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Abstract

Silkworms are drawing international scientific attention owing to their significant hypoglycemic activity, attributed to
1-deoxynojirimycin (DNJ), which they obtain from eating mulberry leaves. DNJ content in silkworms varies significantly
during its life cycle as a holometabolic insect. The effect of metamorphosis and molting on DNJ accumulation remains
unclear, however. More knowledge is needed about DNJ dynamics during the silkworm life cycle given their potential
use as a functional food with hypoglycemic effect. This paper aims to elucidate the DNJ dynamics of silkworms over
their life cycle. We propose the best physiological stage for silkworm harvesting in consideration of DNJ production. The
effect of metamorphosis and molting on DNJ accumulation is also discussed. Samples from key physiological stages
of silkworms were collected and the DNJ content analyzed by reverse-phase high-performance liquid chromatography
(RP-HPLC). We observed fluctuations in DNJ levels depending on the physiological stage of the silkworm. A higher
level of DNJ was found in the molted larvae than the molting ones. The highest DNJ level was detected in the molted
larvae of instar Il (5.46 mg/g) in terms of bodyweight, while a silkworm from Day 3 of instar V possesses the highest
level of DNJ (1512.46 pg per silkworm). These results imply that natural physiological changes in the silkworm,
including molt and metamorphosis, affect DNJ accumulation significantly. The period from Day 3 to Day 4 of the 5"

instar is considered the best time for silkworm harvesting given both DNJ concentration and silkworm biomass.
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Introduction

The burden of diabetes mellitus (DM) has been increasing globally
over thelast few decades. This condition is well known to impair vascular
function and is associated with increased risk of cardiovascular diseases
(CVD) [1]. Although numerous oral hypoglycemic drugs exist besides
insulin, there is no promising therapy for DM [2]. The existing therapies
are limited by their poor pharmacokinetic properties, secondary failure
rates and accompanying side effects [3]. Current scientific evidence
shows an adverse correlation between hyperglycemia and aggressive
treatment with natural products possessing potent a-glycosidase
inhibitory activity [4-6]. Furthermore, the possibility of preventing the
onset of diabetes using dietary supplements and/or herbal medicines
has attracted considerable attention [7-9].

More recently, natural iminosugars are gathering increasing
popularity in food formulation owing to their potential anti-diabetic
effects. 1-Deoxynojirimycin (DNJ) is an iminosugar which was first
isolated from mulberry trees [10]. It is a D-glucose analogue whereby
an NH group substitutes for the oxygen atom of the pyranose ring,
and it is well-known and highly effective a-glycosidase inhibitor
(Figure 1). The chemical structure enables it to bind to carbohydrate
digestive enzymes in the digestive tract and delay the digestion of the
carbohydrate and its intestinal absorption. The competitive binding
between DNJ and carbohydrates with the digestive enzymes leads
to the delay of postprandial hyperglycemia. Therefore natural diet
supplements with DNJ and other iminosugars possessing a-glucosidase
inhibiting activity are of great interest.

The mulberry leaf is a valuable dietary resource of iminosugars.
Besides DNJ, mulberry leaves are rich in other iminosugars
including  2-O-a-D-galactopyranosyl-1-deoxynojirimycin, 4-O-f-
D-glucopyranosyl-1-deoxynojirimycin, ~calystegine B,, fagomine,
4-O-f-D-glucopyranosyl-fagomine,  3-epi-fagomine, 1,4-dideoxy-
1,4-imino-D-arabinitol, and 1,4-dideoxy-1,4-imino-(2- O-B-D-
glucopyranosyl)-D-arabinitol. DNJ is the most abundant (making up
50% of the mulberry iminosugars) and the most powerful inhibitor of

a-glucosidase among the compounds mentioned above [11]. However,
DNJ levels in commercial mulberry leaf products is as low as only
0.1% of the dried mulberry leaf powder [12]. This suggests that the
bioavailability of DNJ might not be sufficient through an oral intake of
mulberry leaves. Therefore other natural resources whose DNJ levels
are sufficient for controlling blood glucose are being explored.

