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Evaluation of anti-diabetic drugs by using silkworm, Bombyx mori
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1. Introduction

Diabetes is a typical life-related disease. Diabetes 
patients show chronic hyperglycemia, which causes 
diabetic complications such as retinopathy, nephropathy, 
and peripheral neuropathy. Diabetes is classified into 
type I and type II by the difference in mechanism in the 
onset. Type I diabetes is caused by depletion of insulin, 
a hormone that regulates glucose level in blood. Type 
II diabetes is caused by insulin resistance, which occurs 
either by genetic factors or by life-related diseases such 
as obesity. In recent years, the number of patients with 
type II diabetes is increasing in developed countries 
(1). Insulin and drugs improving insulin resistance are 
clinically used for diabetes patients. Since side effects 
such as hypoglycemia and obesity by anti-diabetic drugs 
take place, the development of new therapeutic drugs, 
which overcome the problem, is desired (2).
 Several hormones such as insulin strictly regulate 
blood glucose level in mammalian animals including 
humans. Those hormones adjust uptake, metabolism, 
and excretion of sugars in the various tissues in the 
whole body. Therefore, examination with whole 
animals is needed to evaluate whether candidates of 
anti-diabetic drugs have an effect on control of blood 
sugar level. Since sacrificing many mammals cause 

problems of high costs and ethical issues in terms of 
animal welfare, conventional evaluation methods using 
the mammals such as mice are limited (3). To solve 
these problems, we tried to develop an invertebrate 
model with silkworms. We previously reported that the 
silkworm infection models are useful to quantitatively 
evaluate the therapeutic effects of antibiotics, anti-fungal 
drugs, and anti-viral drugs (4-7). Moreover, we revealed 
common features between mammals and silkworm in 
the pharmacokinetics of antibiotics and toxic compounds 
(8). These findings suggested to us that evaluation of 
therapeutic activities of drugs based on pharmacokinetics 
using silkworms would be possible. In this review, 
we introduce our recent findings on the application in 
the drug discovery by use of hyperglycemic silkworm 
models.

2. The use of silkworms as model animal for the 
development of anti-diabetic drugs

Disease models using experimental invertebrates such as 
Caenorhabditis elegans and Drosophila melanogaster 
are developed (9-14). Since these organisms are very 
small, it is not easy to measure the sugar level in their 
hemolymph and to inject compounds with syringe into 
the bodies of the animals. In contrast, silkworms are 
relatively big and move slowly. Therefore, injection 
experiment into the hemolymph of accurate volume of 
sample solution using a syringe is easy to be performed 
(15). In addition, silkworm hemolymph in relatively 
large amounts can be collected. These points are 
merits of silkworm as compared to C. elegans and D. 
melanogaster in the evaluation of anti-diabetic drugs 
based on the quantitative determination of sugar level 

Summary Since diabetes patients are increasing in the world, establishment of a novel method for 
development of anti-diabetic drugs is desired. In this review, we describe recent results of 
our studies regarding diabetic model using silkworms for evaluation of anti-diabetic drugs 
for patients of both type I and type II diabetes. The use of the evaluation systems using 
silkworms is expected to contribute to reduction in cost and in the number of mammals 
sacrificed for screening of anti-diabetic drugs.

Keywords: Diabetes, silkworm, in vivo evaluation system, anti-diabetic drugs

DOI: 10.5582/ddt.2016.01017Review

Released online in J-STAGE as advance publication February 
22, 2016.

*Address correspondence to:
Dr. Kazuhisa Sekimizu, Laboratory of Microbiology, Graduate 
School of Pharmaceutical Sciences, The University of Tokyo, 
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
E-mail: sekimizu@mol.f.y-tokyo.ac.jp



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2016; 10(1):19-23.

in the hemolymph. Therefore, we attempted to establish 
a diabetes model using silkworms and expected that the 
disease model might contribute to development of anti-
diabetic drugs.

