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Bombyx mori, the silkworm, has biological functions in common with mammals, including humans. 
Since the molecular design of silkworm's innate immune system is analogous to that of mammals, 
understanding the silkworm's innate immunity is expected to contribute to the control of infection 
in humans. It is also possible to use silkworms to explore foodstuffs that activate innate immunity. 
Lactic acid bacteria have long been used in the production of fermented foods, and in recent years, 
their use as supplements has been attracting attention. Using silkworms, which are laboratory 
animals, functional lactic acid bacteria can be explored and isolated at low cost. Fermented foods 
produced by this method are expected to contribute to the maintenance of human health. In addition 
to the immune system, humans and silkworms share a common mechanism for maintaining blood 
glucose homeostasis, and it is possible to construct a pathological model of diabetes and search for 
therapeutic substances using silkworms. Taken together, we propose that the silkworm is useful for 
assessing the functions of lactic acid bacterial for health purposes.

1. Introduction

With the outbreak of the new coronavirus infection, 
functional foods that enhance immunity have been 
attracting attention. In addition, in Japan's super-aging 
society, there is growing interest in the prevention of 
lifestyle-related diseases such as diabetes (1). Lactic 
acid bacteria is one of the best food materials to meet 
these needs and have been used in the production of 
fermented foods such as pickles, yogurt, and breads 
since ancient times (2,3). Recently, the usefulness of 
the lactic acid bacteria for health maintenance has been 
emphasized. Maintaining people's health by consuming 
natural and functional foods that utilize lactic acid 
bacteria will provide a new approach to combating these 
diseases, which until now have relied on antibiotics and 
diabetic drugs. A variety of lactic acid bacteria are sold 
as functional foods for health promotion. However, 
there are not many of these products that have solid 
evidence (4-6). In general, foods are often evaluated 
for their health using mammals such as mice. However, 
it has been pointed out that using mice is not only 
costly but also ethically problematic in terms of animal 
welfare (7). Therefore, it is becoming increasingly 
difficult to obtain evidence from animal experiments 
using mice. Furthermore, in order to obtain evidence 

for health foods, it is ultimately necessary to conduct 
tests using humans. However, this requires huge costs 
($3000-5000 per human subject (8)), and for this 
reason, health foods are currently being sold with little 
scientific evidence.
 In an attempt to solve this problem, we have made 
use of silkworms. The silkworms have been used for 
sericulture since ancient times and have produced 
silk as a domesticated insect species. Japan has been 
at the forefront of the world in terms of silkworm 
breeding methods and strain maintenance. Recently, 
the production of genetically modified silkworms has 
become possible, and the silkworm has acquired the 
status of an experimental material for cutting-edge 
biology (9). However, since the silkworm 'looks' very 
different from humans, many people wonder whether 
the results of experiments on silkworms can be applied 
to humans. Let us consider what functions humans have 
that silkworms do not. The silkworm feeds on mulberry 
leaves. The silkworm recognizes mulberry leaves as 
food, and this is due to the function of the silkworm's 
brain. The mulberry leaves are digested in the digestive 
tract, and the nutrients are absorbed into the bloodstream. 
The silkworm has the muscles and nervous system 
necessary for feeding behavior. Silkworms also have 
blood, but not red-colored because it lacks the red blood 
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cells. The silkworm's blood contains immune cells that 
correspond to human white blood cells. Invertebrates, 
including the silkworm, have no genes encoding 
antibodies and they protect themselves from pathogens 
using an antibody-independent immune mechanism 
called innate immunity (10-13). Although it is true that 
the silkworm does not have some aspects of human 
body functions (e.g., it lacks bones so that it may not be 
the best animal to create an osteoporosis model), most 
of the basic biological functions are shared by both 
silkworms and humans. Therefore, in principle, it is 
possible to create models of many diseases that humans 
suffer from using silkworms. We have mainly studied 
infectious disease models in silkworms, where we have 
found that most of the bacteria and fungi that infect 
mammals can infect and kill silkworms (14,15). We 
have also reported that antibiotics used as therapeutic 
agents in human clinical practice were effective in 
the silkworm infection model (16), and that the ED50 
value, an index of therapeutic efficacy, was consistent 
between silkworms and mammals (15). We conducted 
a search for antibiotics against Staphylococcus aureus 
using this silkworm infection model as a screening tool 
for therapeutic efficacy, and succeeded in discovering 
Lysocin E, an anti-MRSA infection treatment, from 
extracts of soil bacteria (17). Animal studies on Lysosin 
E were conducted (unpublished), and it is now at the 
stage of planning human trials.

