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As lifestyle-related diseases like obesity, dyslipidemia, and non-alcoholic fatty liver disease are 
increasing globally, the demand for developing therapeutic agents and health foods remains 
high. However, there is a growing concern worldwide regarding the use of animals for biological 
testing. Herein, we developed a method using the silkworm, Bombyx mori, to evaluate the effects 
of compounds on improving obesity and lipid metabolism. A silkworm obesity and lipid metabolism 
disorder (SOLD) model, fed a 10% glucose diet for 72 h showed increased fat body weight and 
accumulation of neutral fat in the hemolymph and fat body. Administration of fenofibrate reduced 
neutral fat levels in the hemolymph, and epigallocatechin gallate reduced neutral fat levels in 
the hemolymph and fat body. Silkworms with improved lipid metabolism, exhibited activation of 
lipoprotein lipase in muscle tissue, and decreased activities of acetyl-CoA carboxylase, and activation 
of AMPK in the fat body. Furthermore, enhanced fatty acid beta-oxidation contributed to the 
promotion of lipolysis. These effects and mechanisms of action observed in silkworms are similar 
to those found in mammals. These results demonstrate the usefulness of the evaluation system in 
screening materials for their anti-obesity and lipid metabolism improvement effects using the SOLD 
model.
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Today, more than 2.5 billion people worldwide are overweight or have obesity1, excessive fat accumulation, posing 
risk factors for various diseases like type II diabetes, dyslipidemia, cardiovascular disease, and non-alcoholic 
fatty liver disease (NAFLD). The World Health Organization (WHO) defines people with overweight as a body 
mass index (BMI) over 25 kg/m² and people with obesity as over 30 kg/m². However, in Asia, individuals with 
a BMI < 25 kg/m2 face increasing prevalence of hyperglycemia, impaired glucose tolerance, lipid metabolism 
disorder, and metabolic syndrome due to excessive visceral fat accumulation2,3. Most obesity cases are associated 
with lifestyle disorders, such as overeating and lack of exercise. Moreover, low-income countries witness a rapid 
rise in people with obesity due to high-carbohydrate diets centered on staple crops1. Weight loss can prevent or 
slow down the progression of obesity-related diseases, thus, improving dietary habits holds potential to reduce 
health issues and associated medical costs4.

In recent years, various functional ingredients with anti-obesity and lipid metabolism improvement properties 
have been discovered in natural products; specifically, there are considerable reports on polyphenols found in 
plants. Tea polyphenols are known to inhibit lipid absorption, while tea catechins, chlorogenic acid in coffee, 
capsaicin in chili pepper, and curcumin in turmeric inhibit fat accumulation and promote its degradation5. 
While these pharmacological activities have mostly been verified through experiments on mammals, there is a 
growing movement to abolish animal testing due to animal welfare concerns. Consequently, alternative methods 
to animal testing are being advocated6. The primary alternative method is cell culture systems, but accurately 
predicting biological reactions involving interactions between tissues and organs is challenging. Insects, however, 
have attracted attention as pathological models with no animal ethics issues.
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Insects may appear vastly different from humans, but they possess tissues and organs crucial for glucose and 
lipid metabolism, with evolutionarily conserved cell signaling pathways. For instance, insects feature a midgut 
analogous to the mammalian digestive tract, and a fat body analogous to the mammalian liver and adipose 
tissue. Drosophila melanogaster serves as a representative model organism that demonstrate diet-induced obesity 
similar to humans when fed high-sugar or high-fat diets, exhibiting characteristics, such as hyperglycemia, 
increased triglyceride (TG) levels, activation of inflammatory signals, and insulin resistance7–12. Consequently, 
Drosophila are utilized as models for obesity and fatty liver disease to evaluate the effects of plant extracts and 
lactic acid bacteria13–16. Additionally, Drosophila fed a high-fat diet supplemented with fenofibrate (FBT), a drug 
used to treat hyperlipidemia, exhibit lower TG levels in their bodies16, through the precise mechanism remains 
unclear. However, their extremely small body size poses challenges in measuring food intake and collecting 
tissues. In mammals, the liver, muscle, and adipose tissue play crucial roles in lipid metabolism, underscoring 
the importance of assessing metabolic changes in each tissue in an insect model. Moreover, since food intake 
significantly influences fat accumulation and degradation, precise quantification becomes imperative. The 
silkworm, Bombyx mori, has attracted attention as an insect model due to its larger body size.