3. Evaluation of insulin and AICAR using hyperglycemic 
silkworms

In a long history of sericulture, mulberry leaves have 
been used for rearing silkworms. Nutrients contained 
in the mulberry leaves are absorbed from silkworm 
intestine to hemolymph and are transferred into the 
various organs like in mammalian animals (Figure 1A). 
Silkworms have the organs such as intestine, fat body, 
and malpighian tubule, which function for exclusion 
of exogenously administrated chemicals. Moreover, 
silkworms can maintain glycogen as absorbed 
carbohydrates in the fat body and the muscle (16,17). 
Therefore, the systems for uptake of sugars and the 
storage mechanism show common features between 
silkworms and mammalian animals including humans.
 We considered that silkworms could be used for 
research regarding diabetes by establishing a technique 
for measuring sugar level in the hemolymph. As the 
marked difference in the silkworms and humans, a major 
sugar in hemolymph of the silkworms is trehalose, 
which is composed with two molecules of glucose 
(17). Silkworms synthesize trehalose by the reaction 
with trehalose synthase in cells of whole bodies and 
the resulting trehalose is released into the hemolymph 
(18). Glucose level in the hemolymph of silkworms fed 
mulberry leaves is very low. Therefore, at the beginning 
of our study, we wondered whether silkworms become 
hyperglycemic. In mammals including humans, the 
blood sugar level is rapidly increased by oral ingestion 
of sugars such as glucose. We first examined whether 
glucose level in hemolymph of silkworm would be 
increased by intake of excess amount of glucose. As a 
result, we found that total sugar level in hemolymph of 
silkworms quickly increased within 30 min by intake 
of an artificial diet containing high amount of glucose 
(Figure 1B). Moreover, amounts of sugar in fat body, 
muscle, malpighian tubule, and silk gland in silkworms 
fed the high glucose diet were much higher than 
those in silkworm fed a normal diet (Figure 1C) (19). 
Furthermore, we examined conditions whose silkworms 
become hyperglycemic by monitoring the effect of 
the feeding time and the amount of glucose in the diet 
(Figures 1D and 1F). In addition, glucose by itself was 
detected in hemolymph of the silkworms by intake of 
the high glucose diet (Figure 1E). These results suggest 
that a large amount of glucose is directly transferred 
from intestinal lumen to hemolymph in silkworms. 
Based on these findings, we expected that we would be 
able to establish diabetes models with silkworms, where 
evaluation of anti-diabetes drugs would be possible.
 Next  we examined whether  hypoglycemic 

