 
evolutionary point of view, the amino acid sequence 
of the ILPs can be very divergent between distant 
species, but all possess conserved cysteine sites 
that form inter- and intra- chain disulfite bonds 
(Figure 1b), indicating a common phylogenetic 
origin (Mcrory and Sherwood, 1997; Jin Chan and 
Steiner, 2000). 

The overall three-dimensional structure of 
bombyxin is spherical, similar to that of human 
insulin, which will form a T shaped crystal in solution 
(Jhoti et al., 1987; Nagata et al., 1995b). Although, 
the C terminal structure of the B chain in bombyxin 
II is significantly different from that of human insulin. 
B chain extends in helical form, similar to that of 
relaxin, a protein hormone that belongs to the 
insulin superfamily, and this form is unnecessary for 
the activity of bombyxin. On the other hand, the B 
chain of human insulin extends in the form of sharp 
turn and beta strands, and is indispensable for its 
activity (Nagata et al., 1995b; Nagata et al., 1995a). 
Therefore, bombyxin is more similar to relaxin in this 
regard, and human insulin may have evolved 
different receptor recognition sites at the C terminal 
of the B chain and thus distinguishes itself from 
bombyxin and relaxin. Human insulin is composed 
of dimers and hexamers, however, bombyxin II is 
unlikely to form dimers or hexamers by structural 
prediction. Instead, there is a hydrophobic region on 
the surface of bombyxin II (Mizoguchi and Okamoto, 
2013), which may be important for the binding of 
bombyxin II to other proteins. 
 
Physiological functions: growth-promoting 
effect 

 
Although many insulin-like peptide genes have 

been identified in the genome of invertebrates, 
knowledge about the physiological functions of 
these gene products is still limited. It was found that 
bombyxin could reduce the concentration of the 
major sugar content trehalose in the hemolymph of 

B. mori and the effect was dose-dependent. 
Trehalose is a major carbohydrate in insects for 
energy storage. In the midgut and muscle of B. mori, 
bombyxin can enhance the activity of trehalase and 
help hydrolyze trehalose in the hemolymph into 
glucose, and facilitate the transport of the sugars to 
other tissues (Satake et al., 1997; Satake et al., 
1999). Similar to insulin secretion in mammals, 
glucose in the silkworm could also stimulate the 
release of bombyxin into the hemolymph, and the 
titer of bombyxin in the hemolymph would decrease 
after starvation treatment of the silkworm (Masumura 
et al., 2000). Bombyxin can also reduce the glycogen 
content in the fat body and improve the activity of 
glycogen phosphorylase. However, these stated 
functions of bombyxin only exerted at the larval 
stage of the silkworm, and bombyxin does not affect 
the concentration of glucose in the adult hemolymph 
(Satake et al., 1997; Satake et al., 1999). 

Bombyxin has been reported to promote cell 
proliferation in the hematopoietic organ of the 
silkworm. When the hematopoietic organs of the 
silkworm larvae were cultured in vitro, the addition 
of hemolymph to the culture medium could 
significantly improve the cell proliferation (Nakahara 
et al., 2003). Studies indicated that this promoting 
effect was mainly attributed to bombyxin in the 
hemolymph. When the hematopoietic organs from 
the first day of the fifth instar larvae were cultured 
with bombyxin-II for 48h, and the number of blood 
cells in the culture medium increased in a dose-
dependent manner (Nakahara et al., 2006), 
indicating that bombyxin-II could promote mitosis. In 
addition, when bombyxin was added to silkworm 
ovary culture, increased meiosis of the ovary cells 
were observed. However, this might be an indirect 
effect, because bombyxin can stimulate the 
ecdysone production in the ovary cells, and 
ecdysone has been reported to induce the meiosis 
of cells at low concentration (Orikasa et al., 1993). 
In another study, when synthetic bombyxin-II was 
added to the silkworm ovary culture, a series of 
morphological changes of the cells were induced 
(Volkman and Goldsmith, 1982). Most of the cells 
became larger, round and aggregate into clusters. 
Some other cell lines became attached tightly to the 
bottom of the culture flask to be fibrous and spindle-
like (Tanaka et al., 1995). 