Fifth instar silkworms are large, measuring about 4–6 cm, facilitating the easy collection of hemolymph, 
fat bodies, and muscle. Moreover, these silkworms, daily, consume food equivalent to their own body weight, 
experiencing significant growth from 1 g after molting to 5 g within three days during which fat accumulates in 
the fat body. This makes silkworms ideal for verifying the effects of diet-induced inhibition of fat accumulation 
and degradation, a process that typically spans 10–25 days in Drosophila, within a few days. Furthermore, when 
fed an artificial diet containing 10% glucose (10GD) for 18 h, silkworms display symptoms similar to human 
lipid metabolism disorders, including hyperglycemia, increased fat body weight, and increased TG levels in fat 
bodies and hemolymph17. Despite these similarities, currently, there are no established evaluation systems for 
lipid metabolism enhancers utilizing silkworms.

In this study, we established a silkworm with obesity and lipid metabolism disorder (SOLD) model by feeding 
the worms with a 10GD for 72 h. Then, we evaluated the usefulness of the model using the therapeutic effect 
of FBT, and epigallocatechin gallate (EGCG). FBT is a hyperlipidemic drug that lowers blood TG by activating 
muscle lipoprotein lipase (LPL)18. It inhibits fat synthesis and increases β-oxidation by activating AMP-activated 
protein kinase (AMPK) in the muscle and liver by activation of peroxisome proliferator-activated receptor 
(PPAR)-α19. EGCG is a food ingredient with reported fat-reducing effects in humans and other mammals. It 
inhibits fat synthesis and enhances β-oxidation through AMPK activation in the liver and muscle20–22. The other 
compounds used were AICAR and antidiabetic drug metformin (MT) as an activator of AMPK, and antidiabetic 
drug pioglitazone (PG), which have no lipid-lowering effect.

Results
Silkworms develop obesity and dyslipidemia when fed a 10% glucose diet (10GD)
Silkworms were divided into groups fed either a normal diet (ND) or a 10GD on the first day of the fifth instar 
(Fig. 1A). The 10GD group showed a decreased food intake and body weight compared to the ND group (Fig. 1B 
and C). Fat body weight was higher in the 10GD group (Fig. 1D and E) showing a time-dependent increase, 
peaking at 72 h. Furthermore, levels of neutral fat (NF) in both the fat body (Fig. 2A) and hemolymph (Fig. 2B), 
as well as levels of hemolymph sugar (Fig. 2C) and bombyxin, a silkworm insulin-like peptide (Fig. 2D), were 
significantly increased in silkworms fed with 10GD for 72 h compared to the ND group. These findings suggest 
that silkworms reared on a 10GD for 72 h develop a phenotype similar to obesity and lipid metabolism disorders 
observed in mammals. 

Evaluation of the effects of hyperlipidemia drugs and anti-obesity functional ingredients on 
lipid metabolism in the silkworm obesity and lipid metabolism disorder (SOLD) model.
To assess the efficacy of the SOLD model, silkworms were fed with 10GD supplemented with FBT, EGCG and 
the AMPK activator AICAR, a target similar to EGCG, and MT and PG, both antidiabetic drugs, for 72 h (n = 
10/group) (Fig. 3A).

In the SOLD silkworms, food intake and body weight decreased (Supplementary Fig. 1 A and B), while fat body 
weight, NF levels in hemolymph and fat bodies, and hemolymph sugar levels significantly increased compared to 
the ND group (Fig. 3B–D). In the FBT group, the hemolymph NF levels decreased in a concentration-dependent 
manner compared to the untreated group (Fig. 3D). The EGCG group exhibited a concentration-dependent 
decrease in NF levels in the fat bodies and a trend in hemolymph (p = 0.08) (Fig. 3C and D) and showed a trend 
toward lower fat body weight compared to the untreated group (Fig. 3B). Moreover, hemolymph sugar levels 
tended to decrease for both compounds compared to the untreated group (Supplementary Fig. 1 C). The AICAR 
group showed a significant reduction in fat body weight  (Fig. 3B) and NF levels in the fat bodies (Fig. 3C).    
However, no improvement was observed in the MT and PG groups. These results indicate that the effects of FBT 
and EGCG on the SOLD model resemble their effects on mammals. 