activities of anti-diabetic drugs could be observed in 
the hyperglycemic silkworms. The most typical anti-
diabetic substance for treatment of patients with type 
I diabetes is insulin. In mammals including humans, 
insulin leads to suppression of gluconeogenesis via the 
phosphorylation of Akt in cells of the liver, adipocytes, 
and skeletal muscle, resulting in stimulation of glucose 
uptake followed by decrease in blood glucose level (20). 
Silkworm has bombyxin, a peptide hormone homologous 
to mammalian insulin. Moreover, the phosphorylation 
of Akt in the fat body of silkworm was reported to be 
enhanced by bombyxin (21). We hypothesized that 
silkworm regulates sugar level in the hemolymph via 
activation of insulin-signaling pathway as in the manner 
in mammals. To test this notion, we asked whether 
the hypoglycemic activity of human insulin can be 
observed in the hyperglycemic silkworms. The result 
demonstrated that the total sugar level in hemolymph of 
the hyperglycemic silkworms was decreased by injection 
of human insulin (Figure 2A). We also found that human 
insulin enhanced the phosphorylation of Akt in cells of 
fat body of silkworm in an in vitro tissue culture system 
and stimulated glucose uptake into the fat body (Figure 
2B) (19). These effects of human insulin were suppressed 
by pre-treatment of wortmannin, which is an inhibitor 
of the phosphoinositide 3-kinase (PI3K), a key factor 
of insulin-signaling pathway (Figure 2B). These results 
suggest that human insulin decreases in sugar level of 
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Figure 1. Increase of sugar level in hemolymph and sugar 
accumulation in various organs of silkworm by intake of 
high glucose diet. (A) Fifth-instar larvae (left). Transition 
and distribution in silkworm of dietary sugar (right). (B) 
Increase of total sugar level in hemolymph of silkworm fed a 
diet containing glucose (10% glucose diet). (C) Impact on the 
accumulation of sugar in various organs (fat body, malpighian 
tubule, midgut, muscle, and silk gland) of silkworm by intake 
of 10% glucose diet. (D) Effect of glucose content in diet 
against total sugar level in hemolymph of silkworm. (E, F) 
Immediate increase of total sugar level (E) and glucose level 
(F) in hemolymph of silkworm by intake of 15% glucose diet. 
Statistical significance between groups was evaluated using 
Student's t test. Figures were taken from Matsumoto et al. (19) 
and partly modified.
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silkworms are not mimicked to type II diabetes model, 
and attempted to establish a new diabetic silkworm 
model showing symptoms of type II diabetes. We found 
that the amounts of triglyceride and free fatty acids in 
hemolymph of silkworms were increased by intake of 
high glucose diet for a longer period, 18 hours (Figure 
3A) (23). Then, we asked whether the hyperlipidemic 
silkworms under this condition would show symptoms 
of type II diabetes. Human patients with hyperlipidemia 
were reported to enhance the phosphorylation of JNK in 
liver by increase in triglyceride level and free fatty acid 
level and show insulin resistance (24). We demonstrated 
that the amount of phosphorylation of JNK in the fat 
body of the hyperlipidemic silkworms was increased 
(Figure 3B), and an increase in the phosphorylation of 
Akt in the fat body by human insulin was suppressed 
(Figure 3C) (23). Moreover, the hyperlipidemic 
silkworms showed higher fasting sugar level in the 
hemolymph and a decrease in glucose tolerance (Figures 
3D and 3F) (23). Therefore, we concluded that the 

hemolymph in silkworms by enhancing glucose uptake 
via activation of insulin-signaling pathway in cells of 
tissues including fat body. 
 In mammals, hypoglycemic effect by activation of 
AMP kinase (adenosine 5'-monophosphate-activated 
protein kinase; AMPK) is known as independent system 
to insulin-signaling pathway. AICAR (5-aminoimidazole-
4-carboxamide ribonucleotide) is a compound that 
activates AMP kinase and promotes to glucose uptake in 
cells of skeletal muscle in mammalians (22). We found 
that administration of AICAR caused decrease in a sugar 
level in hemolymph of the hyperglycemic silkworms 
(Figure 2C). Moreover, the phosphorylation of AMPK in 
cells of fat body was increased by treatment with AICAR 
(Figure 2D). These results suggest that AICAR leads to 
decrease in sugar level in hemolymph of silkworms by 
activation of AMPK in cells of fat body. Therefore, use 
of the hyperglycemic silkworms allows us to evaluate 
anti-diabetic drugs, which activate either insulin-
signaling pathway or AMPK pathway (Figure 2E).

4. Evaluation of pioglitazone and metformin using 
diabetic silkworms

Next, we tested whether hypoglycemic activities 
of type II diabetes drugs such as pioglitazone and 
metformin could be evaluated using the hyperglycemic 
silkworms. The sugar level in hemolymph of the 
hyperglycemic silkworms, which ate glucose diet for 1 
hour, was not decreased by injection of pioglitazone or 
metformin (23). We considered that the hyperglycemic 

