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Diabetic silkworms for evaluation 
of therapeutically effective drugs 
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We previously reported that sugar levels in the silkworm hemolymph, i.e., blood, increase 
immediately (within 1 h) after intake of a high-glucose diet, and that the administration of human 
insulin decreases elevated hemolymph sugar levels in silkworms. In this hyperglycemic silkworm 
model, however, administration of pioglitazone or metformin, drugs used clinically for the treatment 
of type II diabetes, have no effect. Therefore, here we established a silkworm model of type II 
diabetes for the evaluation of anti-diabetic drugs such as pioglitazone and metformin. Silkworms 
fed a high-glucose diet over a long time-period (18 h) exhibited a hyperlipidemic phenotype. In these 
hyperlipidemic silkworms, phosphorylation of JNK, a stress-responsive protein kinase, was enhanced 
in the fat body, an organ that functionally resembles the mammalian liver and adipose tissue. Fat 
bodies isolated from hyperlipidemic silkworms exhibited decreased sensitivity to human insulin. The 
hyperlipidemic silkworms have impaired glucose tolerance, characterized by high fasting hemolymph 
sugar levels and higher hemolymph sugar levels in a glucose tolerance test. Administration of 
pioglitazone or metformin improved the glucose tolerance of the hyperlipidemic silkworms. These 
findings suggest that the hyperlipidemic silkworms are useful for evaluating the hypoglycemic 
activities of candidate drugs against type II diabetes.

Diabetes, a disease characterized by chronic hyperglycemia and impaired glucose tolerance, has many 
adverse effects, such as retinopathy, renal disease, and peripheral neuropathy1. Insulin, a peptide hor-
mone, has potent hypoglycemic activity, and is used clinically to treat diabetes2. The number of patients 
with type II diabetes, which is associated with insulin resistance, is increasing worldwide3,4. Drugs that 
ameliorate insulin resistance are often prescribed for patients with type II diabetes, but drug-resistance 
and side effects are major concerns5,6. Thus, the development of novel anti-diabetic drugs is urgently 
needed.

Plasma glucose levels are regulated by tissue uptake and metabolism throughout the body. Thus, eval-
uation of anti-diabetic drugs requires the use of an appropriate animal model in which plasma glucose 
levels can be quantitatively determined7. Mammals such as mice and rats are used to screen anti-diabetic 
drugs, but the high cost of maintaining a large number of animals as well as the ethical issues surround-
ing animal welfare are serious drawbacks of these models. Experiments using animal models should be 
performed following the 3Rs concept (Replacement, Reduction, and Refinement), which is an interna-
tionally recognized principle for responsibly conducting animal experiments8 for drug development. The 
establishment of new invertebrate animal models of diabetes is consistent with the idea of “Replacement”. 
To overcome the high cost and ethical aspects of using mammalian animal models for drug develop-
ment, several disease models have been established using invertebrate model animals such as fruit flies 
(Drosophila melanogaster) and nematodes (Caenorhabditis elegans)9–16. The small body sizes of these 
animals, however, make it difficult to inject test samples and collect hemolymph.
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We have proposed the use of silkworms (Bombyx mori) as an animal model for the primary screening 
of anti-diabetic drugs, as silkworms exhibit slow moving behavior and their larger body size is adequate 
for injecting test samples. Hemolymph sampling methods for determining sugar levels in the silkworm 
are well established17. Furthermore, silkworm infection models are useful for quantitative evaluation of 
the therapeutic activities of anti-bacterial, anti-fungal, and anti-viral drugs18–21. We also observed com-
mon pharmacokinetic features of chemicals in silkworms and mammals22. These properties of silkworms 
are highly advantageous for the biochemical experiments that are necessary for evaluating the therapeu-
tic effects of candidate drugs.

In both invertebrates and mammalian animals, blood sugar levels are regulated by the insulin-signaling 
pathway. In silkworms, bombyxin acts as an insulin homolog23. We previously reported the usefulness of 
hyperglycemic silkworms, established by feeding a high-glucose diet for less than 1 h, for evaluation of the 
hypoglycemic effects of human insulin and 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside 
(AICAR), an AMP activated protein kinase (AMPK) activator24. We also identified a compound with 
hypoglycemic activity in an herbal medicine using hyperglycemic silkworms24. Based on these findings, 
we proposed that silkworms are suitable for screening large numbers of compounds to identify candidate 
drugs with hypoglycemic activities.

While there are a number of advantages of using silkworms for screening compounds with hypo-
glycemic activity, the previously reported model24 was problematic for evaluating drugs against type II 
diabetes due to the lack of evidence that the hyperglycemic silkworms exhibited impaired glucose tol-
erance, which is a characteristic feature of type II diabetes. Furthermore, administration of pioglitazone 
or metformin, drugs used to treat type II diabetes, did not decrease the hemolymph sugar levels of the 
hyperglycemic silkworms (Supplementary Fig. 1). Therefore, the previous method of preparing a hyper-
glycemic silkworm model by short-term feeding of a high-glucose diet is not a suitable model of type II 
diabetes in humans. In the present study, we aimed to establish a type II diabetes model using silkworms 
to evaluate anti-diabetic drugs. In mammals such as mice, rats, and humans, continuous intake of a 
high-calorie diet leads to obesity and insulin resistance1. Therefore, we hypothesized that silkworms fed 
a high-glucose diet over a long time-period might exhibit phenotypes of type II diabetes.

In this paper, we report that silkworms fed a high-glucose diet over a long time-period (18 h) exhib-
ited abnormal lipid metabolism, insulin resistance, and impaired glucose tolerance, and that injection 
of pioglitazone and metformin decreased fasting hemolymph sugar levels in silkworms. This is the first 
report that the therapeutic effects of drugs for type II diabetes can be evaluated using an invertebrate 
animal.