Mechanism of action underlying the effects of FBT and EGCG on the SOLD model
To clarify the mechanism of action of FBT and EGCG on the SOLD model, we evaluated the activation status 
of enzymes involved in lipid synthesis signaling in fat bodies using western blotting (Fig. 4A). Compared to the 
ND group, the SOLD model showed increased fatty acid synthase (FAS) level (Fig. 4B), along with decreased 
levels of the phosphorylated acetyl-CoA carboxylase (p-ACC) (Fig. 4C), and phosphorylated AMPK (p-AMPK) 
(Fig. 4D). The FBT group displayed an upward trend in p-AMPK and p-ACC levels compared to the untreated 
group. Similarly, the EGCG group showed higher p-AMPK and p-ACC levels compared to the untreated group 
(p < 0.01, p < 0.05). These compounds act similarly to their effects in mammals. The AICAR group showed a 
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decreasing trend in FAS level and a significant increase in p-AMPK and p-ACC levels. While the MT group 
showed an increasing trend in p-AMPK level, the PG group did not differ from the untreated group. 

LPL activity
In mammals, FBT promotes TG degradation in the blood by activating LPL18 and EGCG decreases LPL activity 
in adipose tissue23 and green tea, rich in EGCG, increases LPL activity in muscle24.

In the SOLD model, LPL activity showed no significant differences in either fat body (Fig. 5A) or muscle 
(Fig.  5B) compared to the ND group. However, in the FBT group, there was an increasing trend in muscle 
LPL activity. The EGCG group showed a decreasing trend in fat body LPL activity (p < 0.05) and a significant 
increase in muscle LPL activity compared to the 10GD group (p < 0.01). Furthermore, the AICAR group showed 
a significant decrease in fat body LPL and a tendency toward increased muscle LPL. Conversely, there were 
no changes observed in the MT and PG groups compared to the 10GD group. These results suggest that FBT 
and EGCG regulate AMPK activation and LPL activity, indicating their action on LPL activity in the silkworm 
mirrors their effects on mammalian LPL.  

Fig. 1.  Increased fat body weight in silkworms fed with 10% glucose diet. (A) Experimental design. Silkworms 
were divided into groups fed either a normal diet (ND) or a 10% glucose diet (10GD) for 72 h (n = 3/group). 
(B) Food intake, (C) body weight, (D) fat body weight were measured every 24 h. (E) Photographs of the fat 
body at 72 h. Data represent mean ± SD. Significant differences between groups were evaluated using a t-test. 
##p < 0.01, #p < 0.05 compared with the ND group, **p < 0.01, *p < 0.05, compared with the 10GD group.
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Fatty acid oxidation activity
FBT and EGCG are known to promote the β-oxidation of fatty acids in mammals. To determine whether this 
effect is present in the SOLD model, we measured the respiratory quotient (RQ) as an indicator of fatty acid 
oxidation. Silkworms were initially fed with 10 GD for 72 h to induce obesity and dyslipidemia. Subsequently, 
they were fed with ND mixed with FBT, EGCG, or AICAR (n = 5/group). During this period, O2 consumption 
and CO2 emissions were monitored using a metabolic measurement system (MK- 5000RQ/MS) designed for 
small animals (Fig. 6A). RQ was calculated by dividing CO2 emissions by O2 consumption (RQ = VCO2/VO2). 

Fig. 3.  Evaluation of the lipid-lowering effect of various drugs in the hemolymph and fat body in the silkworm 
obesity and lipid metabolism disorder (SOLD) model. (A) Experimental design. Silkworms were fed a 
normal diet (ND), a 10% glucose diet (10GD), or 10GD containing fenofibrate (FBT; 1, 2, and 20 mg/kg/
days), epigallocatechin gallate (EGCG; 20, 200 and 400 mg/kg/days), AICAR (20, 200, and 400 mg/kg/days), 
metformin (MT; 10, 20, and 200 mg/kg/days), and pioglitazone (PG; 10, 20, and 200 mg/kg/days) for 72 h (n = 
10/group). (B) Fat body weight, (C) neutral fat in the fat body and (D) in the hemolymph were measured at 72 
h (n = 5). Data represent mean ± SD. Significant differences between groups were evaluated using a Dunnett 
test. ##p < 0.01, #p < 0.05 compared with the ND group, **p < 0.01, *p < 0.05, compared with the 10GD group.

