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Evaluation of therapeutic effects and pharmacokinetics of
antibacterial chromogenic agents in a silkworm model of

Staphylococcus aureus infection
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ABSTRACT: The therapeutic effect of dye
compounds with antibacterial activity was evaluated
in a silkworm model of Staphylococcus aureus
infection. Among 13 chromogenic agents that show
antibacterial activity against S. aureus (MIC = 0.02
to 19 pg/mL), rifampicin had a therapeutic effect.
The EDs, value in the silkworm model was consistent
with that in a murine model. Other 12 dyes did not
increase survival of the infected silkworms. We
examined the reason for the lack of therapeutic
efficacy. Amidol, pyronin G, and safranin were
toxic to silkworms, which explained the lack of
therapeutic effects. Fuchsin basic and methyl green
disappeared quickly from the hemolymph after
injection, suggesting that they are not stable in the
hemolymph. Although coomassie brilliant blue
R250/G250, cresyl blue, and nigrosin showed no
toxic effects or instability in the hemolymph, they
also did not have a therapeutic effect. The in vitro
antibacterial actions of these dyes were inhibited
by silkworm plasma or bovine serum albumin and
filtration experiments demonstrated that cresyl
blue bound to plasma proteins in the silkworm,
suggesting that plasma protein binding inhibited
the therapeutic efficacy of these four dyes. These
findings indicate that drug screening using the
silkworm infection model is useful for evaluating
toxicity and pharmacokinetics of potential
antibiotics.
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1. Introduction

In the course of developing drugs to treat infectious
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diseases, chemical compounds with antibacterial
activity in vitro are tested for their therapeutic
efficacy in vivo in animal infection models. A serious
problem is that most of compounds that exhibit
antibacterial activity in vitro do not have therapeutic
effects in animal infection models due to toxicity
and pharmacokinetic issues. Thus, for efficient drug
discovery, protocols must be established to exclude
agents without therapeutic effects at earlier stages of
drug development. Evaluation of the therapeutic effects
of potential antibiotics has been performed using
mammalian models, but conventional methods using a
large number of mammals are problematic due to high
costs and ethical concerns. Therefore, the development
of a non-vertebrate infection model to test drug efficacy
in the early stages of development is highly desirable.

We have established insect models of human
pathogenic bacterial and viral infection using the
silkworm, Bombyx mori (1-3), and proposed the
utilization of the silkworm model for drug discovery
(4). Our previous studies indicated that lethal doses
of chemicals in silkworm were consistent with those
in mammals, when normalized by body weights (5).
Silkworms and mammals share conserved mechanisms
for the pharmacokinetics of chemicals: absorption,
distribution, metabolism, and excretion (ADME) (5-7).
Therefore, the silkworm infection model is potentially
useful for the evaluation of toxicity and ADME of
candidate compounds in therapeutic drug screening for
infectious diseases.

In mammals, the binding of drugs to plasma proteins
like albumin is an important factor in the distribution
of drugs in the animal body. In invertebrates, however,
information regarding interactions of drugs with
plasma proteins is scarce. Therefore, it is not known
whether the silkworm model can be used to evaluate
the inhibition of therapeutic effects induced by plasma
protein binding of drug candidate agents.

To evaluate factors that affect pharmacokinetics,
including plasma protein binding, on the therapeutic
effects of antibacterial agents in the silkworm infection
model, we considered dyestuffs as suitable model
agents. Some of dyes have antibacterial activity (8,9).
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In addition, dye concentration in samples can be easily
quantified by measuring absorbance. Here we describe
the therapeutic effects and pharmacologic properties of
dyes in the silkworm model of S. aureus infection.

2. Materials and Methods
2.1. Animals

Bombyx mori eggs (Fu-Yo x Tsukuba+Ne) were
purchased from Ehima Sansyu (Ehime, Japan), and
raised to the fifth instar larval stage by feeding with
artificial food Silkmate 2S (Nosan Corporation,
Yokohama, Japan). All of the animals used in this study
were fifth instar larvae.