Figure 2. Pharmacological evaluation of human insulin and 
AICAR by using hyperglycemic silkworm. (A) Decrease of 
total sugar level in hemolymph of hyperglycemic silkworm by 
injection of human insulin. (B) Increase of Akt phosphorylation 
in isolated fat body of silkworm by treatment of human insulin 
in an in vitro culture system and inhibition by wortmannin, an 
inhibitor of phosphoinositide 3-kinase, against the effect of 
human insulin. (C) Decrease of total sugar level in hemolymph 
of hyperglycemic silkworm by injection of AICAR, an activator 
of AMP kinase. (D) Increase of AMP kinase phosphorylation 
in isolated fat body of silkworm by treatment of AICAR in an 
in vitro culture system. (E) Mechanism of action in silkworm 
by administration of human insulin or AICAR. Statistical 
significance between groups was evaluated using Student's t 
test. Figures were taken from Matsumoto et al. (19) and partly 
modified. Figure 3. Insulin resistance and glucose intolerance in 

diabetic silkworm. (A) Accumulation of triglyceride in 
fat body and increase of triglyceride and free fatty acid in 
hemolymph of silkworm fed a glucose diet (10% glucose diet) 
for 18 h. (B) Increase of JNK phosphorylation in fat body of 
silkworm by intake of 10% glucose diet for 18 h. (C) Insulin 
resistance in fat body of silkworm by intake of 10% glucose 
diet for 18 h. The amount of phosphorylated Akt by insulin was 
determined by Western blot analysis. (D) Increase in fasting 
sugar level in hemolymph of silkworm by intake of 10% 
glucose diet for 18 h. (E) Glucose intolerance in silkworm by 
intake of 10% glucose diet for 18 h. (F) Mechanism of onset of 
insulin resistance in the diabetic silkworm. N.D.: normal diet. 
G.D.: glucose diet. Statistical significance between groups was 
evaluated using Student's t test. *p < 0.05. Figures were taken 
from Matsumoto et al. (23) and partly modified.



www.ddtjournal.com

Drug Discoveries & Therapeutics. 2016; 10(1):19-23.22

hyperlipidemic silkworms show the symptoms of type 
II diabetes. 
 Next, we tested whether hypoglycemic effects 
of pioglitazone and metformin can be shown in the 
diabetic silkworms. As a result, fasting sugar level in 
hemolymph of the diabetic silkworms was decreased 
by injection of pioglitazone or metformin, and glucose 
intolerance was also suppressed (Figure 4) (23). These 
results suggest that the diabetic silkworms are useful for 
evaluation of hypoglycemic effects of type II diabetes 
drugs, such as pioglitazone and metformin.

5. Drug discovery of anti-diabetic drugs using 
silkworm

Our next challenge in future will be how to screen 
candidates of anti-diabetic drugs using the diabetic 
silkworms. Since silkworms are suitable for evaluation 
of therapeutic effects with a large number of individual 
animals, the evaluation systems by monitoring the 
therapeutic effects of candidates using silkworms seem 
to be useful for following subjects: i). Identification and 
purification of active compounds in natural sources such 
as herbal medicines and foods, ii). Screening of effective 
compounds from chemical libraries, iii). Optimization 
of active compounds by chemical modifications. Some 
herbal medicines and food are known to have empirically 

hypoglycemic effect. However, the active compounds 
are not yet identified in most cases. Identification by 
structural determination of the active compounds purified 
by monitoring the hypoglycemic activities using diabetic 
silkworms is a conceivable approach. We have reported 
that polygalactose was identified as an active compound 
in Rehmannia Radix by monitoring the hypoglycemic 
activities using the hyperglycemic silkworms (19). If 
large numbers of chemically synthesized compounds are 
subjected in the evaluation systems using silkworm, it 
will be possible to select a most active compound having 
the hypoglycemic activity. The selected compound 
should be further evaluated in pre-clinical trials using 
mammalian animal models such as mice, and then would 
be transferred to clinical trials with human patients 
(Figure 5). Research using the silkworms is considered to 
be effective at the first stage before the pre-clinical trials.

6. Conclusion

In this review, we described that the sugar level in 
hemolymph of the silkworms are increased by intake of 
high glucose diet. We noted that the silkworm models 
are useful for evaluation of anti-diabetic drugs for both 
type I diabetes and type II diabetes. Our study is the first 
report to propose a screening method of anti-diabetic 
drugs using invertebrates.
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