2. Innate immunity activation test using the silkworm 
muscle contraction system

As mentioned above, invertebrates rely on innate 
immunity for pathogen defense. This make a merit for 
the silkworm to be an innate immunity model, because, 
in mammals, it is not always easy to quantitatively 
measure innate immune activation at the individual 
level due the intricated cross-talks and interactions 
between the innate immune system and the adaptive 
immune system. Although Drosophila (fruit flies) and 
Caenorhabditis elegans (nematodes) have been used in 
biological research, the body size of the silkworm (they 
are much larger than fruit flies and nematodes) makes 
it easier to collect a good amount of blood sample by 
cutting its legs with scissors and to inject a certain 
volume of sample solution into the blood stream using 
a tuberculin syringe with needle. In addition, organs 
such as the intestinal tract can be removed to conduct 
experiments such as drug permeability test (15).
 We reported that the silkworm's immune system is 
activated by the cell wall components of bacteria and 
fungi, resulting in contraction of silkworm muscles 
(18). This is a phenomenon in which immunocompetent 
cells in the silkworm's blood (often called hemolymph) 
recognize pattern molecules via innate immune receptors 
and release reactive oxygen species that lead to activation 
of paralytic peptides (BmPP; an insect cytokine), and 

then muscle contraction as a pharmacological effect 
of BmPP. Using this unique function, it is possible to 
quantitatively evaluate innate immunity activators in 
foods using the silkworm muscle contraction assay 
system.
 The advantage of the silkworm muscle contraction 
as an indicator of innate immune activation is that it 
does not require costly facilities such as fancy fluorescent 
microscopes or mass spectrograms. It is worth noting 
here that the muscle contraction of the silkworm is not 
affected by lipopolysaccharides (LPS), which is always a 
problem in cell culture-based in vitro immune activation 
tests. LPS is a component of the outer wall of Gram-
negative bacteria such as Escherichia coli, but since 
it acts on mammalian immune cells at extremely low 
concentrations, it is known to be easily contaminated by 
environmental contaminants such as tap water, which 
frequently affect the quantification of immunoreactive 
substances. It is a huge technical merit that the muscle 
contraction system can evaluate the activation of 
innate immunity without being affected by LPS. Using 
the silkworm muscle contraction system, we have 
found that extracts of green tea and broccoli have high 
immunoreactivity. Also, some lactic acid bacteria show 
very high immunoreactivity in this system. When various 
lactic acid bacteria were collected and tested, they show 
a wide range of activity from less than 1 units/mg to 
105 units/mg (Table 1). It is also possible to identify 
subspecies of lactic acid bacteria that have outstanding 
immunoreactivities. We have identified a subspecies of 
Lactococcus lactis, 11/19-B1, using this system (19).

3. Primed immune responses found in the silkworm

When Pseudomonas aeruginosa is injected into the 
silkworm after pre-administration of an immune 
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Table 1. Immunoreactivity (silkworm muscle contraction 
activity) of different lactic acid bacteria.