Results
Hyperlipidemic phenotypes of silkworms fed a high-glucose diet for a long time-period, 
18 h.  In the present study, we determined the conditions in which silkworms exhibit the phenotypes of 
impaired glucose tolerance and insulin resistance, characteristic features of type II diabetes. Obese mice, 
which exhibit insulin resistance induced by continuous intake of a high-fat diet, accumulate glycogen 
and triglycerides in the liver and free fatty acids in the blood25. Therefore, we first examined glycogen 
and lipid accumulation in the fat bodies and hemolymph of silkworms fed a diet containing 10% glucose 
(high-glucose diet) over a long time-period (18 h). The amount of glycogen in the fat bodies of silkworms 
fed a high-glucose diet was 4-fold higher than that of normal diet-fed silkworms (Fig. 1A). Fat bodies 
isolated from silkworms fed a high-glucose diet were more strongly stained with Oil red O than those 
from silkworms fed a normal diet (Fig. 1B,C). The amount of triglycerides in the fat bodies of silkworms 
fed a high-glucose diet was 1.4-fold higher than that of normal diet-fed silkworms (Fig.  1D). On the 
other hand, the amount of free fatty acids in the fat bodies of the high-glucose diet-fed silkworms was 
not significantly different from that of the normal diet-fed silkworms (Fig.  1E). The amounts of both 
triglycerides and free fatty acids in the hemolymph of silkworms fed a high-glucose diet were higher than 
those of normal silkworms (Fig. 1F,G). These findings suggest that feeding on a high-glucose diet for a 
long time-period leads to abnormal lipid metabolism in silkworms. We named this silkworm model the 
“hyperlipidemic silkworm”.

Stimulation of c-Jun N-terminal kinase (JNK) phosphorylation in the fat bodies of the hyper-
lipidemic silkworms.  Increases in the amounts of triglycerides and free fatty acids in blood and 
tissues, such as liver and adipose tissues, are considered to cause insulin resistance in the cells of these 
compartments26–28. Excess amounts of free fatty acids in the blood leads to JNK activation in tissues 
like the liver, and causes insulin resistance through inhibition of the insulin-signaling pathway27. We 
examined the JNK phosphorylation level in the fat bodies of the hyperlipidemic silkworms and found 
that phospho-JNK was increased in the hyperlipidemic silkworms compared with the normal silkworms 
(Fig. 2A). We further examined the effect of palmitate, a free fatty acid, against the phosphorylation of 
JNK in the fat bodies of normal silkworms using an in vitro tissue culture system. The amount of phos-
phorylated JNK in the fat body was increased by palmitate treatment (Fig. 2B). These findings suggest 
that hyperlipidemia stimulates JNK phosphorylation in the fat bodies of silkworms.

Insulin resistance in the hyperlipidemic silkworms.  Cells of the liver and adipose tissues of dia-
betic mammals, such as mice and rats, exhibit reduced capacities to respond to insulin27,28. Therefore, we 
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Figure 1.  Changes in the amounts of glycogen, triglycerides, and free fatty acids in the fat body and 
hemolymph of silkworms fed a high-glucose diet for 18 h. (A–C) Silkworms were fed a normal diet (N.D.) 
or a diet containing 10% (w/w) glucose (G.D.) for 18 h, and then the silkworm fat bodies were isolated. 
(A) The amounts of glycogen in the silkworm fat bodies were determined using the anthrone-sulfuric 
acid method (n =  7/group). (B) Fat bodies were stained with Oil Red O. (C) Quantification of Oil Red O 
extracted from the stained fat bodies (n =  3/group). (D–G) Silkworms were fed a normal diet (N.D.) or a 
diet containing 10% (w/w) glucose (G.D.) for 18 h, and the amounts of triglycerides (D,F) and free fatty 
acids (E,G) in the silkworm fat bodies and hemolymph were determined (n =  8/group). Data represent 
mean ±  SEM. Significant differences between groups were evaluated using Student’s t-test.

Figure 2.  Activation of JNK phosphorylation in the fat body cells of hyperlipidemic silkworms. (A) 
Silkworms were fed a normal diet (N.D.) or a diet containing 10% (w/w) glucose (G.D.) for 18 h, and the 
fat bodies of the silkworms were isolated. Phosphorylated JNK and β -actin were determined by Western 
blot analysis. (B) Silkworms were fed a normal diet (N.D.) for 18 h, and then the silkworm fat bodies were 
isolated. Fat bodies were cultured in Grace’s insect medium (Life technologies) with 0.2% Bovine serum 
albumin (BSA) or palmitate (final conc. 500 μ M and 0.2% BSA) at 27 °C for 1 h. Phosphorylated JNK and 
β -actin were determined by Western blot analysis. Samples were loaded in the same gel. Cropped blots were 
used. Full-length blots are presented in Supplementary Fig. 6.
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hypothesized that fat body cells of the hyperlipidemic silkworms might also exhibit insulin resistance. We 
previously reported that Akt phosphorylation in the cells of isolated fat bodies is stimulated by treatment 
with human insulin in an in vitro tissue culture system24. In the present study, we isolated the fat bodies 
from the hyperlipidemic silkworms and normal silkworms and compared their insulin sensitivities in the 
in vitro tissue culture system. We found that while insulin treatment enhanced Akt phosphorylation in 
fat bodies isolated from normal silkworms, this effect was smaller in fat bodies from the hyperlipidemic 
silkworms (Fig. 3A,B). We further examined the effect of palmitate against Akt phosphorylation in the 
fat bodies of normal silkworms with or without the co-treatment of human insulin. The amount of phos-
phorylated Akt in the silkworm fat bodies treated with palmitate was decreased under the insulin-treated 
condition (Fig. 3C). On the other hand, the amount of phosphorylated Akt in the fat bodies of silkworms 
was not changed by adding glucose to the culture medium to a final concentration of 350 mg/dL, which 
matches the glucose level in the hemolymph of hyperlipidemic silkworms (Supplementary Fig. 2). These 
findings suggest that the cells in the fat body of the hyperlipidemic silkworms are insulin-resistant.