2.2. Chromogenic compounds

Rifampicin, methyl green, amidol (Wako Pure
Chemical Industries, Osaka, Japan), Coomassie brilliant
blue (CBB) R250, CBB G250, nigrosin (Nakalai
Tesque, Kyoto, Japan), malachite green (Tokushu
Chemicals, Tokyo, Japan), crystal violet (Sigma, St.
Louis, MO, USA), cresyl blue, pyronin G (Tokyo
Chemical Industry, Tokyo, Japan), toluidine blue O
(Chroma-gesellschaft Schmid, Stuttgart, Germany),
fuchsin basic, and safranin (Kanto Chemical, Tokyo,
Japan) were dissolved in phosphate buffered saline
(PBS, 10 mM sodium phosphate, 137 mM sodium
chloride, 3 mM potassium chloride, pH 7.4) or dimethyl
sulfoxide. Commercially available CBB R250 is a
mixture of chromogenic compounds in different forms
(10-12). Therefore, we purified CBB R250 from the
purchased reagent using thin layer chromatography
(TLC). The sample (30 mg) in methanol was applied
to a preparative TLC plate (silica gel 60 F254, Merck
KGaA, Darmstadt, Germany) and developed in
1-butanol/acetic acid/water (15:3:7). The main band
with blue color was scraped off, eluted with methanol,
and filtered through a 0.45-um filter. The methanol was
removed by evaporation and the sample was analyzed
using liquid chromatography-mass spectrometry. The
molecular mass of the principal compound in the
fraction was estimated to be 804, which is previously
reported molecular mass of CBB R250 (11).

2.3. Assay of antibacterial activity of dyes

A clinical strain of S. aureus, MSSAT1 (13), was
cultured in Luria-Bertani 10 (LB 10) medium (10 g
bactotryptone, 5 g yeast extract, 10 g NaCl per liter) at
37°C for 24 h. The full growth culture was diluted to
1/1,000 in Mueller-Hinton (MH) medium and then a
100-pL aliquot was added to each well of 96-well plate.
The dye solution was serially diluted 2-fold and 100 puL
of each dilution was added to the bacterial solution, and
cultured at 37°C for 18 to 24 h. Bacterial growth was

visually determined. The MIC (minimum inhibitory
concentration) was defined as the lowest concentration
of the dye that inhibited the bacterial growth. To
evaluate the effect of silkworm plasma or bovine serum
albumin (BSA) on the antibacterial activity of the dyes,
the silkworm plasma (final concentration, 25%) or
BSA (fraction V, Nakalai Tesque; final concentration,
25 mg/mL) was added to MH medium, and the MICs
of the dyes were determined. The silkworm plasma
was prepared as follows: the legs of fifth instar
larvae were cut and the hemolymph was collected.
2-Mercaptoethanol (2-ME; final concentration, 0.1%)
was added to the samples to inhibit melanization and
the hemocytes were removed by centrifugation for 5
min at 8,000 rpm (R10A2, Hitachi Koki, Tokyo, Japan).

2.4. Calculation of the theoretically minimal effective
dose of antibacterial dye required for the treatment of
infected silkworms

The fifth instar larva (2 g) used for therapeutic assay
has a hemolymph with volume of approximately 500
pL (5). Therefore, injection of 50 pL dye solution into
the silkworm hemolymph results in a 1:10 dilution.
The putative minimal effective dose of dye minimally
required to achieve therapeutic effect on the infected
silkworm, tEDmini (pg/gelarva), was theoretically
defined based on the following formula using the MIC
of the dye.

MIC (pg/mL) % 0.5 (mL) x 10
2 (g-larva)

tEDmini (pg/gelarva) =

2.5. Determination of the dye LDy, in silkworms

The larvae were reared for 1 day at 27°C with
feeding. The larvae (n = 3-5) were injected with
2-fold serial dilutions of the dye solution (50 uL) into
the hemolymph and reared at 27°C. The number of
surviving larvae was counted 2 days later. The LD,
was determined by the survival curve as the dose that
killed half of the larvae (LDs).

2.6. Evaluation of therapeutic effects of dyes

Full growth S. aureus culture was diluted 10-fold
with 0.9% NaCl. A 50 pL aliquot was injected into
the hemolymph of the silkworm. Dye solution (50
pL) diluted with PBS was further injected into the
hemolymph (6). The silkworms were reared at 27°C
and the number of surviving silkworms was counted 2
days later. Vancomycin (200 pg/mL) was administered
as a positive control. To determine the number of
viable bacteria in the hemolymph, the hemolymph was
collected 1 day after the injection of CBB R250 and
diluted in 0.9% NaCl before spreading on mannitol-
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salt agar plates. The plates were incubated at 37°C
overnight and the colonies were counted.