Silkworms are oligophagous insects and exclusively eat mulberry
leaves in the larval stage. Current scientific evidence demonstrates
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Figure 1: Chemical structure of 1-deoxynojirimycin.
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that DNJ found in silkworms comes from the mulberry leaf [13].
Several studies in Korea have shown that silkworm powder and extract
exhibited a significant hypoglycemic effect both in mice fed with a high
carbohydrate-containing diet [14] and in alloxan-induced diabetic mice
[15]. Another interesting result showed that DNJ can be concentrated
several folds by silkworms feeding on mulberry leaves [11,13,16].
Silkworms have good potential as a functional food to improve blood
glucose for subjects with glucose metabolism dysfunction.

The changes of DNJ during the complicated lifecycle of the
silkworm has not been clearly characterized so far. The effects of
complex physiological changes, e.g. exuviations and metamorphosis,
on accumulation of DNJ are still limited. The best time for silkworm
harvest with the purpose of gaining as much DNJ as possible has still not
been fully elucidated. Silkworms from typical stages of exuviations and
metamorphosis were collected to study DNJ dynamics depending on
physiological stages regulated by hormones. We could then determine
the optimal physiological stage with the highest DNJ level, which was
quantified using HPLC.

Materials and Methods

Reagents and chemicals

Reference standard 1-deoxynojirimycin-HCl (DNJ-HCI) and
fluorenyl-methyloxycarbonyl chloride (FMOC-Cl) were purchased
from Sigma (St. Louis, MO, USA). Acetonitrile, methanol, acetic acid
and other reagents were of analytical grade and were obtained from
Tianjin Kermel Chemical Reagent Co., Ltd (Tianjin, China). The water
used in the experiment was distilled and further purified by a Millipore
Milli-Q Gradient system (MILLIPORE, USA).

Sample preparation

Liangguang 2 (LG 2), a widely fed silkworm cultivar in Southern
China, was routinely fed in the laboratory by maintaining 80-85%
relative humidity at 25°C according to a reported method [17].
Mulberry cultivar used for feeding silkworm is “Yuesang 117, and is
classified as Morus atropurpurea Roxb., and the DNJ concentration
was determined using HPLC (0.38 + 0.03 mg/g dried mulberry leaves).
Developmental stages and corresponding numbers of 20 samples are
shown in Table 1.

Silkworm behavior during metamorphosis is shown in Figure 2.
Molting and molted larvae from larval instar I-V were collected to
investigate the effect of exuviations on DNJ accumulation. Pupae and
moths as well as their urine and feces were also collected to investigate
the effect of metamorphosis on DNJ accumulation. Notably, the fourth
molt only lasted for half a day, therefore the molting larvae of instar
IV and molted larvae of instar V came from the same day. In total, 20
samples were lyophilized and pulverized for RP-HPLC analysis.

Extraction of DNJ

Extraction of DNJ from the silkworm was done according to the
method of [18]. Briefly, 0.20 g of silkworm powder was extracted in 8
mL aqueous 0.05 M HCI by vortexing for 1 min at room temperature.
Following centrifugation at 12000 rpm for 15 min, the supernatant was
removed and the pellet was re-extracted twice more. The supernatants
were combined and diluted to 25 mL with distilled water to obtain the
silkworm powder extract (SPE).

DNJ derivation

Derivation of the DNJ standard or SPE was performed according
the protocol of [18]. Briefly, 10 mL 0.4 M potassium borate buffer (pH
8.5) was mixed with 10 uL DNJ standard or silkworm extracts, followed

by the addition of 20 pL 5 mM FMOC-CI in CH,CN. The mixture
was agitated and kept in a water bath at 20°C for 20 min. Then 10 uL
0.1 M glycine was added to terminate the reaction by quenching the
remaining FMOC-CI. Finally, 950 pL of 0.1% (v/v) aqueous acetic acid
was added to stabilize the DNJ-FMOC and the mixture was filtered
through a 0.22 um nylon syringe filter. A 10 uL aliquot of the filtrate
was injected into the HPLC system for analysis.