Impaired glucose tolerance of the hyperlipidemic silkworms.  Insulin resistance caused by 
continuous intake of a high-calorie diet leads to impaired glucose tolerance in mammals7,28. Thus, we 
tested whether the hyperlipidemic silkworms exhibit impaired glucose tolerance. Silkworms were fed 
a high-glucose diet for 18 h, and then further reared without food for 24 h (Fig.  4A). After feeding 
on the high-glucose diet for 18 h, the level of total sugar in the hemolymph of the silkworms fed the 
high-glucose diet was 2.4-fold higher than that of the normal silkworms (Fig.  4B). Furthermore, we 
determined the level of glucose in hemolymph of the silkworms (Supplementary Fig. 3). The higher 
total sugar levels in the hemolymph of the silkworms fed the high-glucose diet persisted even after 
24 h of starvation (Fig. 4C). Next, we performed a glucose tolerance test on the silkworms according to 
the protocol shown in Fig. 5A. Hemolymph sugar levels were significantly higher at 15, 30, 60, 90, and 
120 min after injecting glucose in the hyperlipidemic silkworms compared with the normal silkworms 
(Fig. 5B). The area under the curve of the plots of the hyperlipidemic silkworms was 2-fold greater than 
that of the normal silkworms (Fig. 5C). We tested whether the JNK, Akt, and AMPK signaling pathways 
are altered in the fat bodies of the hyperlipidemic silkworms when injected with glucose. The amount of 
phosphorylated Akt in the fat bodies of hyperlipidemic silkworms injected with glucose was decreased 
compared to normal silkworms (Fig. 5D). On the other hand, the amounts of phosphorylated JNK and 

Figure 3.  Decrease in Akt phosphorylation facilitated by human insulin in cells of fat body in the 
hyperlipidemic silkworm. (A,B) Silkworms were fed a normal diet (N.D.) or a diet containing 10% (w/w) 
glucose (G.D.) for 18 h, and then the silkworm fat bodies were isolated. (A) Fat bodies were cultured in 
Grace’s insect medium with or without human insulin (final conc. 160 μ g/ml) at 27 °C for 0-20 min. (B) 
Fat bodies were cultured in Grace’s insect medium with or without human insulin (final conc. 0-160 μ g/
ml) at 27 °C for 15 min. (C) Silkworms were fed a normal diet (N.D.) for 18 h, and then the fat bodies were 
isolated. Fat bodies were cultured in Grace’s insect medium with 0.2% BSA or palmitate (final conc. 500 μ M) 
with 0.2% BSA at 27 °C for 1 h. Human insulin (final conc. 160 μ g/ml) or Grace’s insect medium were added 
to the culture medium, and the fat bodies were further incubated at 27 °C for 20 min. Phosphorylated Akt 
and β -actin were determined by Western blot analysis. Samples were loaded in the same gel. Cropped blots 
were used. Full-length blots are presented in Supplementary Fig. 6.
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AMPK in the fat bodies of hyperlipidemic silkworms injected with glucose were not altered (Fig. 5D). 
These findings suggest that the hyperlipidemic silkworms exhibit impaired glucose tolerance.

Improved glucose tolerance in hyperlipidemic silkworms administered pioglitazone or 
metformin.  Pioglitazone and metformin are clinically used for the treatment of type II diabetes29. 
We tested whether the hyperlipidemic silkworms would respond to these drugs. We fed silkworms 
a glucose-containing diet for 18 h, and then each drug was injected into the silkworm hemolymph 
(Fig. 6A). Administration of either pioglitazone or metformin reduced the fasting hemolymph sugar lev-
els of the hyperlipidemic silkworms (Fig. 6B,C). We then tested whether the impaired glucose tolerance 
of the hyperlipidemic silkworms observed in the glucose tolerance test could be improved by injecting 
pioglitazone or metformin (Fig. 7A). The results demonstrated that hemolymph sugar levels of the hyper-
lipidemic silkworms pretreated with pioglitazone or metformin were significantly lower 45 min after the 
injection of glucose compared with silkworms injected with control solution (Fig. 7B,D). The area under 
the curve of the plots of the hyperlipidemic silkworms injected with pioglitazone or metformin was sig-
nificantly smaller than that of the silkworms injected with control solution (Fig. 7C,E). These findings 
suggest that pioglitazone and metformin improved glucose tolerance in the hyperlipidemic silkworms.

Discussion
In this study, we aimed to establish a type II diabetes model using silkworms for evaluating anti-diabetic 
drugs. We found that in silkworms, intake of a high-glucose diet for 18 h leads to the development of 
hyperlipidemia, insulin resistance, and impaired glucose tolerance. These characteristics of the hyper-
lipidemic silkworm resemble the symptoms of type II diabetes in humans. Moreover, administration 
of pioglitazone and metformin reduced the fasting hemolymph sugar levels of the hyperlipidemic silk-
worms. These findings support our notion that the hyperlipidemic silkworm model we established here 

Figure 4.  Increases in fasting hemolymph sugar levels in the hyperlipidemic silkworm. (A) Experimental 
design. (B) Silkworms were fed a normal diet (N.D.) or a diet containing 10% (w/w) glucose (G.D.) for 
18 h. Hemolymph sugar levels of the silkworms were determined using the phenol-sulfuric acid method. 
(C) Silkworms were fed a normal diet (N.D.) or a diet containing 10% (w/w) glucose (G.D.) for 18 h, and 
then the diets were removed. Silkworm hemolymph sugar levels were determined after starvation for 24 h 
(n =  5-7/group). Data represent mean ±  SEM. Significant differences between groups were evaluated using 
Student’s t-test.
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could be regarded as a model of type II diabetes that is useful for evaluating the therapeutic activities of 
anti-diabetic drugs. We propose that this novel animal model will be useful for monitoring the thera-
peutic activities of candidate compounds for the treatment of type II diabetes.