2.7. Determination of the concentration of chromogenic
compound in the hemolymph of the injected silkworm

Rifampicin solution (3.5 mg/mL in 30% dimethyl
sulfoxide, 0.9% NaCl, 50 pL) was injected into the
hemolymph of the silkworm. The animals were reared
at 27°C and the hemolymph was collected after 20 sec,
1,5, 10, 15, 30, 60 min, 1.5, 2, 4, 8 h. 2-ME (1 pL) was
added to approximately 100 pL of hemolymph and an
equal volume of acetone was added to the hemolymph,
followed by vigorous shaking. The sample was then
centrifuged at 20,000 x g for 5 min and the OD,,5 of the
supernatant was measured. Hemolymph of a silkworm
injected with the buffer (30% dimethyl sulfoxide, 0.9%
NaCl) was used as the background.

A solution (50 pL, in PBS) of fuchsin basic (5 mg/
mL), methyl green (15 mg/mL), CBB R250 (3.7 mg/
mL), CBB G250 (5 mg/mL), cresyl blue (8 mg/mL), or
nigrosin (9 mg/mL) was injected into the hemolymph of
the silkworm. The animals were reared at 27°C and the
hemolymph was collected after 2 days and the sample
was prepared as described above. The OD value, at
absorption maximum of each dye, of the supernatant
was measured. Hemolymph of a silkworm injected with
PBS was used as the background.

2.8. Assay for cresyl blue binding to the silkworm
plasma proteins

A solution of cresyl blue (2 pL, 8 mg/mL) was mixed
with the silkworm plasma (200 pL) diluted with
phosphate buffer (10 mM sodium phosphate, 150 mM
sodium chloride, 5 mM potassium chloride, 1 mM
calcium chloride, pH 7.2). The sample was applied to
YM-3 filter for ultra filtration (3 kDa cut-off, Millipore,
Billerica, MA, USA) and centrifuged at 12,000 x g for

30 min at 4°C. The ODg;; of the filtered solution was
measured and the amount of the dye that passed through
the membrane was calculated. Protein concentration in
the filtered solution was determined by Lowry's method
after trichloroacetic acids precipitation. The findings
revealed that most of the proteins did not pass through
the filter.

3. Results

First, we measured the antibacterial activity in vitro
of 44 randomly selected chromogenic compounds in
vitro and chose the 13 dyes for which the MIC was
less than 20 pg/mL (Table 1). We then tested whether
the dyes were therapeutically effective in silkworms
infected with S. aureus. Rifampicin had a therapeutic
effect and the ED;, value was 0.08 pg/g-larva. This is
consistent with the value in a murine model (0.062 pg/g)
(14). None of others had a therapeutic effect, even at
various doses. In addition to evaluating the therapeutic
effect by counting the number of surviving silkworms,
we examined whether CBB R250 suppresses the
growth of S. aureus in the silkworm hemolymph.
Our findings indicated that CBB R250 administration
did not decrease the number of viable bacteria in the
hemolymph (Figure 1), whereas vancomycin suppressed
bacterial growth in the hemolymph. To understand
the reason for the lack of therapeutic effects of these
dyes in the silkworm infection model, we studied their
toxicity, stability in the hemolymph, and plasma protein
binding properties as follows.

For antibacterial agents to show therapeutic effects,
their concentrations in the hemolymph after injection
should be higher than their MIC values and, at the
same time, they should not be toxic to the host animals.
As the MIC value enables us to calculate the minimal
required dose for the therapeutic effect in infected
silkworms (see "Material and Methods"), we defined the
value as the theoretical minimal effective dose required

Table 1. Antibacterial activity, toxicity, and therapeutic effect of dyes in the silkworm model of S. aureus infection

Dye MIC (png/mL) tEDmini (ng/g-larva) LD, (ng/g-larva) EDj, (ng/g-larva) EDsy/MIC
Rifampicin 0.02 0.05 ND 0.08 4
Amidol 19 48 54 >9 >0.5
Pyronin G 2 5 11 >13 >7
Safranin 10 25 34 >23 >2
Fuchsin basic 6 15 100-500 >230 >38
Methyl Green 13 33 530 > 160 >12
CBB R250 4 10 > 660 > 83 >17
CBB G250 7 18 > 800 >172 >10
Cresyl Blue 4 10 530 > 150 >39
Nigrosin 5 13 490 > 170 >33
Crystal Violet 0.2 0.5 15 >9 >45
Malachite Green 0.3 0.8 15 >10 >33
Toluidine Blue O 14 35 1,000 > 700 >50
Vancomycin 1 2 ND 0.3* 0.3*

*; the values are cited from Hamamoto et al., 2004. tEDmini; theoretical minimal effective dose required for therapeutic effect in the infected

silkworm. ND; not determined.
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for the therapeutic effect (tEDmini), and compared it
with the LDs, value of the dye. The tEDmini values
of amidol, pyronin G, and safranin were 48, 5, and 25
ng/gelarva, respectively, which were all greater than 1/3
of the LD;, values (Table 1). These results suggest that
these three dyes were not therapeutically effective in
the silkworm infection model because they were toxic
to the silkworms.

