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α-Glucosidase (EC 3.2.1.20) is a glycosidase that hydro-

lyzes disaccharides, oligosaccharides, and polysaccharides

resulting in the release of α-D-glucose. In this study, α-

glucosidase activity in the hemolymph and midgut of

the mulberry silkworm Bombyx mori and Japanese oak

silkmoth Antheraea yamamai was measured using mal-

tose, sucrose, trehalose, and p-nitrophenyl α-D-glucopy-

ranoside as substrates. In general, hemolymph α-

glucosidase activity was higher in B. mori than in A.

yamamai. In contrast, midgut α-glucosidase activity was

higher in A. yamamai than in B. mori for all of the sub-

strates tested. α-Glucosidase activity in the midgut of

both B. mori and A. yamamai showed similar responses

to changes in pH and temperature for all of the sub-

strates tested. Native (7.5%) PAGE of hemolymph and

midgut proteins from B. mori and A. yamamai followed

by staining with 4-methylumbelliferyl α-D-glucoside

(MUG) indicated that the α-glucosidases of these

related lepidopterans are functionally similar but struc-

turally different. In comparison to α-glucosidase activ-

ity from A. yamamai, α-glucosidase activity from B.

mori was generally less sensitive to the α-glucosidase

inhibitors, 1-deoxynojirimycin (DNJ), acarbose, and

voglibose when the activity was determined using mal-

tose, sucrose, and trehalose.
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Introduction

Various types of glycosidases such as sucrase, maltase,

and trehalase break down complex carbohydrates that are

found in insects, microorganisms, plants, and mammals

(Nishimoto et al., 2001). α-Glucosidase (EC 3.2.1.20) is a

carbohydrate-digesting glycosidase that catalyzes the

hydrolysis of carbohydrates having a 1,4-α-glucosidic

linkage. In insects, α-glucosidases are generally found in

the alimentary canal, salivary secretions and hemolymph.

In insects most α-glucosidases such as maltase and

sucrase are involved in the digestion process. Trehalase is

responsible for the hydrolysis of trehalose, a major sugar

in the hemolymph of insects and an important energy

source for insect tissues (Sato et al., 1997). α-Glucosi-

dases have been purified and biochemically characterized,

and their DNA sequences identified, from honeybee,

sandfly, and whitefly (Gontijo et al., 1998; Ohashi et al.,

1996; Salvucci 2000).

The mulberry silkworm Bombyx mori (Lepidoptera,

Bombycidae) feeds exclusively on the leaves of the mul-

berry bush (Morus alba) or artificial diet containing mul-

berry leaf extract. B. mori has been domesticated for use

in sericulture over a period of thousands of years. On the

other hand, the Japanese oak silkmoth Antheraea yama-

mai (Lepidoptera, Saturniidae) feeds upon a wider range

of diets including leaves of the deciduous oak tree and

chestnut tree. A. yamamai is widespread in Korea and

Japan. The composition and enzymatic activities of pro-

teins in the hemolymph and midgut of B. mori are well

characterized, whereas those of A. yamamai are signifi-

cantly less well characterized.

Mulberry leaf contains various iminosugars, such as 1-

deoxynojirimycin (DNJ), 1,4-dideoxy-1,4-imino-D-arabinitol,

2-O-α-D-galactopyranosyl-1-deoxynojirimycin, and fagomine
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(Asano et al., 2001). Iminosugars are inhibitors of α-glu-

cosidase activity and are actively studied as antiviral com-

pounds and diabetic drugs. Iminosugars show antiviral

activities against many types of enveloped viruses. The

inhibition of α-glucosidase is hypothesized to potentially

disturb the maturation of glycoproteins in the viral envelope

and inhibit viral particle assembly of enveloped viruses

(Jacob et al., 2007). In addition, mulberry leaf extract is

used as a preventative and treatment for diabetes in Korea,

Japan, and China (Cho et al., 2008; Hwang et al., 2008).

The iminosugars in mulberry leaf putatively function by

inhibiting α-glucosidases in the small intestine resulting in

a reduction in the amount of free glucose that is generated

after a meal. This reduction in free glucose subsequently

reduces the rate of glucose uptake so that the increase in the

blood sugar level after a meal is minimized. In many insect

species, iminosugars have been identified that inhibit var-

ious insect disaccharidases (Asano et al., 2001; Hirayama et

al., 2007). Sucrase and trehalase of B. mori are, however,

highly insensitive to the inhibitory effects of iminosugars in

mulberry leaf (Hirayama et al., 2007). 