Bombyxin was supplemented exogenously to 
Precis coenia and found to promote the growth of 
the wing imaginal disc (Nijhout and Grunert, 2002). 
When the wing imaginal disc of P. coenia larva was 
removed and cultured in a standard nutrient-rich 
tissue culture medium, the wing imaginal disc 
ceased to grow. However, when 20-
hydroxyecdysone and hemolymph from silkworm 
larva with an appropriate concentration were added 
to the tissue culture, the wing imaginal disc started 
its normal growth (Nijhout and Grunert, 2002). 
Therefore, the promoting effect may come from 
some biological factors in the hemolymph. 
Additionally, when 20-hydroxyecdysone and 
bombyxin-II were added to the tissue culture 
medium, the division rate of cell nucleuses was 
increased. However, when bombyxin-II was pre-
incubated with bombyxin antibody, this growth-
promoting effect was inhibited. Similar results were 
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observed in Manduca sexta (Nijhout et al., 2007). 
This indicated that bombyxin acted as a growth 
promoting factor to wing imaginal discs of other 
insects (Nijhout and Grunert, 2002). Bombyxin, 
together with 20-hydroxyecdysterone, played a 
synergistic role in promoting the growth of imaginal 
discs of insect species in a dose-dependent manner. 
This effect was different from promoting cell 
proliferation described above because here 
bombyxin relies on 20-hydroxyecdysone as a 
synergistic compound, while it can function 
independently to promote proliferation of silkworm 
hematopoietic and ovary cells.  
 
Insulin-dependent signaling pathways 

 
In B. mori, bombyxin could regulate the molting 

process through the insulin signaling pathway. It 
was found that 24 h after the larvae were injected 
with bombyxin, silkworm molting were accelerated 
(Gu et al., 2015). An insulin-dependent signaling 
pathway in insects for development and growth was 
drawn to Figure 2. Bombyxin stimulates insulin 
receptor and serine/threonine protein kinase (Akt), 
which were then phosphorylated to activate 
downstream signal molecule target of rapamycin 
(TOR). The phosphorylation of serine/threonine 

protein kinase depended on phosphorylation of 
phosphatidylinositol-3 kinase (PI3K), indicating that 
PI3K was the upstream signal molecule of Akt and 
the activated TOR continues to phosphorylate the 
translation initiation factors 4E-binding protein (4E-
BP) and p70 ribosomal protein S6 protein kinase 
(S6K) of its downstream signal molecules in 
eukaryotic cells and ultimately stimulate the molting 
of B. mori. Meanwhile, bombyxin could inhibit the 
phosphorylation of AMP-activated protein kinase 
(AMPK), but this inhibition was not dependent on 
PI3K, indicating that AMPK and PI3K were two 
different signal pathways of the downstream of 
insulin receptor. Chemical activators of AMPK could 
partially alleviate the inhibition of AMPK 
phosphorylation by bombyxin, indicating that AMPK 
is also involved in the TOR signal pathway and that 
PI3K/Akt and AMPK are two different downstream 
signal pathways of the insulin receptor and 
eventually converged on the TOR signal molecule to 
affect the molting of B. mori. In B. mori, 
serine/threonine protein kinase (Akt) have been 
identified, which consists of 493 amino acid 
residues, including a pleckstrin homology (PH) 
domain, a kinase domain and phosphorylation site 
that could be activated by bombyxin (Nagata et al., 
2008). 