The other nine dyes with antibacterial activity
showed smaller tEDmini values lower than 1/10
of the LDy, (Table 1). These dyes still did not have
therapeutic effects in the infected silkworms. We
previously proposed that an antibacterial agent whose
ED;,/MIC values were lower than 10 had proper
pharmacokinetics characteristics (6). While the EDs,/
MIC value of rifampicin was 4, the values of the nine
dyes were over 10 (Table 1), suggesting that these
dyes have pharmacokinetic problem in the silkworm
and thus are not therapeutically effective. To test this
notion, we examined the stability of these compounds
in the silkworm hemolymph. The concentration of the
chromogenic compound in the hemolymph can be easily
measured by absorbance at the maximum absorption
wavelength. This method revealed that the half-life
of rifampicin at a phase was 3 min, indicating rapidly
distributed (Figure 2). The half-life at B phase was 3 h,
suggesting that rifampicin is present in the hemolymph
over the MIC during 2 days after injection. The period
of the half-life at p phase was consistent with that of
human (15). As for other dyes, the concentration of
fuchsin basic and methyl green in the hemolymph
was below the MIC at 2 days after injection (Table 2),
suggesting that these dyes are rapidly eliminated from
the hemolymph. We concluded that these chromogenic
compounds do not have therapeutic effects due to their
rapid distribution into the tissues, rapid metabolism,
and/or rapid excretion.

The concentrations of CBB R250, CBB G250,
cresyl blue, and nigrosin in the hemolymph were higher
than the MIC values even 2 days after injection, but
they still did not show the therapeutic effects (Tables 1
and 2), suggesting that a factor other than distribution,
metabolism, and excretion of the dyes inhibited the
therapeutic effects.

Therapeutic effects of drugs are sometimes
prevented by plasma protein binding, which is
included in the issues of distribution of ADME. It is
well known that CBB R250, CBB G250, and nigrosin
bind to proteins (16-18). We examined whether the
antibacterial activity of CBB R250, CBB G250, cresyl
blue, and nigrosin were inhibited in the presence of
the silkworm plasma. Adding the silkworm plasma
fraction increased the MICs of these four dyes (Table
3). The protein concentration in the hemolymph of
fifth instar larva ranges from approximately 10 to 100
mg/mL (19,20). Adding 25 mg/mL BSA also increased
the MICs of the dyes, whereas adding the silkworm
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Figure 1. Evaluation of the therapeutic effect of CBB R250
based on the number of viable bacteria in the hemolymph
after injection into the silkworm. A 10-fold diluted solution
(50 pL) of full growth S. aureus culture was injected into the
hemolymph of fifth instar larva, and then an equal volume
of CBB R250, PBS, or vancomycin was injected into the
hemolymph. The hemolymph was collected 1 day later and
the number of colonies of viable bacteria was counted. Each
dot indicates the number of viable bacteria in the hemolymph
from one individual larva. * Student's t-test, p < 0.05.
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Figure 2. Pharmacokinetics of rifampicin in the silkworm.
Rifampicin solution (50 pL, 3.5 mg/mL) was injected into the
silkworm hemolymph and then the hemolymph was collected
at different time after injection. The rifampicin concentration
in the hemolymph was calculated by OD,;; value. Data are
presented as mean + S.E.M. (n = 3).

Table 2. Dye concentration in the silkworm hemolymph
after injection

Concentration in hemolymph

Dye MIC (ug/mL) after 2 days (ng/mL)
Fuchsin basic 6 0£0(n=5)
Methyl green 13 1£1(n=5)
CBB R250 4 14+5(n=7)
CBB G250 7 7+3(n=75)
Cresyl blue 4 12+£4(n=4)
Nigrosin 5 9+1(n=4)

Data shown are the MICs and the concentrations in the hemolymph
of dyes (ng/mL). The concentration was measured 2 days after dye
injection (250 pg/larva for fuchsin basic, 750 pg/larva for methyl green,
185 pg/larva for CBB R250, 250 pg/larva for CBB G250, 400 pg/larva
for cresyl blue, 450 pg/larva for nigrosin) into the hemolymph. Values
are presented as mean = S.E.M. N; number of the tested silkworms.
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plasma or BSA did not affect the MIC of vancomycin.
Cresyl blue is a basic dye that binds to various biologic
substances such as nucleic acids, although information
regarding its protein binding properties is limited to
only a few species of proteins (21,22). To examine
whether cresyl blue binds to silkworm plasma proteins,
we performed a filtration assay (see "Materials and
Methods"). Adding the silkworm plasma decreased the
amount of the filtrated dye (Figure 3). When mixed
with the maximum amount (99%) of plasma, only 4%
of cresyl blue penetrated through the filter, indicating
that 96% of the dye wad bound to the plasma proteins.
These results suggest that the antibacterial activities of
CBB R250, CBB G250, cresyl blue, and nigrosin are
inhibited in the hemolymph by plasma protein binding.