 

Fig. 2.  Development of hyperlipidemia in silkworms fed with 10% glucose diet. Silkworms were fed a normal 
diet (ND), 10% glucose diet (10GD) for 72 h (n = 5/group), and measured (A) neutral fat in the fat body and 
(B) in the hemolymph, (C) total sugar in the hemolymph, (D) bombyxin in the hemolymph. Data represent 
mean ± SD. Significant differences between groups were evaluated using a t-test. ##p < 0.01, #p < 0.05 compared 
with the ND group.
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Fig. 5.  LPL activity in the fat body and muscle in the silkworm obesity and lipid metabolism disorder (SOLD) 
model after drug administrated.  Silkworms were fed a normal diet (ND), a 10% glucose diet (10GD), or 10GD 
containing FBT (20 mg/kg/days), EGCG (400 mg/kg/days), AICAR (400 mg/kg/days), MT (200 mg/kg/days), 
and PG (200 mg/kg/days), respectively for 72 h (n = 5/group). (A) LPL activity in fat bodies and (B) in muscles 
were measured at 72 h. Data represent mean ± SD. Significant differences between groups were evaluated using 
a t-test. *p < 0.01, *p < 0.05 compared with the 10GD group.

 

Fig. 4.  Expression levels of enzymes in the fatty acid synthesis pathway and AMPK in the silkworm obesity 
and lipid metabolism disorder (SOLD) model administrated various drugs. (A) Western blotting analysis was 
performed to evaluate the expression levels of (B) fatty acid synthase (FAS), (C) phosphorylated acetyl-CoA 
carboxylase (p-ACC), (D) phosphorylated AMP-activated protein kinase (p-AMPK) in the fat body of the 
SOLD model fed 10GD or 10GD containing FBT (20 mg/kg/days), EGCG (400 mg/kg/days), AICAR (400 mg/
kg/days), MT (200 mg/kg/days), and PG (200 mg/kg/days) for 72 h. Relative expression levels of the proteins 
were calculated by normalization to β-actin expression. Data represent mean ± SD. Significant differences 
between groups were evaluated using a t-test (n = 4). ##p < 0.01, #p < 0.05 compared with the ND group, **p < 
0.01, *p < 0.05, compared with the 10GD group.
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Data collection was paused for the first 3 h after switching to the ND to allow the silkworms to acclimate to the 
measurement environment. Data were then collected continuously for 24 h. RQ values represent the average of 
each 8-h period divided into 3 segments over the 24-h periods.

In the SOLD model, RQ decreased over time from the start of measurements. In the non-treated group, it 
remained above 1 at 17–24 h. Conversely, in the FBT, EGCG, and AICAR groups, the RQ at 17–24 h was below 
1 (Fig. 6B). The RQ at 17–24 h was lowest in the EGCG and AICAR groups, which aligns with the observation 
that both groups exhibited the lowest NF levels in hemolymph and fat bodies (Fig. 6C–E). 

Discussion
Establishment of the SOLD model
In this study, we aimed to construct an evaluation system for screening compounds that could improve obesity 
and lipid metabolism disorders, using the silkworm model. Insects possess fat bodies that serve analogous 
functions of mammalian adipose tissue and liver. Sugars ingested are metabolized into trehalose within the 

Fig. 6.  Respiratory quotient in the silkworm obesity and lipid metabolism disorder (SOLD) model 
administered various drugs. (A) Experimental design: Silkworms were initially fed with a 10GD for 72 h (n = 5/
group), followed by a switch to either a ND or ND supplemented with FBT (20 mg/kg/days), EGCG (400 mg/
kg/days), AICAR (400 mg/kg/days), MT (200 mg/kg/days), and PG (200 mg/kg/days). (B) RQ was measured 
for 24 h after the diet switch. At the end of the measurement, fat bodies and hemolymph were collected, and 
(C) fat body weight, (D) neutral fat in the fat body and (E) in the hemolymph were measured. Data represent 
mean ± SD. Significant differences between groups were evaluated using a t-test. **p < 0.01, *p < 0.05 compared 
with the 10GD group.
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fat body, stored in the hemolymph, or converted into TG and glycogen, which accumulate in the fat body25. 
Silkworms fed with 10GD showed a progressive increase in fat body weight over time (Fig.  1D), alongside 
elevated levels of hemolymph bombyxin, suggesting enhanced trehalose uptake into fat bodies and increased 
fat synthesis. Moreover, the 10GD group exhibited higher levels of hemolymph sugar and NF in fat body and 
hemolymph (Fig. 1F–H). In humans, obesity is characterized by excessive body fat accumulation, typically with 
a BMI of ≥ 25 kg/m21, yet there is a growing population of individuals with high visceral fat levels despite a low 
BMI26. Silkworms fed with 10GD showed reduced overall body weight but increased fat body weight compared 
to those on a ND, suggesting that the SOLD model bears similarity to visceral fat obesity in human.