 
 
 

 
 
Fig. 2 Insulin-dependent signaling pathway in Bombyx mori. “P” in the blue circle refers to phosphorylation, and 
red and blue ovals refer to proteins that are activated and inhibited, respectively. Black arrow and red bar indicate 
activation and inhibition. PI3K, phosphatidylinositol-3 kinase; AMPK, AMP-activated protein kinase; Akt, 
serine/threonine protein kinase; TOR, target of rapamycin; 4E-BP, 4E-binding protein; S6K, p70 ribosomal protein 
S6 protein kinase 
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There is species-specific regulation of 
ecdysone secretion. In M. sexta, when insulin and 
bombyxin II were used to activate the 
phosphorylation of insulin receptor and Akt, no 
stimulation of ecdysone was observed (Smith et al., 
2014). Likewise, when PI3K inhibiting factor was 
used to inhibit the phosphorylation of Akt and 4E-BP, 
ecdysone secretion was not affected either. 
However, when extracellular signal regulated kinase 
(ERK) phosphorylation was inhibited, ecdysone 
secretion would be inhibited significantly (Smith et 
al., 2014). This indicated that ecdysis was mainly 
regulated through the ERK signal pathway. In B. 
mori, bombyxin could not activate the 
phosphorylation of ERK in prothoracic gland, but 
PTTH would (Gu et al., 2010; Gu et al., 2013). 
When the phosphorylation of ERK in B. mori was 
inhibited, it would not affect ecdysone secretion, but 
when the phosphorylation of Akt and 4E-BP was 
inhibited, ecdysone secretion would be affected. 
This indicated that silkworm molting was mainly 
regulated through the PI3K/Akt signal pathway (Gu 
et al., 2015).  
 
Insulin-like peptides in other insect species: the 
dipteran insect fruit fly 

 
The studies on the insulin-like peptides in D. 

melanogaster (DILP) were much more detailed than 
in B. mori. To date, 8 insulin-like peptides (DILP1-8) 
have been discovered in D. melanogaster (Brogiolo 
et al., 2001; Colombani et al., 2012; Garelli et al., 
2012). Among them, DILP1, DILP2, DILP3 and 
DILP5 were mainly expressed in the median 
neurosecretory cells (MNCs) of the brain, similar to 
that of bombyxin (Brogiolo et al., 2001; Ikeya et al., 
2002; Rulifson et al., 2002; Broughton et al., 2005; 
Nässel, 2012). The protein products encoded by 
these genes were structurally similar, represented 
by a heterodimer linked by disulfite bonds. At the 
adult stage, DILP2, DILP3 and DILP5 continued to 
express in MNC, however, DILP1 gene expression 
was not detected (Broughton et al., 2005). Although 
DILP2, DILP3 and DILP5 were all expressed in the 
MNCs, their temporal expression patterns were 
different. DILP 2 was expressed starting from the 1st 
instar larvae, while DILP3 was from the middle and 
later stage of the 3rd instar, and DILP 5 was from the 
2nd instar (Ikeya et al., 2002). 

When the larvae were starved, the 
transcriptional level of DILP3 and DILP5 would 
decrease, but the DILP2 transcription was not 
affected (Ikeya et al., 2002). Upon dietary restriction, 
the expression of DILP5 in adult drosophila was 
down-regulated, but DILP3 was not affected (Min et 
al., 2008). No expression of DILP4 was detected in 
the adult D. melanogaster (Grönke and Partridge, 
2010). Genetic knockout of DILP1 and DILP2 
resulted in a smaller body size of D. melanogaster. 
When DILP1-7 was overexpressed in D. 
melanogaster, the adult body size increased 
proportionally. Among them, DILP2 had the 
strongest promoting effect on the growth. The 
overexpression of DILP2 gene not only increased 
the size of MNC cell but also increased the number 
of cells (Brogiolo et al., 2001; Ikeya et al., 2002). 