In this study, α-glucosidase activity in the hemolymph

and midgut tissues of B. mori and A. yamamai were char-

acterized in terms of substrate preference, temperature and

pH dependence, and sensitivity to the α-glucosidase

inhibitors DNJ, acarbose, and voglibose.

Materials and Methods

Insect rearing and protein preparation

Eggs of the silkworm B. mori and fifth instars of A. yam-

amai were obtained from the National Academy of Agri-

cultural Science (Korea). Larvae of B. mori were reared on

an artificial diet and larvae of A. yamamai were reared on

oak leaves at 25oC as described previously (Kang et al.,

2000). Hemolymph was collected by piercing a larval pro-

leg with a sterile pin and allowing the hemolymph to drip

into a chilled microfuge tube containing a few crystals of

phenylthiourea as described previously (Choudary et al.,

1995). Midgut tissues were collected from larvae that were

chilled on ice for 15 min. A longitudinal incision was made

and the midgut was gently removed from the larvae, rinsed

in phosphate buffered saline (2 mM NaH2PO4, 2 mM

Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4), and

homogenized using a hand-held glass homogenizer on ice.

The midgut homogenates as well as hemolymph were cen-

trifuged at 11,000 x g for 5 min at 4oC and the supernatant

from these preparations was divided into small aliquots and

stored at −80oC. Protein concentration was determined by

the method of Bradford (1976) using bovine serum albumin

(Sigma, USA) as a standard.

α-Glucosidase activity

The ability of the hemolymph and midgut preparations to

hydrolyze maltose, sucrose, and trehalose (Sigma, USA)

were determined in a 200 µL reaction containing 0.285 to

185 µg of protein and 30 mM of each substrate in potas-

sium phosphate buffer, pH 6.8. The enzyme solution was

preincubated at 37oC for 5 min prior to the addition of sub-

strate, then for 20 min at 37oC. The concentration of glu-

cose following the hydrolysis of maltose, sucrose or

trehalose was determined using a Glucose-E kit (Wako,

Japan) following the manufacturer’s protocol (incubation at

37oC for 18 min and measuring absorbance at 505 nm

using a spectrophotometer (Molecular device, USA)). p-

Nitrophenyl α-D-glucopyranoside (PNPG; Sigma, USA)

was also used as a general substrate for α-glucosidase activ-

ity. This assay was performed as above except that the reac-

tion mixture (150 µL) contained 4 mM PNPG and was

incubated at 37oC for 30 min. After incubation, the PNPG

reaction was terminated by the addition of 50 µL of

234 mM Na2CO3 and absorbance was measured at 405 nm.

Dependence of α-glucosidase activity on pH and tem-

perature

The effect of pH on α-glucosidase activity of midgut

extracts was determined using 0.1 M citrate buffer (pH 3,

4, 5, and 6), 0.1 M sodium phosphate buffer (pH 7 and 8),

and 0.1 M glycine-NaOH buffer (pH 9 and 10). The

assays were performed as described above at 37oC.

The effect of temperature on α-glucosidase activity of

midgut extracts was determined at pH 6.8 in the standard

assay described above at various temperatures from 25 to

70oC at 5oC intervals.

Electrophoresis and staining

Native PAGE was routinely carried out using 7.5% poly-

acrylamide gels as described by Davis (1964). To visu-

alize α-glucosidase activity, the gel was incubated in a

solution containing 1.5 mM 4-methylumbellifyl α-D-glu-

copyranoside (MUG; Sigma, USA) in 0.1 M potassium

phosphate buffer, pH 6.8.

Inhibition of α-glucosidase activity by DNJ, acarbose,

or voglibose

1-Deoxynojirimycin (DNJ; Biotopia, Korea), acarbose

(Bayer Korea, Korea), and voglibose (CJ, Korea) are inhib-

itors of α-glucosidase (Junge et al., 1996). The ability of

these compounds to inhibit α-glucosidase activity in midgut

extracts from B. mori or A. yamamai was determined using

maltose, sucrose, and trehalose as substrates in a standard

assay as described above. Each inhibitor (dissolved in water)

was preincubated with the protein at 37oC for 5 min prior to

the addition of the substrate. The concentration of compound
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that resulted in 50% inhibition (IC50) was determined using a

range of inhibitor concentrations (0.001 to 1000 µM) that

bracketed the predicted IC50. IC50 values were calculated

using regression analysis (SigmaPlot, SPSS Scientific, USA).