The pathways for fatty acid biosynthetic are shared between insects and mammals. In mice with high-sugar or 
high-fat diets induced obesity, there is an increase in the activity of key enzymes for fatty acid synthesis, such as 
FAS and ACC. Conversely, the activity of AMPK, a signaling protein that inhibits FAS and ACC, decreases27–32. 
In the SOLD model, compared to the ND group, there was an increase in FAS expression and a decrease in the 
inactive form of ACC (p-ACC), while the activated form of AMPK (p-AMPK), responsible for phosphorylating 
ACC, decreased (Fig. 4B–D). These results suggest that the SOLD model induces diet-induced obesity through 
mechanisms similar to those observed in mammals.

Usefulness of the SOLD model as an animal model for obesity
To assess the utility of the SOLD model, we evaluated the effects of FBT, a drug for hyperlipidemia, and EGCG, 
known for its ability to inhibit fat accumulation in humans. FBT exhibits various lipid-improving effects, 
including lowering blood TG levels and increasing blood HDL cholesterol, attributed to the activation of 
PPARα. PPARα is strongly expressed in tissues with active β-oxidation, such as liver, kidney, skeletal muscle, 
and heart, in humans33. Its activation increases the production and activity of LPL in muscle and adipose tissue 
by decreasing the production of ApoC III, thus, facilitating TG degradation in blood and free fatty acid uptake 
in tissues18. Furthermore, PPARα activation enhances β-oxidation and suppressing TG synthesis by activating 
AMPK in the liver and muscle19. In the SOLD model, administration of FBT led to a concentration-dependent 
decrease in hemolymph NF levels (Fig. 3D) alongside an increasing trend in p-AMPK and p-ACC in fat bodies 
(Fig. 4B–D). Furthermore, the FBT-treated group showed an increasing trend in muscle LPL activity (Fig. 5B) 
and a decreasing trend in RQ (Fig. 6B) compared to the untreated group, suggesting an increase in β-oxidation. 
The effects and mechanisms of action of FBT observed in the SOLD model closely resembled those seen in 
mammals.

EGCG, a polyphenol abundant in green tea, is recognized for its ability to lower body weight and prevent 
obesity, diabetes, and cardiovascular diseases34. In mice with diet-induced obesity, EGCG decrease fat 
accumulation, blood TG, cholesterol, liver TG, blood glucose levels and the intestinal absorption of lipids35–37. 
EGCG primary mechanisms involve inhibiting fatty acid synthesis by activating AMPK in the liver, skeletal 
muscle and adipose tissue, as well as enhancing β-oxidation20–22; additional effects include decreased LPL activity 
in adipose tissue23, increased expression of PPARα in muscle38and a decrease in RQ39. Additionally, green tea 
increases LPL activity in muscle tissue24. In the SOLD model, administration of EGCG led to a reduction in NF 
levels in the fat body and a trend reducing NF in the hemolymph (Fig. 3C and D). Moreover, the EGCG-treated 
group showed increased p-AMPK and p-ACC in the fat body (Fig. 4C and D), decreased fat body LPL activity 
(Fig. 5A), increased muscle LPL activity (Fig. 5B), and decreased RQ (Fig. 6B). The effects of EGCG on lipid 
metabolism in the SOLD model were consistent with those in the mammalian model with obesity.