We developed an in vitro insulin resistance test using fat bodies isolated from silkworms and a glucose 
tolerance test using individual silkworms. These assays may allow us to study the molecular mechanisms 
of insulin resistance and impaired glucose tolerance in the hyperlipidemic silkworms. Nonalcoholic fatty 
liver disease, in which triglycerides accumulate in the liver, is tightly associated with insulin resistance 
and is thus a marked feature of type II diabetes28. Continuous intake of a high calorie diet in mam-
mals causes the accumulation of triglycerides in the liver and free fatty acids in the blood7. Further, the 
increase of free fatty acids in the blood activates JNK in the liver, leading to the development of insulin 
resistance25–27. We speculate that feeding silkworms a high-glucose diet for 18 h induces the accumulation 
of triglycerides in the fat bodies, which leads to an increase of free fatty acids in the hemolymph. The 
hyperlipidemic silkworm might thus also serve as a disease model of nonalcoholic fatty liver disease. 
Moreover, analyses of jnk1 gene-knockout mice indicate that JNK in the cells of liver, adipose tissue, and 
muscle plays a critical role in adiposity and insulin resistance caused by feeding on a high-fat diet30. We 
assume that the accumulation of free fatty acids in the silkworm hemolymph activates JNK in the fat 
body cells, resulting in insulin resistance and finally in the development of impaired glucose tolerance. 
Recently, it was reported that fruit flies, Drosophila melanogaster, fed a glucose diet exhibit the accu-
mulation of lipid in whole body homogenate along with insulin resistance14. Together with our present 
findings, we believe that the onset of diabetes induced by a high-calorie diet is a universal phenomenon 
that occurs not only in mammals, but also in insects such as fruit flies and silkworms. Previous studies 
suggest the association of hemolymph sugar level and development in insects. Trehalose and glucose 

Figure 5.  Impaired glucose tolerance of the hyperlipidemic silkworm. (A) Experimental design. (B) 
Silkworms were fed a normal diet (N.D.) or a diet containing 10% (w/w) glucose (G.D.) for 18 h, and 
then the diets were removed. After incubation for 24 h, 100 μ l of glucose (75 mg/ml) was injected into the 
silkworm hemolymph and the hemolymph sugar levels were determined at 0, 15, 30, 60, 90, and 120 min 
(n =  5/group). Data represent mean ±  SEM. Asterisks indicate statistical significance based on Student’s t-test 
(p <  0.05). (C) Area under the curves of hemolymph sugar levels in Fig. 5B were calculated (n =  5/group). 
Data represent mean ±  SEM. Significant differences between groups were evaluated using Student’s t-test. (D) 
Silkworms were fed a normal diet (N.D.) or a diet containing 10% (w/w) glucose (G.D.) for 18 h, and then 
the diets were removed. After 24 h, 100 μ l of glucose (75 mg/ml) was injected into the silkworm hemolymph 
and the silkworms were further kept for 30 min. Phosphorylated Akt, phosphorylated JNK, phosphorylated 
AMPK and β -actin in the fat bodies were determined by Western blot analysis. Samples were loaded in the 
same gel. Cropped blots were used. Full-length blots are presented in Supplementary Fig. 6.
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levels in the hemolymph of the last larval instar of Manduca sexta changes depending on its develop-
mental age31. Drosophila melanogaster larvae fed a high glucose diet result in the delay of pupalization32. 
We previously reported that silkworms fed a high glucose diet showed growth defect24. Thus, there is a 
possibility that the change of sugar levels observed in the hyperlipidemic silkworms is a result of delay in 
developmental age. We monitored the hemolymph sugar levels in silkworms fed a normal diet for 2 days 
and found that the sugar concentration does not change within this time-period (Supplementary Fig. 4). 
This result suggests that the sugar levels in hemolymph of silkworms do not change in our experimental 
schedule. Therefore, we consider that the changes observed in the hyperlipidemic silkworms could not 
be explained by the differences in developmental age.

In skeletal muscle cells, AMPK is shown to be activated by exercise and fuel deprivation, and its acti-
vation is related to glucose and fatty acid metabolisms33,34. Furthermore, phosphorylation of AMPK in 
cells of the skeletal muscle is an effective marker of type II diabetes33,34. In the hyperlipidemic silkworms, 
however, AMPK phosphorylation level was not significantly altered in the fat body compared to normal 
silkworms.