4. Discussion

In the present study, we examined the therapeutic
effects of 13 different chromogenic compounds with
in vitro antibacterial activity against S. aureus, and

Table 3. Effect of the presence of the silkworm plasma
(25%) and BSA (25 mg/ml) on the antibacterial activity of
dyes

Dye None Plasma BSA

CBB R250 7+2(n=3) >263 (n=23) > 1,050 (n=3)
CBB G250 7+0(n=3) 600+184(n=3) >900 (n=3)
Cresyl Blue  5+1(n=4) >16 (n=4) >131(n=4)
Nigrosin 3+0(n=3) >163 (n=4) >325(=3)
Vancomycin 1 £0(n=2) 1£0(n=2) 1£0(n=2)

The MICs of the dyes are shown (ug/mL). A CBB R250 reagent
was obtained from the supplier and used without purification in this
experiment. Values are presented as mean + S.E.M.

0 20 40 60 80 100

Permeation of the dye through the filter (%)

Amounts of the plasma in the sample (%)

Figure 3. Binding of cresyl blue to the silkworm plasma
proteins. Silkworm plasma was mixed with buffer in various
ratios and then cresyl blue was added. The sample was
applied to ultra-filtration. The ODg;;5 of the filtrated solution
was determined and the permeation of the dye was calculated.
Data are presented as mean + S.E.M. (n = 3).

demonstrated that rifampicin had a therapeutic effect
and the EDs, value and the elimination half-life were
consistent with those in mammals. The other 12 dyes
were not therapeutically effective in the silkworm
infection model due to toxicity or ADME problems.
Some of the dyes (CBB R250, CBB G250, cresyl
blue, and nigrosin) had no therapeutic effects, while
apparent concentrations in the hemolymph were
maintained higher than their MICs. These dyes lost
their antibacterial activity in the presence of silkworm
plasma or BSA, which suggested that these dyes bind
to silkworm plasma proteins and the concentrations of
the free compounds are too small in the hemolymph
to produce therapeutic effects in the silkworm
infection model. We previously reported that the
pharmacokinetics of various compounds are similar
between silkworms and mammals (5-7). Here we
reported that the influence of plasma protein binding
on drug distribution, which is a known phenomenon
in mammals, is also observed in silkworms. To our
knowledge, this is the first report that the therapeutic
effectiveness of drugs can be inhibited by plasma
protein binding in invertebrates as well as in
vertebrates.

Further, we showed that the silkworm model can
be used to evaluate the toxicity of candidate agents
of drugs for infectious diseases. We previously
reported that the LDs, values of cytotoxic agents
in silkworm are consistent with those in mammals
(5). Therefore, therapeutically effective agents in
the silkworm infection model are expected to show
therapeutic effectiveness without toxicity in mammals.
The silkworm infection model is advantageous for
simultaneous evaluation of the toxicity and therapeutic
effects of drug candidates.

Drug candidates whose concentrations in free
form in the blood are reduced by plasma protein
binding often do not show therapeutic effects. Efficient
exclusion of such candidates in the early phase of drug
development is necessary for productive drug discovery.
To advance drug development, candidate compounds
must have the low toxicity and good property of
ADME properties. We propose the use of a silkworm
model for these aims. Silkworm models of diseases
do not cost compared with mammalian models and
are associated with fewer ethical issues and biohazard
risks. Furthermore, silkworm larvae are large enough
to handle for the injection of reagent solutions and for
the collection of hemolymph for analysis. Silkworm
models of infectious diseases have been established
using bacteria, virus, and fungi (1,3,6). Although
other invertebrate infection models have also been
proposed (23,24), the silkworm is highly advantageous
for studies of pharmacokinetics and this model can
likely be extended to various human diseases. Actually
a silkworm model of human sepiapterin reductase
deficiency was recently reported (25). Utilization of
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the silkworm model of various diseases will be helpful
to exclude candidate therapeutic agents that are not
effective at an early stage of drug development.
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