Results and Discussion

Comparison of α-glucosidase activity in hemolymph

and midgut preparations from B. mori and A.

yamamai

α-Glucosidase activity in the hemolymph and midgut of

B. mori and A. yamamai was determined using maltose,

sucrose, trehalose, and PNPG as substrates. PNPG was a

dramatically better substrate with both hemolymph and

midgut preparations from both species (Tables 1 and 2).

Dramatically higher α-glucosidase activity was found in

the midgut preparations of both species for all of the sub-

strates tested (Table 2). In general, the midgut preparation

from A. yamamai showed higher α-glucosidase activity

than that of B. mori. Maltose, sucrose, and trehalose are

potential authentic α-glucosidase substrates that are found

in the diets of both species. We hypothesize that the higher

α-glucosidase activity in the midgut relative to that found

in the hemolymph is necessary for the metabolism of car-

bohydrates found in the diet.

Dependence of α-glucosidase activity in midgut

preparations from B. mori and A. yamamai on pH and

temperature

The effect of pH on the α-glucosidase activity of midgut

preparations from B. mori and A. yamamai was deter-

mined using maltose, sucrose, trehalose, and PNPG as

substrates. In general the highest α-glucosidase activity

was found at pH 6 and higher for all of the substrates

tested (Fig. 1). A dramatic reduction in α-glucosidase

activity was generally found with both midgut prepara-

tions at pH 6 and below. The midgut preparations from

both B. mori and A. yamamai showed similar sensitivity

to changes in pH with maltose (Fig. 1A), sucrose (Fig.

1B), and PNPG (Fig. 1D) as substrates. In contrast, the

midgut preparation from B. mori showed relatively higher

sensitivity to changes in pH in comparison to the midgut

preparation from A. yamamai when trehalose was used a

substrate (Fig. 1C). α-Glucosidase activity from the mid-

gut preparations of both B. mori and A. yamamai

increased with increasing temperature up to 50oC when

maltose (Fig. 2A) was used as a substrate and up to 70oC

when sucrose (Fig. 2B) was used as a substrate.

Analysis of α-glucosidase in hemolymph and midgut

preparations from B. mori and A. yamamai by native

PAGE

Following native PAGE separation of proteins in the

hemolymph and midgut of B. mori and A. yamamai, the

gel was stained with MUG, a fluorescent α-glucosidase

substrate. α-Glucosidase activity was not detected in

preparations from the hemolymph of B. mori and A. yam-

amai using MUG (Fig. 3). This was consistent with the

undetectable or very low α-glucosidase activity that was

found in the hemolymph of B. mori and A. yamamai by

Table 1. α-Glucosidase activity in the hemolymph of B. mori

and A. yamamai

Substrate
Activity (nmole/min/mg protein)

B. mori A. yamamai

maltose 1.7 NDa

sucrose 32 ND

trehalose 1.4 1.4

PNPG 6,900 2,500
aND: Not Detected

Table 2. α-Glucosidase activity in the midgut of B. mori and

A. yamamai

Substrate
Activity (nmole/min/mg protein)

B. mori A. yamamai

maltose 160 760

sucrose 1,000 1,500

trehalose 82 110

PNPG 220,000 5,600,000

Fig. 1. The effect of pH upon the relative activity of α-glucosi-

dase from the midgut of B. mori (●) and A. yamamai (○).

Relative activity of 100% refers to the highest activity obtained

for each enzyme using maltose (A), sucrose (B), trehalose (C),

or p-nitrophenyl α-D-glucopyranoside (D) as a substrate.
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the enzymatic assays using maltose, sucrose, and treha-

lose as substrates. In contrast, MUG staining was found in

the midgut preparations from both species (Fig. 3). The

staining was found at different locations on the gel indi-

cating that the midgut α-glucosidase activity originated

from different proteins.