Figure 6.  Decrease in fasting hemolymph sugar levels in the hyperlipidemic silkworm by administration 
of pioglitazone and metformin. (A) Experimental design. (B,C) Silkworms were fed a diet containing 10% 
(w/w) glucose (G.D.) for 18 h. (B) Pioglitazone (250 μ g/larvae) or control solution (0.01 M HCl in PBS) was 
injected into the silkworm hemolymph. (C) Metformin (200 μ g/larvae) or saline (0.9% NaCl) was injected 
into the silkworm hemolymph. Hemolymph sugar levels of the silkworms were determined after starvation 
for 24 h (n =  7-8/group). Bar represents mean. Significant differences between groups were evaluated using 
Student’s t-test.
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Figure 7.  Improved glucose tolerance in the hyperlipidemic silkworm by administration of pioglitazone 
or metformin based on a glucose tolerance test. (A) Experimental design. (B,C) Silkworms were fed 
a diet containing 10% (w/w) glucose (G.D.) for 18 h, and then the diets were removed. (B) Pioglitazone 
(250 μ g/larvae) or control solution (0.01 M HCl in PBS) was injected into the silkworm hemolymph. 
After incubation for 24 h, 100 μ l of glucose (75 mg/ml) was injected into the silkworm hemolymph and 
hemolymph sugar levels were determined at 0, 45, 90, 135, and 180 min (n =  8/group). Data represent 
mean ±  SEM. Asterisks indicate statistical significance based on Student’s t-test (p <  0.05). (C) Area under 
the curves of hemolymph sugar levels in Fig. 7B were calculated (n =  8/group). Data represent mean ±  SEM. 
Significant differences between groups were evaluated using Student’s t-test. (D,E) Silkworms were fed 
a diet containing 10% (w/w) glucose (G.D.) for 18 h, and then the diets were removed. (D) Metformin 
(200 μ g/larvae) or saline (0.9% NaCl) was injected into the silkworm hemolymph. After incubation for 24 h, 
100 μ l of glucose (75 mg/ml) was injected into the silkworm hemolymph and hemolymph sugar levels were 
determined at 0, 45, 90, 135, and 180 min (n =  7/group). Data represent mean ±  SEM. Asterisks indicate 
statistical significance analyzed by Student’s t-test (p <  0.05). (E) Area under the curves of hemolymph sugar 
levels in Fig. 7D were calculated (n =  7/group). Data represent mean ±  SEM. Significant differences between 
groups were evaluated using Student’s t-test.
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We found that the administration of pioglitazone and metformin led to a decrease in the hemolymph 
sugar levels of the hyperlipidemic silkworms after starvation for 24 h. To our knowledge, this is the first 
description of an invertebrate model animal suitable for evaluating the hypoglycemic actions of drugs 
for the treatment of type II diabetes. We performed an experiment to examine the phosphorylation level 
of JNK, AMPK, and Akt after injection of pioglitazone or metformin. The amounts of phosphorylated 
JNK, AMPK, and Akt in the fat bodies of hyperlipdemic silkworms 24 h post drug treatment were not 
significantly altered compared to control silkworms (Supplementary Fig. 5). The findings suggest that 
pioglitazone and metformin do not changes the JNK, Akt, and AMPK signaling pathway for 24 h after 
injection to hyperlipidemic silkworm. Pioglitazone, a thiazolidine derivative, improves insulin resistance 
by enhancing the functions of the transcription factor peroxisome proliferator-activated receptor-gamma 
(PPARγ )35. In mammals, PPARγ  is highly expressed in adipose tissue as well as in the liver and skeletal 
muscle. The thiazolidine derivatives act on various organs and reduce blood glucose levels. In adipose 
tissue, thiazolidine derivatives induce an increase in the number of small adipocytes that are sensitive to 
insulin; upregulate the expression of adiponectin, which is involved in the regulation of blood glucose 
level; and enhance fatty acid uptake. In skeletal muscle, thiazolidine derivatives upregulate the expression 
of PPARγ , stimulate sugar uptake, and enhance glycogen synthesis. In the liver, thiazolidine derivatives 
inhibit gluconeogenesis. Several thiazolidinediones and their derivatives were identified as inhibitors of 
mitochondrial pyruvate carrier (MPC), which is essential for mitochondrial pyruvate transport36–38. MPC 
is highly conserved among yeast, drosophila, and human and is required for pyruvate metabolism39,40. 
Pyruvate is the end-product of glycolysis involved in the metabolism of lipid, amino acids, and glucose41. 
A recent study demonstrated that mild MPC inhibition by pioglitazone increased plasma membrane glu-
cose uptake in C2C12 myoblasts37. We therefore speculate that pioglitazone may also act as an inhibitor 
of MPC in silkworms and enhance plasma membrane sugar uptake. On the other hand, metformin, a 
biguanide agent, contributes to the improvement of diabetic conditions by activating AMPK in the liver 
cells and skeletal muscle cells of mammals42. Furthermore, a recent study showed that metformin directly 
inhibits the enzyme activity of mitochondrial glycerophosphate dehydrogenase leading to the suppres-
sion of gluconeogenesis43. Therefore, we assume that metformin acts as an inhibitor of mitochondrial 
glycerophosphate dehydrogenase in cells of various organs of the silkworm. This action of metformin 
may contribute to the decrease in hemolymph sugar level of the hyperglycemic silkworms.

In conclusion, this silkworm model mimicking type II diabetes is useful for the evaluation of 
anti-diabetic drugs that are effective for type II diabetes, and may potentially contribute to the discovery 
of new anti-diabetic drugs.

Methods
Silkworm rearing conditions, glucose diet preparation, and injection methods.  Silkworms 
were raised from fertilized eggs (Hu·Yo x Tukuba·Ne; Ehime Sanshu) to fifth-instar larvae. The fifth-instar 
larvae were fed a diet containing 10% glucose (high-glucose diet) for 18 h. The high-glucose diet was pre-
pared by mixing Silkmate 2S (Nosan Corporation) and D-glucose. Injection experiments were performed 
as previously described18. The test sample (50 μ l) was injected into the silkworm hemolymph through the 
dorsal surface using a 27-gauge needle.

Determination of hemolymph sugar levels.  Hemolymph sugar levels were determined by the 
previously described method24. Hemolymph (5 μ l) was collected from the silkworms through a cut on 
the first proleg, and immediately mixed with 9 volumes of 0.6 N perchloric acid. The supernatant, after 
centrifugation at 15,000 rpm (20,400 g) for 3 min, was appropriately diluted with distilled water for sugar 
determination. Total sugar in the hemolymph was determined using the phenol-sulfuric acid method44. 
Serially diluted D-glucose solution was used as a standard.

Determination of fat body glycogen amounts.  The fat body was isolated from the dorsolateral 
region of each larvae, and rinsed in insect saline (10 mM Tris/HCl, 130 mM NaCl, 5 mM KCl, and 1 mM 
CaCl2). The fat body (wet weight 5~20 mg) was lysed in 50 μ l of 30% KOH with boiling for 10 min. 
Distilled water (150 μ l) and ethanol (300 μ l; final 60%) were added and the mixture was boiled for 10 min. 
The samples were incubated at 4 °C overnight and centrifuged at 15,000 rpm for 3 min. The precipitate 
was dissolved in distilled water to give a concentration of 100 mg fat body/ml by boiling for 10 min. 
The resulting fat body extract was used for sugar quantification by the anthrone-sulfuric acid method45. 
Serially diluted D-glucose solution was used as a standard. The amount of sugar in 1 mg of fat body was 
calculated.

Determination of triglyceride and free fatty acid amounts.  The fat body (wet weight 1~10 mg) 
was rinsed in insect saline (10 mM Tris/HCl, 130 mM NaCl, 5 mM KCl, and 1 mM CaCl2). The amounts 
of triglycerides and free fatty acids were determined using quantification kits based on enzymatic reac-
tion. Triglyceride levels were measured using Triglyceride E-test Wako (Wako). Free fatty acid levels were 
measured using NEFA C-test Wako (Wako).
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Chemicals.  Recombinant human insulin was purchased from Wako and dissolved in 0.9% NaCl con-
taining 0.1% acetic acid. Pioglitazone was purchased from LKT Laboratories. Five milligrams of piogl-
itazone was dissolved in 100 μ l of 0.1 M HCl, and boiled for 4 min. The solution was added to 900 μ l of 
phosphate buffered saline (PBS) and mixed by vortex. Metformin (1,1-dimethylbiguanide hydrochloride) 
was purchased from Wako and dissolved in 0.9% NaCl.