In this study, the effects of FBT and EGCG on the SOLD model demonstrated increased muscle LPL activity 
and decreased RQ. High RQ and low RQ indicate fat synthesis and β-oxidation, respectively40. Our results 
suggest that FBT and EGCG influenced myocytes LPL in silkworm, promoting the uptake of hemolymph NF 
and fat oxidation in muscle tissue. In the flying insect, LPL is found in the fat bodies, muscle and ovaries41,42. 
Diglycerides (DG), degraded by fat body lipase, bind to lipophorin, an insect lipoprotein in hemolymph and 
are uptaken into the muscle cells via myocyte membrane LPL for ATP production43,44. Our report is the first to 
suggest that in the silkworm, LPL is expressed in muscle and involved in ATP production.

In the SOLD model, effects similar to those for FBT and EGCG were observed when AICAR, an AMPK 
activator, was administered. However, MT, which has an AMPK-activating effect, showed an increasing trend 
in p-AMPK and a decreasing trend in fat body accumulation and the TG level in the fat body at the highest 
concentration (200 mg/kg/day), indicating that higher concentrations may have a significant effect. However, 
toxicity in the form of reduced food intake and body weight occurred at higher doses. In Drosophila, MT 
administration was reported to increase p-AMPK expression and decrease TG in the body, but to increase 
lethality in a concentration-dependent manner45. MT inhibits mitochondrial respiratory chain complex I, 
causing an increase in the AMP/ATP ratio and phosphorylation of the AMPK α-subunit46. In silkworms, MT 
toxicity resulting from the inhibition of the respiratory chain complex appears at lower concentrations compared 
with those observed inhibiting fat accumulation, suggesting that the fat-lowering effect of metformin was not 
captured.

In the SOLD model, the effective dose of FBT (20 mg/kg/day) for improving lipid metabolism was 
approximately one-fifth of that in mice (100 mg/kg/day47) and approximately  10 times that administered in 
humans (1.8–2.7 mg/kg/day). The effective dose of EGCG in the SOLD model (200–400 mg/kg/day) was about  4 
times that used in mice (50–100 mg/kg/day21) and approximately 20 times that used in humans (10 mg/kg/day). 
Despite these differences, the effective doses of both compounds in the SOLD model were comparable to those 
in mice or humans, suggesting their potential utility as alternative models.

The SOLD model offers a means to evaluate lipid metabolism with a small sample, within a short timeframe, 
and at a low cost, and without encountering animal ethics issues. These results indicate the utility of the SOLD 
model for screening therapeutic drugs and functional food ingredients aimed at improving obesity and lipid 
metabolism disorders.
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Materials and methods
Chemicals
Trehalase from porcine kidney and palmitoyl coenzyme A lithium salt were purchased from Sigma Aldrich 
Japan, Co, LLC. (Tokya, Japan). AICAR (S7863) was purchased from Selleck Chemicals (Houston TX, USA). 
(−)-Epigallocatechin gallate hydrate, pioglitazone hydrochloride, fenofibrate were obtained from Tokyo 
Chemical Industry, Co. (Tokyo, Japan). D-(+)-glucose was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). 
Metformin hydrochloride, trehalose dihydrate, oil Red O, 4%-paraformaldehyde phosphate buffer solution, 
heparin sodium, 4-methylumbelliferyl oleate and 2-propanol were obtained from FUJIFILM Wako Pure 
Chemical Industries, Ltd. (Tokyo, Japan). Primary antibodies FAS (#3180), p-AMPK (#2535 T), p-ACC (#11818 
T), and β-actin (#4967) were obtained from Cell Signaling Technology (Beverly, USA). Secondary antibodies, 
goat anti-rabbit IgG (H + L) antibody, and HRP conjugate (SA00001 - 2) were purchased from Cosmo Bio, Co. 
(Tokyo, Japan). The TaKaRa BCA Protein Assay Kit was obtained from Takara Bio, Inc. (Shiga, Japan).

Silkworm rearing conditions and diet Preparation
Silkworms (hybrid race: Kin-Shu × Sho-Wa) were kindly provided by Atsumaru Holdings NSP Yamaga Plant 
(Atsumaru Inc., Kumamoto, Japan). Upon hatching, larvae were reared to the fifth instar on an artificial diet, 
SilkMate PM (Nosan Corporation), within plastic containers maintained at 25–27 °C and 50–70% humidity 
within a 12-h light–dark cycle. All experiments performed using larvae (2.5 ± 0.2 g), unless otherwise mentioned.