DILP2 was found down-regulated in a mutant D. 

melanogaster that had a prolonged life span, 
suggesting that DILP2 played a key role in 
regulating the life span of D. melanogaster 
(Hwangbo et al., 2004; Bauer et al., 2007; Lee et al., 
2008). However, some scholars knocked down the 
DILP2 gene by RNA interference and found that the 
life span of D. melanogaster was not prolonged like 
expected, but trehalose storage in the adult D. 
melanogaster was increased, indicating that DILP2 
was involved in sugar metabolism (Broughton et al., 
2008). DILP6 was mainly expressed in the fat body 
tissue, and was positively regulated when D. 
melanogaster metamorphosed from larva to pupa 
(Okamoto et al., 2009). DILP7 gene was only 
expressed in specific neurons of the ventral nerve 
chain and a few neurons in the brain (Miguel-Aliaga 
et al., 2008; Yang et al., 2008). 

DILP1-4 were clustered on chromosome 3 of D. 
melanogaster, while DILP5, DILP6 and DILP7 
genes were located at two different sites on the X 
chromosome (Ikeya et al., 2002). The DILP1-7 
precursor peptides contained 107-156 amino acids, 
and their primary structure included a signal peptide, 
B chain, C chain and A chain, and the cleavage 
sites lay between A chain and B chain and were 
similar to those of insulin and relaxin. Among the 8 
DILPs, DILP6 was more similar to insulin growth 
factor. When DILP6 formed a tertiary structure, its C 
chain would not be completely cleaved by the 
protease, and thus some sequences were retained. 
Sequence similarity analysis showed that DILP2 
had the highest amino acid sequence similarity with 
mature human insulin, reaching 35 % (Brogiolo et 
al., 2001; Ikeya et al., 2002). 

Animals would constantly adjust their growth 
status, such as maturity or metamorphosis so as to 
adapt to the disorder (such as damage or tumor) 
occurred during the growth and development. Such 
processes require the connection between the 
tissues and organs of the animal so as to maintain 
the normality and symmetry of their bodies. It was 
found that the imaginal disc of Drosphila 
melanogaster could activate DILP8 spontaneously. 
When abnormality was detected during the growth 
and development of D. melanogaster, DILP8 would 
delay the metamorphosis of the body by inhibiting 
the synthesis of ecdysone and slowing down the 
growth of imaginal disc, and finally producing 
normal sized individuals (Garelli et al., 2012). When 
DILP8 was silenced or mutated, D. would develop 
asymmetrical bodies, irregular body size, and need 
more time to mature. Therefore, DILP8 appears to 
be a key regulatory factor to ensure the stability and 
robustness during the growth and development of D. 
melanogaster, however, this regulatory mechanism 
has not been clarified yet (Garelli et al., 2012). 
 
The dipteran insect mosquito 

 
When A. aegypti ingested the mammalian blood, 

it would transmit the parasites that caused diseases 
to mammals. Meanwhile, the mammalian blood was 
very important for the maturation of female A. 
aegypti eggs. Some studies have shown that after 
ingesting the mammalian blood, mosquitoes could 
stimulate the median neurosecretory cells of the 
brain to secrete a neuropeptide that could promote 
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the production of ecdysone in the ovary (Brown et 
al., 2008; Attardo et al., 2005). It was identified that 
the neuropeptide was insulin-like peptide which 
could activate multiple metabolic processes 
necessary for egg maturation. Up to now, 8 insulin-
like peptides (AaegILP1-8) and 1 insulin receptor 
have been identified from the genome of A. aegypti 
(Riehle et al., 2006). Among them, AaegILP1, 
AaegILP3 and AaegILP8 were specifically 
expressed in the brain of female A. aegypti at the 
adult stage. Moreover, the precursors of these 8 
insulin-like peptides were also composed of a signal 
peptide, B chain, C chain and A chain. In the 
formation of mature peptides, AaegILP6 was similar 
to insulin growth factor peptides (IGFs), whose C 
chain was not completely excised (Graf et al., 1997; 
Riehle et al., 2006). 