Oil red O staining of the silkworm fat bodies.  The isolated fat bodies were rinsed twice in insect 
saline (10 mM Tris/HCl, 130 mM NaCl, 5 mM KCl, and 1 M CaCl2) and then fixed in 3.7% formaldehyde 
at room temperature for 30 min. The fat bodies were treated with 60% isopropanol for 1 min and then 
transferred to Oil red O stain solution (1.8 mg/ml) and incubated at room temperature for 20 min. After 
incubation, the fat body samples were rinsed 5 times in 60% isopropanol. The dried fat body samples 
were immersed in 200 μ l xylene and sonicated. The fat body samples were centrifuged at 10,000 rpm for 
3 min and absorbance of the supernatant was measured at 490 nm. The absorbance per gram of fat body 
was calculated.

Immunoblot analysis.  Western blot analysis for detection of proteins in the silkworm fat bodies 
was performed as previously described24. Briefly, fat bodies isolated from the dorsolateral region of the 
larvae were rinsed in insect saline (10 mM Tris/HCl, 130 mM NaCl, 5 mM KCl, and 1 mM CaCl2) and 
then transferred to NP-40 lysis buffer (10 mM Tris/HCl [pH 7.5], 150 mM NaCl, 0.5 mM EDTA, 1 mM 
dithiothreitol, 1% NP-40, 10 mM NaF, and 1 mM Na3VO4), and lysed by sonication using Sonifier 450 
(Branson). The mixture was precipitated with 5% trichloroacetic acid, electrophoresed in a 12.5% poly-
acrylamide gel, and electroblotted onto a polyvinylidene difluoride membrane (Millipore), probed with 
antibody, and detected using Western Lightning (Perkin-Elmer Life Sciences). The following antibodies 
were used for immunoblot analysis: rabbit polyclonal antibodies to, phosphorylated Akt (Cell Signaling), 
phosphorylated JNK (Promega), phosphorylated AMPK (Cell Signaling) and β -actin (Cell Signaling). 
Quantification of the amount of phosphorylated JNK, phosphorylated Akt, or phosphorylated AMPK 
was performed by densitometric scanning with Image Gauge software. The relative amount of phospho-
rylated JNK or phosphorylated Akt or phosphorylated AMPK to β -actin was determined.

Glucose tolerance test.  Silkworms were fed a high-glucose diet for 18 h, and test sample (50 μ l) was 
injected into the hemolymph of the silkworms (body weight 1.40~1.55 g). After injection, the silkworms 
were reared without food for 24 h. One hundred microliters of glucose solution (75 mg/ml) was injected 
into the hemolymph, and the hemolymph was subsequently collected at the indicated time points for 
sugar quantification. The area under the curve was calculated from the plots of the hemolymph sugar 
levels of each silkworm.

Statistical Analysis.  Data are shown as means ±  standard error of the mean (SEM). Significant dif-
ferences between groups were evaluated using a two-tailed Student’s t test. A p-value of less than 0.05 
was considered statistically significant.

References
1.	 Carver, C. Insulin treatment and the problem of weight gain in type 2 diabetes. Diabetes Educ 32, 910–917, 

doi:10.1177/0145721706294259 (2006).
2.	 Fonseca, V. A. & Haggar, M. A. Achieving glycaemic targets with basal insulin in T2DM by individualizing treatment. Nat Rev 

Endocrinol 10, 276–281, doi:10.1038/nrendo.2014.17 (2014).
3.	 Zimmet, P., Alberti, K. G. & Shaw, J. Global and societal implications of the diabetes epidemic. Nature 414, 782–787, 

doi:10.1038/414782a (2001).
4.	 Kahn, B. B. Type 2 diabetes: when insulin secretion fails to compensate for insulin resistance. Cell 92, 593–596 (1998).
5.	 Yki-Jarvinen, H. Thiazolidinediones. N Engl J Med 351, 1106–1118, doi:10.1056/NEJMra041001 (2004).
6.	 Kahn, S. E. et al. Rosiglitazone decreases C-reactive protein to a greater extent relative to glyburide and metformin over 4 years 

despite greater weight gain: observations from a Diabetes Outcome Progression Trial (ADOPT). Diabetes Care 33, 177–183, 
doi:10.2337/dc09-1661 (2010).

7.	 Kumar, S., Singh, R., Vasudeva, N. & Sharma, S. Acute and chronic animal models for the evaluation of anti-diabetic agents. 
Cardiovasc Diabetol 11, 9, doi:10.1186/1475-2840-11-9 (2012).

8.	 Russell, W. M. S. & Burch, R. L. The principles of humane experimental technique. (Methuen, 1959).
9.	 O’Reilly, L. P. et al. A genome-wide RNAi screen identifies potential drug targets in a C. elegans model of alpha1-antitrypsin 

deficiency. Hum Mol Genet, doi:10.1093/hmg/ddu236 (2014).
10.	 O’Reilly, L. P., Luke, C. J., Perlmutter, D. H., Silverman, G. A. & Pak, S. C. C. elegans in high-throughput drug discovery. Adv 

Drug Deliv Rev 69-70C, 247–253, doi:10.1016/j.addr.2013.12.001 (2014).
11.	 Labuschagne, C. F. & Brenkman, A. B. Current methods in quantifying ROS and oxidative damage in Caenorhabditis elegans and 

other model organism of aging. Ageing Res Rev 12, 918–930, doi:10.1016/j.arr.2013.09.003 (2013).
12.	 Labuschagne, C. F. et al. Quantification of in vivo oxidative damage in Caenorhabditis elegans during aging by endogenous F3-

isoprostane measurement. Aging Cell 12, 214–223, doi:10.1111/acel.12043 (2013).
13.	 Tipping, M. & Perrimon, N. Drosophila as a model for context-dependent tumorigenesis. J Cell Physiol 229, 27–33, doi:10.1002/

jcp.24427 (2014).
14.	 Musselman, L. P. et al. A high-sugar diet produces obesity and insulin resistance in wild-type Drosophila. Dis Model Mech 4, 