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

      Activity (U/mg)

105
  77
  45
  43
  33
  29
  28
  24
  23
  18
  17

       7.1
       2.2

    2
         0.83
         0.45
      < 0.30

Phylogenetic Identity

Lactococcus lactis
ND (Not Determined)
Lactococcus lactis
Streptococcus thermophilus
Lactococcus lactis
Lactobacillus bulgalicus
ND
Lactobacillus bulgalicus
ND
Lactobacillus casei
Lactococcus lactis
ND
ND
ND
Enterococcus casseliflavus
ND
ND

A list of lactic acid bacteria is shown in the table with corresponding 
muscle contraction activity. Data from our previous work (19).
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named YM0831 that was capable of lowering blood 
glucose levels in silkworms (22). We also confirmed 
that this bacterium has no pathogenic gene and is safe 
as food. The bacterium was found to suppress glucose 
uptake in vitro by Caco-2 cells derived from the human 
intestinal tract (22). This may be the mechanism of the 
hypoglycemic effect of this bacterium in the silkworm. 
We also conducted a blood glucose lowering test using 
healthy human volunteers. The results showed that the 
sucrose-induced increase in blood glucose level was 
suppressed by prior oral intake of the live bacteria (22). 
This finding endorses the usefulness of silkworm model 
for the search of human hyperglycemia drugs.

5. Future development

Lactic acid bacteria have been used in various fermented 
foods as non-pathogenic bacteria. We would propose a 
novel approach to evaluate the immune-activating and 
blood glucose-lowering effects of lactic acid bacteria 
using silkworm models, providing promising paths 
towards human trials on lactic acid bacteria if showing 
outstanding effects. This new approach will avoid the 
huge cost of conducting unpromising human trials 
and the ethical problem of mammalian sacrifice. The 
approach can be applied to: development of pet foods 
to which functional lactic acid bacteria are added, feed 
for farmed fish and livestock, and supplements for 
humans. Food products fermented with functional lactic 
acid bacteria can be expected to have a variety of health 
benefits and are the potent target of commercialization.
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activator (immune primer), the silkworm may become 
resistant to P. aeruginosa infection. This function is 
called the primed immune responses in silkworms 
(12,20). P. aeruginosa, a Gram-negative bacterium, is a 
causative agent of opportunistic infections in humans and 
is naturally resistant to many antibiotics. More recently, 
nosocomial infections caused by multidrug-resistant P. 
aeruginosa (MDRP) have become a problem. We have 
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Therefore, it was a great surprise when we discovered 
this orally effective measure against P. aeruginosa 
infection. We are currently working on purification 
of the active substance, identification of its chemical 
structure, and the molecular mechanism of its action.

4. Evaluation of hypoglycemic substances using 
silkworms

For the uninitiated, it may come as a surprise that 
silkworms have blood and blood glucose levels. In the 
long history of sericulture, silkworms have probably 
never been fed sweets. Yet, in fact, when the silkworm 
is fed sugar, the blood glucose level rises and the 
weight gain stops, where glycation of blood proteins 
similar to that in human clinical practice is found. 
Insulin is a drug prescribed for diabetic patients, but 
even in silkworms whose blood glucose levels are 
elevated by the administration of sucrose, injecting 
human recombinant insulin lowers the blood glucose 
levels (21). Insulin also cancels the growth inhibition 
caused by the elevated blood glucose levels (21). It is 
also known that prolonged administration of glucose 
to mammals for more than a year can lead to type 2 
diabetes, a condition in which insulin is ineffective. In 
the case of silkworms, continuous administration of 
glucose for only one day results in insulin resistance. 
Moreover, type 2 diabetes drugs such as metformin 
are effective in silkworms. These results suggest that 
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by insulin and decreased by the inhibitor wortmannin, 
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at the molecular level (21).
 We used this silkworm model of diabetes to search 
for ingredients in foodstuffs that exhibit hypoglycemic 
effects. Enterococcus faecalis is a lactic acid bacterium 
that causes human diseases as enterococci, but non-
pathogenic variants are known and used in the production 
of various fermented foods. We found a sub-strain 
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