It was found that AaegILP3 could stimulate the 
oocyte’s uptake of yolk and the ovary’s production 
of ecdysone in low concentration, indicating that 
AaegILP3 was a key regulatory factor for the 
production of eggs in A. aegypti (Brown et al., 2008). 
AaegILP3 also showed metabolic activity and could 
increase the storage of carbohydrate and lipid, and 
the function of AaegILP3 depended on the 
expression of mosquito insulin receptor (MIR), 
which have been previously detected in mosquito 
ovaries (Graf et al., 1997). The mature peptide MIR 
is a 400 kDa tetramer consisting of two 116 kDa α 
subunits and two 95 kDa β subunits. 
Immunohistochemistry analysis showed that MIR 
was located on the cytomembrane of follicle cells 
around egg cells and nutrient cells (Riehle and 
Brown, 2002). In the fat body, the insulin-like 
peptides of A. aegypti could also regulate the 
expression of yolk protein precursor gene. It was 
found in vitro that when 20-hydroxyecdysone and 
AaegILPs were added to the fat body culture 
separately, they could not stimulate the expression 
of yolk protein precursor gene. However, when 20-
hydroxyecdysone and AaegILPs were incubated 
simultaneously in the fat body tissue culture, they 
played a strong synergistic role in regulating the 
expression of yolk protein precursor gene (Larsen et 
al., 2017; Roy et al., 2007). 

In the genome of another mosquito species 
Anopheles gambiae, 7 insulin-like peptide genes 
(AgamILP1-7) have been identified so far (Riehle et 
al., 2002; Krieger et al., 2004). The arrangement of 
insulin-like peptide genes on the chromosomes of A. 
gambiae was similar to that of insulin. AgamILP1-4 
genes clustered on chromosome III, about 23 kb 
away from AgamILP 6 and AgamILP 7, whereas 
AgamILP 5 was located on chromosome II. Among 
the AgamILPs, the two pairs Agam 3/Agam 6 and 
Agam 1/Agam 7 show high sequence homology, 
which were 98.7 % and 95.5 %, respectively (Riehle 
et al., 2002). 
 
The hymenopteran insect honeybee 

 
Two insulin-like peptides (AmILP1 andAmILP2) 

and two insulin receptors (AmIR1 and AmIR2) have 
been identified within the genome of A. mellifera 
(Wheeler et al., 2006). At the critical stage of gender 
determination, the expressions of AmILP1, AmILP2 
and AmIR2 were significantly different between the 

queen and worker bees (De Azevedo and Hartfelder, 
2008; Wheeler et al., 2006). In queen larvae, the 
expression of AmILP1 gene was particularly high, 
and such high expression depended on the ingested 
royal jelly. In contrast, the expression of AmILP2 
gene was higher in the worker bee larvae. Compared 
with the mature worker bees, the expression level of 
AmILP1, AmIR1 and AmIR2 in the heads of the 
mature queen bees was very low. In the worker bee, 
the expression level of AmILP1 decreased with 
aging, while in the queen bee, the expression level 
of AmILP1 increased with the aging process (Corona 
et al., 2007), indicating that the insulin signal pathway 
is related to the life span of A. mellifera. The 
expression difference between the queen and 
worker bee was relatively conservative during 
evolution, and the same phenomenon was also 
found in the bee Polistes metricus (Toth et al., 2007). 

Based on phylogenetic analysis by Riehle et al., 
the ILPs of A. aegypti, A. gambiae, and D. 
melanogaster have higher homology to each other 
than to those of B. mori, indicating highly diverged 
sequences between insect orders, whereas, within 
the same insect order, the distances between the 
ILP families were greater than the orthologues 
within that order (Riehle et al., 2006). 
 
Conclusion 

 
From insects to mammals, insulin and insulin-

like peptides play central roles in regulating the 
organ development and establishing adult body size. 
The signaling pathways of insulin and insulin-like 
peptides in B. mori as well as many other insects 
have been proposed, however, many details 
regarding the pathway, such as the interacting 
proteins of ILPs and the mechanisms of interaction, 
are still unclear. Comprehensive functional studies 
utilizing genetic editing, protein overexpression, and 
protein-protein interaction methods are anticipated 
to be increasingly demanding for the understanding 
the roles of many ILP genes and their protein 
products during animal growth and development. 
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