842–849, doi:10.1242/dmm.007948 (2011).
15.	 Rudrapatna, V. A., Cagan, R. L. & Das, T. K. Drosophila cancer models. Dev Dyn 241, 107–118, doi:10.1002/dvdy.22771 (2012).
16.	 Hirabayashi, S., Baranski, T. J. & Cagan, R. L. Transformed Drosophila cells evade diet-mediated insulin resistance through 

wingless signaling. Cell 154, 664–675, doi:10.1016/j.cell.2013.06.030 (2013).



www.nature.com/scientificreports/

1 1Scientific Reports | 5:10722 | DOI: 10.1038/srep10722

17.	 Kurokawa, K., Kaito, C. & Sekimizu, K. Two-component signaling in the virulence of Staphylococcus aureus: a silkworm larvae-
pathogenic agent infection model of virulence. Methods Enzymol 422, 233–244, doi:10.1016/S0076-6879(06)22011-1 (2007).

18.	 Kaito, C., Akimitsu, N., Watanabe, H. & Sekimizu, K. Silkworm larvae as an animal model of bacterial infection pathogenic to 
humans. Microb Pathog 32, 183–190, doi:10.1006/mpat.2002.0494 (2002).

19.	 Hamamoto, H. et al. Quantitative evaluation of the therapeutic effects of antibiotics using silkworms infected with human 
pathogenic microorganisms. Antimicrob Agents Chemother 48, 774–779 (2004).

20.	 Matsumoto, Y. et al. Quantitative evaluation of cryptococcal pathogenesis and antifungal drugs using a silkworm infection model 
with Cryptococcus neoformans. J Appl Microbiol 112, 138–146, doi:10.1111/j.1365-2672.2011.05186.x (2012).

21.	 Orihara, Y. et al. A silkworm baculovirus model for assessing the therapeutic effects of antiviral compounds: characterization 
and application to the isolation of antivirals from traditional medicines. J Gen Virol 89, 188–194, doi:10.1099/vir.0.83208-0 
(2008).

22.	 Hamamoto, H., Tonoike, A., Narushima, K., Horie, R. & Sekimizu, K. Silkworm as a model animal to evaluate drug candidate 
toxicity and metabolism. Comp Biochem Physiol C Toxicol Pharmacol 149, 334–339, doi:10.1016/j.cbpc.2008.08.008 (2009).

23.	 Nagata, S., Hakuno, F., Takahashi, S. & Nagasawa, H. Identification of Bombyx mori Akt and its phosphorylation by bombyxin 
stimulation. Comp Biochem Physiol B Biochem Mol Biol 151, 355–360, doi:10.1016/j.cbpb.2008.08.002 (2008).

24.	 Matsumoto, Y., Sumiya, E., Sugita, T. & Sekimizu, K. An invertebrate hyperglycemic model for the identification of anti-diabetic 
drugs. PLoS One 6, e18292, doi:10.1371/journal.pone.0018292 (2011).

25.	 Czaja, M. J. JNK regulation of hepatic manifestations of the metabolic syndrome. Trends Endocrinol Metab 21, 707–713, 
doi:10.1016/j.tem.2010.08.010 (2010).

26.	 Tarantino, G. & Caputi, A. JNKs, insulin resistance and inflammation: A possible link between NAFLD and coronary artery 
disease. World J Gastroenterol 17, 3785–3794, doi:10.3748/wjg.v17.i33.3785 (2011).

27.	 Holzer, R. G. et al. Saturated fatty acids induce c-Src clustering within membrane subdomains, leading to JNK activation. Cell 
147, 173–184, doi:10.1016/j.cell.2011.08.034 (2011).

28.	 Gruben, N., Shiri-Sverdlov, R., Koonen, D. P. & Hofker, M. H. Nonalcoholic fatty liver disease: A main driver of insulin resistance 
or a dangerous liaison? Biochim Biophys Acta 1842, 2329–2343, doi:10.1016/j.bbadis.2014.08.004 (2014).

29.	 Cignarelli, A., Giorgino, F. & Vettor, R. Pharmacologic agents for type 2 diabetes therapy and regulation of adipogenesis. Arch 
Physiol Biochem 119, 139–150, doi:10.3109/13813455.2013.796996 (2013).

30.	 Hirosumi, J. et al. A central role for JNK in obesity and insulin resistance. Nature 420, 333–336, doi:10.1038/nature01137 (2002).
31.	 Tobler, A. & Nijhout, H. F. A switch in the control of growth of the wing imaginal disks of Manduca sexta. PLoS One 5, e10723, 

doi:10.1371/journal.pone.0010723 (2010).
32.	 Rovenko, B. M. et al. High consumption of fructose rather than glucose promotes a diet-induced obese phenotype in Drosophila 

melanogaster. Comp Biochem Physiol A Mol Integr Physiol 180, 75–85, doi:10.1016/j.cbpa.2014.11.008 (2015).
33.	 Ruderman, N. B., Carling, D., Prentki, M. & Cacicedo, J. M. AMPK, insulin resistance, and the metabolic syndrome. J Clin Invest 

123, 2764–2772, doi:10.1172/JCI67227 (2013).
34.	 Coughlan, K. A., Valentine, R. J., Ruderman, N. B. & Saha, A. K. AMPK activation: a therapeutic target for type 2 diabetes? 

Diabetes Metab Syndr Obes 7, 241–253, doi:10.2147/DMSO.S43731 (2014).
35.	 Hauner, H. The mode of action of thiazolidinediones. Diabetes Metab Res Rev 18 (Suppl 2), , S10–15 (2002).
36.	 Hildyard, J. C., Ammala, C., Dukes, I. D., Thomson, S. A. & Halestrap, A. P. Identification and characterisation of a new class of 

highly specific and potent inhibitors of the mitochondrial pyruvate carrier. Biochim Biophys Acta 1707, 221–230, doi:10.1016/j.
bbabio.2004.12.005 (2005).