An artificial diet was prepared following the instructions provided by the feed company. SilkMate PM was 
blended with water at a 1:3 ratio and subsequently steamed in an autoclave at 105 °C for 20 min. For the glucose 
diet, SilkMate PM, glucose, and water were mixed to achieve an equivalent weight of sugar, then subjected to 
autoclaving. The compounds were mixed into the 10GD just before feeding to the silkworms.

Hemolymph and fat body collection methods
Hemolymph (10 µL) was collected from the larva’s proleg by prickig with a 30 G needle (insulin syringe; Becton, 
Dickinson and Company) and immediately frozen on dry ice, then stored at − 20 °C. The fat bodies were collected 
as follows. After the silkworm was placed into a state of temporary death using dry ice to stop its movement, 
it was cut open from the dorsal side, and the midgut was removed. All the fat bodies were scraped off with flat 
tweezers. The fat bodies were weighed and immediately frozen in liquid nitrogen, and stored at − 80 °C.

Determination of hemolymph trehalose and glucose levels
The hemolymph trehalose concentration was determined by the previously described method with 
modifications48. Hemolymph (2 µL) was diluted 100-fold in buffer (5 mM Tris, 137 mM NaCl, 2.7 mM KCl, and 
pH 6.7), then incubated at 80 °C for 3 min before returning to room temperature. Hemolymph solution (100 
µL) was mixed with 100 µL of porcine trehalase solution (10 mU/mL; diluted in buffer), incubated overnight at 
37 °C, and the resulting glucose production was measured using the Glucose CII Test Wako (FUJIFILM Wako 
Pure Chemical Industries, Tokyo, Japan). Trehalose concentration calculated from a trehalose calibration curve 
prepared using the same method as sample. Glucose concentration was also measured using the Glucose CII Test 
Wako. For this, hemolymph (2 µL) was added to a frozen 96 well plate, followed by the addition of chromogenic 
solution (200 µL). After incubation at room temperature for 15 min, absorbance was measured at 505 nm.

Determination of the neutral fat levels in hemolymph
Neutral fat (NF) levels in the hemolymph were measured using LabAssay™ Triglycerides (FUJIFILM Wako Pure 
Chemical Industries, Tokyo, Japan). Hemolymph (2 µL) was added to a frozen 96-well plate, followed by the 
addition of chromogenic solution (300 µL). After incubating at room temperature for 5 min, absorbance was 
measured at 600 nm.

Production of anti-bombyxin monoclonal antibody
Anti-bombyxin monoclonal antibody was prepared by the method from Mizoguchi et. al49 with modifications. 
A synthetic peptide (II-10; GIVDECCLRP) consisting of the N-terminal to the 10 amino acids of the bombyxin-
II A chain was conjugated with BSA or KLH using EDC and NHS. BALB/c mice were immunized with II-10-
KLH and an adjuvant (Titer MAX Gold) (17.5 µg/100 µL/mouse) twice and their spleen cells were fused with 
myeloma cell (P3U1) cells. Hybridomas were screened positive for II-10-BSA by ELISA and cells producing 
II-10 monoclonal antibody were isolated. Cells were injected the abdominal cavity of mice previously primed 
with pristine, and the monoclonal antibody from ascitic fluid were purified using a protein G-conjugated 
column (Spin column-based Antibody Purification Kit (Protein G) CosmoBio, Tokyo, Japan). Blood IgG from 
immunised mice was purified and HRP-labelled and used as an anti-II-10 polyclonal antibody.

Determination of bombyxin level in hemolymph
100 µL of anti-bombixin (II-10) monoclonal antibody (5 µg/mL) was added to 96-well immunoplates and 
incubated overnight at 4 °C. After three washes with PBS-T, 100 µL of hemolymph diluted 100-fold with PBS 
was added and incubated for 1 h. After three washes, 100 µL of HRP-conjugated anti-II-10 polyclonal antibody 
was added and incubated for 1 h. After three washes, the color was developed with WSE-7145 EzELISA TMB 
(ATTO, Tokyo, Japan) and the absorbance at 450 nm was measured. bombyxin concentration was calculated 
from the calibration curve of bombyxin (II-10) prepared using the same measurements.