Inhibition of α-glucosidase in the midgut preparations

from B. mori and A. yamamai

The ability of DNJ, acarbose, and voglibose to inhibit α-

glucosidase activity in midgut preparations from B. mori

and A. yamamai were determined using maltose, sucrose,

and trehalose as substrates (Table 3). DNJ is an antiviral

and antidiabetic compound that is found in mulberry leaf

(Asano et al., 2001; Jacob et al., 2007). Acarbose and

voglibose are pharmaceuticals for treating diabetes. These

drugs function by reducing the metabolism of complex

carbohydrates into glucose and other monosaccharides by

α-glucosidase following a meal (Junge et al., 1996). The

reduced availability of glucose results in a corresponding

reduction in the transfer of glucose into the blood stream.

With midgut preparations from B. mori, DNJ showed

IC50s of 490 and 59 µM when maltose and trehalose,

respectively, were used as substrates. In contrast, no DNJ

inhibitory activity was detected when sucrose was used as

a substrate. DNJ showed significantly higher potency

against midgut preparations from A. yamamai, i.e., DNJ

showed IC50s of 20, 8.8, and 7.7 µM when maltose, tre-

halose, and sucrose, respectively, were used as substrates.

DNJ has also been shown to be highly potent against α-

glucosidases from other insects (Scofiled et al., 1995).

Acarbose showed low nanomolar potency against midgut

preparations from both B. mori and A. yamamai when

maltose was used as a substrate (Table 3). Acarbose also

showed very high potency against the midgut preparation

of A. yamamai when sucrose was used as a substrate. In

contrast, acarbose showed dramatically lower potency

against the midgut preparation from B. mori when sucrose

was used as a substrate. Acarbose was not able to inhibit

trehalose hydrolysis with midgut preparations from either

B. mori or A. yamamai. Voglibose showed an IC50 of

19 µM against the midgut preparation of B. mori when

maltose was used as a substrate, but showed no inhibitory

activity when sucrose and trehalose were used as sub-

strates (Table 3). With the midgut preparation from A.

yamamai, voglibose showed IC50s of 8.7 and 8.6 µM

when maltose and sucrose, respectively, were used as sub-

Fig. 2. The effect of temperature upon the relative activity of

α-glucosidase from the midgut of B. mori (●) and A. yamamai

(○). Relative activity of 100% refers to the highest activity

obtained for each enzyme using maltose (A) or sucrose (B) as a

substrate.

Fig. 3. In gel α-glucosidase activity staining. Hemolymph

(lanes H) or midgut (lanes M) proteins from B. mori and A.

yamamai were separated by 7.5% native PAGE and stained

with 4-methylumbeliferyl α-D-glucoside.
Table 3. Concentration of α-glucosidase inhibitors giving

50% inhibition of glucosidase activities in the midgut of B.

mori and A. yamamai

Enzyme

source
Substrate

IC50 (µM)

DNJ acarbose voglibose

B. mori

maltose 490 0.027 19

sucrose NIa 190 NI

trehalose 59 NI NI

A. yamamai

maltose 20 0.009 8.7

sucrose 8.8 0.007 8.6

trehalose 7.7 NI NI

 aNI: No Inhibition (less than 50% inhibition at 1000 µM)
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strates. Voglibose showed no inhibition of trehalose

hydrolysis with midgut preparations from A. yamamai. In

general, our results indicated that the α-glucosidases in B.

mori are less sensitive to inhibition by the general α-glu-

cosidase inhibitors DNJ, acarbose, and voglibose.

B. mori is monophagous species that feeds exclusively

on mulberry leaf or artificial diet containing mulberry leaf

extract. Asano et al. (2001) have identified eighteen alka-

loids from mulberry leaf, root bark, and fruit of which

DNJ is present at the highest concentration. Interestingly,

Asano et al. (2001), also showed that α-glucosidase activ-

ity of B. mori is much less sensitive to inhibition by DNJ

in mulberry leaf in comparison to digestive enzymes from

mammals. In contrast to B. mori, the Eri silkworm Samia

cynthia ricini is a polyphagous species. Hirayama et al.

(2007) have compared the inhibitory activity of DNJ

against sucrase and trehalase of S. cynthia and B. mori,

and found that sucrase and trehalase from the midgut of B.

mori are less sensitive to DNJ in comparison to those of S.

cynthia. Similarly, in the present study, we found that α-

glucosidase activity in the midgut of B. mori (in compar-

ison to that of A. yamamai) is relatively insensitive to inhi-

bition by DNJ, acarbose, and voglibose. Our results

suggest that monophagy has resulted in α-glucosidases in

B. mori that are poorly inhibited by DNJ, a highly abun-

dant alkaloid in mulberry leaf.
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