37.	 Divakaruni, A. S. et al. Thiazolidinediones are acute, specific inhibitors of the mitochondrial pyruvate carrier. Proc Natl Acad Sci 
USA 110, 5422–5427, doi:10.1073/pnas.1303360110 (2013).

38.	 Colca, J. R. et al. Identification of a mitochondrial target of thiazolidinedione insulin sensitizers (mTOT)--relationship to newly 
identified mitochondrial pyruvate carrier proteins. PLoS One 8, e61551, doi:10.1371/journal.pone.0061551 (2013).

39.	 Herzig, S. et al. Identification and functional expression of the mitochondrial pyruvate carrier. Science 337, 93–96, doi:10.1126/
science.1218530 (2012).

40.	 Bricker, D. K. et al. A mitochondrial pyruvate carrier required for pyruvate uptake in yeast, Drosophila, and humans. Science 
337, 96–100, doi:10.1126/science.1218099 (2012).

41.	 Gray, L. R., Tompkins, S. C. & Taylor, E. B. Regulation of pyruvate metabolism and human disease. Cell Mol Life Sci 71, 2577–
2604, doi:10.1007/s00018-013-1539-2 (2014).

42.	 Zhou, G. et al. Role of AMP-activated protein kinase in mechanism of metformin action. J Clin Invest 108, 1167–1174, 
doi:10.1172/JCI13505 (2001).

43.	 Madiraju, A. K. et al. Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase. 
Nature 510, 542–546, doi:10.1038/nature13270 (2014).

44.	 Hodge, J. & Hofreiter, T. in Methods in Carbohydrate Chemistry, Vol. 1 (eds Whistler R. L. & Wolfrom M.L.), 380–394 (Academic 
Press, 1962).

45.	 Wyckhuys, K. A., Strange-George, J. E., Kulhanek, C. A., Wackers, F. L. & Heimpel, G. E. Sugar feeding by the aphid parasitoid 
Binodoxys communis: how does honeydew compare with other sugar sources? J Insect Physiol 54, 481–491, doi:10.1016/j.
jinsphys.2007.11.007 (2008).

Acknowledgments
We thank Ms. Yasue Matsutani (Genome Pharmaceuticals Institute Co., Ltd, Tokyo, Japan) for her 
technical assistance in measuring the hypoglycemic activities of the samples. We thank Ms. Keiko Kataoka 
(University of Tokyo, Tokyo, Japan) and Mr. Takahiro Aihara (Genome Pharmaceuticals Institute Co., 
Ltd, Tokyo, Japan) for their technical assistance in rearing the silkworms. This work was supported 
by a Grant-in-Aid for Scientific Research (KAKENHI) (21790062) for Y.M., Genome Pharmaceuticals 
Institute Co., Ltd., and also in part by the grant from the Ministry of Health, Labour, and Welfare 
(Research on Biological Resources and Animal Models for Drug Development) for K.S.

Author Contributions
Y.M. conceived of the project, designed the research, performed most of the experiments, analyzed the 
data and drafted the paper. M.I. contributed to the glucose tolerance tests. Y.H. and S.M. performed the 
triglyceride and free fatty acid quantification assays. E.S. and T.S. performed the hypoglycemic assays 
using hyperglycemic silkworms. K.S. wrote the paper.



www.nature.com/scientificreports/

1 2Scientific Reports | 5:10722 | DOI: 10.1038/srep10722

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Matsumoto, Y. et al. Diabetic silkworms for evaluation of therapeutically 
effective drugs against type II diabetes. Sci. Rep. 5, 10722; doi: 10.1038/srep10722 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Diabetic silkworms for evaluation of therapeutically effective drugs against type II diabetes

	Results

	Hyperlipidemic phenotypes of silkworms fed a high-glucose diet for a long time-period, 18 h. 
	Stimulation of c-Jun N-terminal kinase (JNK) phosphorylation in the fat bodies of the hyperlipidemic silkworms. 
	Insulin resistance in the hyperlipidemic silkworms. 
	Impaired glucose tolerance of the hyperlipidemic silkworms. 
	Improved glucose tolerance in hyperlipidemic silkworms administered pioglitazone or metformin. 

	Discussion

	Methods

	Silkworm rearing conditions, glucose diet preparation, and injection methods. 
	Determination of hemolymph sugar levels. 
	Determination of fat body glycogen amounts. 
	Determination of triglyceride and free fatty acid amounts. 
	Chemicals. 
	Oil red O staining of the silkworm fat bodies. 
	Immunoblot analysis. 
	Glucose tolerance test. 
	Statistical Analysis. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Changes in the amounts of glycogen, triglycerides, and free fatty acids in the fat body and hemolymph of silkworms fed a high-glucose diet for 18 h.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Activation of JNK phosphorylation in the fat body cells of hyperlipidemic silkworms.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Decrease in Akt phosphorylation facilitated by human insulin in cells of fat body in the hyperlipidemic silkworm.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Increases in fasting hemolymph sugar levels in the hyperlipidemic silkworm.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Impaired glucose tolerance of the hyperlipidemic silkworm.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Decrease in fasting hemolymph sugar levels in the hyperlipidemic silkworm by administration of pioglitazone and metformin.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Improved glucose tolerance in the hyperlipidemic silkworm by administration of pioglitazone or metformin based on a glucose tolerance test.



 
    
       
          application/pdf
          
             
                Diabetic silkworms for evaluation of therapeutically effective drugs against type II diabetes
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10722
            
         
          
             
                Yasuhiko Matsumoto
                Masaki Ishii
                Yohei Hayashi
                Shinya Miyazaki
                Takuya Sugita
                Eriko Sumiya
                Kazuhisa Sekimizu
            
         
          doi:10.1038/srep10722
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10722
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10722
            
         
      
       
          
          
          
             
                doi:10.1038/srep10722
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10722
            
         
          
          
      
       
       
          True
      
   