Western blotting
The fat body (frozen weight 50 mg) was crushed in 1 mL of lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% 
NP- 40 Substitute, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail I, phosphatase inhibitor 
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cocktail II, pH 7.6) for 30 s using a polytron homogenizer. After incubating on ice for 30 min, the samples were 
centrifuged (14,000 g, 10 min, 4 °C) and the protein concentration of the supernatant was determined using the 
bicinchoninic acid (BCA) assay. Each sample was diluted with sample buffer (125 mM Tris-HCl, 4% SDS, 20% 
glycerol, 0.004% bromophenol blue, 50 mM DTT, and pH 6.8) and water to adjust the protein concentration. 
The samples were then heat-treated at 90 °C for 5 min and subjected to SDS-PAGE on 10% polyacrylamide gel. 
Proteins in the gel were transferred to a PVDF membrane, incubated with primary antibodies and secondary 
antibodies, and bands of the target proteins were detected using SuperSignal TM Chemiliuminescent HRP 
Substrates (Thermo Fisher Scientific Logo). Bands were quantified using Image J.

Oil red O staining of the silkworm NF in fat bodies
NF staining was performed by the previously described method with modifications17. Fat bodies were 
immediately immersed in 4% formaldehyde upon removal and fixed overnight at 4 °C. The samples were rinsed 
in phosphate buffer (137 mM NaCl, 8.1 mM Na2HPO4, 2.68 mM KCl, 1.47 mM KH2PO4, and pH 7.4), treated 
with 60% 2-propanol aqueous solution for 1 min, and then stained with Oil red O stain solution (1.8 mg of Oil 
red O in 1 mL of 60% 2-propanol aqueous solution) for 20 min at room temperature. After being washed three 
times with 60% 2-propanol aqueous solution, the samples were immersed in 100% 2-propanol and sonicated for 
30 min. Following centrifugation (10,000 g, 3 min), absorbance was measured at 490 nm, and triglyceride levels 
were calculated based on absorbance per gram of fat body.

Measurement of lipoprotein lipase activity
Sample preparation for the lipoprotein lipase (LPL) activity assay was performed by modification of the 
previously described method41. Fat body and muscle (frozen weight 100 mg) were homogenized in 1 mL of 
ice-cold heparin solution (0.25 M sucrose, 1 mM EDTA, 3 mM Tris-HCl, 2% BSA, 2 U/ml heparin sodium, 
and pH 7.5) using a polytron homogenizer. After incubation at 37 °C for 1 h, the samples were centrifuged, 
and the supernatant was collected as the enzyme solution. Protein concentrations of the enzyme solutions were 
determined using the BCA assay and then diluted in phosphate buffer (0.2 M Na2HPO4 12H2O, 0.2 M NaH2O4 
2H2O, and pH 7.4) to adjust the protein concentration of each sample.

LPL activity was assessed using a fluorescence method with 0.5 mM oleic acid 4-methylumbelliferyl solution 
dissolved in phosphate buffer as the substrate. Upon mixing of enzyme solution (100 µL) and substrate solution 
(100 µL) in a 96-well microplate, fluorescence intensity (ex/em = 355 nm/460 nm) was promptly measured for 
30 min at 2 min intervals. The ratio of fluorescence intensity at 30 min to the fluorescence intensity at 0 min was 
used as the measure of LPL activity.

Measurement of respiratory quotient
The method from Hanatani et al. was modified50. Measurements were performed using a metabolic measurement 
system designed for small animals (MK- 5000RQ/MS model, Muromachi Machinery Corporation, Tokyo, 
Japan) at a room temperature of 26 °C within a 12-h light–dark cycle. Silkworms fed with 10GD for 72 h were 
placed in groups of five in closed cages and provided with a ND, with or without the sample. Three hours after 
switching the diet, oxygen consumption (VO2) and carbon dioxide production (VCO2) were recorded every 
5 min for 24 h. The respiratory quotient (RQ) was calculated as the ratio of VO2 per VCO2.

Statistical analysis
All data were presented as the mean ± SD of three replicates. Measurements of food intake and RQ were averaged 
across the five silkworms. Data were analyzed with 2-group comparisons of variables using a t-test, with multiple 
comparisons using 1-way ANOVA with Dunnett test, with as statistical significance set at p < 0.05 and p < 0.01.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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