DNJ quantification

RP-HPLC was used for DNJ quantification according to the
protocol described previously with minor modifications [18]. Analysis
was conducted using a 1200 Series HPLC system (Agilent Technologies
Inc., Karlsruhe, Germany) equipped with a Zorbax SB-C18 column
(250 mmx4.6 mm id., 5 um) and an Agilent G1321A fluorescence
detector (excitation 254 nm, emission 322 nm). The column was eluted
with a mobile phase of acetonitrile: 0.1% (v/v) aqueous acetic acid
(40:60, v/v), pumped at 1.0 mL/min for 20 min. The column was kept
at 25°C, and the injection volume was 10 pL. DNJ concentrations were
calculated based on the standard curves constructed with authentic
standards. Concentration was expressed as mg/g dried weight (DW)
or mg per silkworm.

Data analysis

Statistical calculation was conducted using SPSS Statistics 17.0
(Version 17, SPSS Inc., Chicago, IL, USA, 2008). All results are
expressed as mean = S.D. (n=3). One-way ANOVA was performed
to test difference between treatments within the same time points,
followed by Tukey’s HSD multiple comparison test, data without the
same letters were considered significant (p < 0.05).

Results

DNJ Dynamics in silkworm during different developmental
stages

Food intake only happens during the larval stage of silkworms,
and silkworms also stop feeding mulberry leaves for four times over
the larval period. To elucidate the effect of molt and metamorphosis

NO. Sample Time NO. Sample Time
1 newly-hatched larva Day 1 11 Day 2 of instar V Day 17
2 | molting larva of instar | | Day 3 12 Day 3 of instar V Day 18
3 | molted larva of instar Il | Day 4 13 Day 4 of instar V Day 19
4 | molting larva of instar Il | Day 6 14 Day 5 of instar V Day 20
5 | molted larva of instar Il | Day 7 15 Day of instar V Day 21
6 | molting larva of instar Ill | Day 10 16 matured larva V Day 22
7 | molted larva of instar IV | Day 11 17 | Day 1 of cocooning | Day 23
8 | molting larva of instar IV | Day 15 18 | Day 2 of cocooning | Day 24
9 | molted larva of instar V | Day 15° | 19 pupa Day 26
10 Day 1 of instar V Day 16 = 20 moth (adult) Day 36

Note: “Sample” means the physiological stage of the silkworm, while “Time” means
the corresponding time point during the whole life cycle of silkworm. No. 8 and No.
9 were collected at 8:00 and 18:00 of the same day, respectively.

Table 1: Silkworm samples and corresponding developmental stages.
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Figure 2: Physiological process of silkworm from matured larvae to moths.
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on DNJ accumulation in silkworms, we collected typical molting and
molted samples from instars, as well as pupae and moths etc. Plotting
DNJ levels in in silkworm by developmental stage gave a fluctuant
curve with some degree of regularity (Figure 3). DNJ was detected in
every sample except for the newly hatched larvae and in the moth. The
larval stage was found to be the primary period for DNJ accumulation
compared to the other three stages.

We first detected DNJ in molting larvae (4.02 mg/g) after 2 days
of mulberry leaf feeding. After a one-day molt, a minor elevation was
observed in molted larva II (4.07 mg/g). Interestingly, we found that
DNJ content in larvae tended to increase after a transient molt initiated
by hormones, e.g. elevations were observed around 4 molts during the
larval stage. While within instar III and VI, DNJ in molted larvae was
higher than that in molting larvae. The maximal DNJ level (5.46 mg/g)
was reached at the beginning of instar III, namely, molted larvae of
instar III. The next highest DNJ level was observed at the molted larvae
of the instar VI (5.14 mg/g) and then at the molted larvae of instar
V (4.39 mg/g). Silkworms get to a bodyweight peak at instar V, and
within this instar, DNJ in the sample at Day 3 reaches a maximum
value at 3.43 mg/g, followed by a sharp decrease from Day 4 to the
matured larvae and a persistent low until the moth stage (Figure 3).

DNJ distribution during metamorphosis

The metamorphosis of silkworms is governed by ecdysteroids and
juvenile hormones, a more complicated process than larval molt [19].
It is usually coupled with urine excretion, spinning and cocooning
as well as molting (Figure 2). Silkworms stop feeding after the larval
stage and so exogenous DNJ from the mulberry leaves is not available
after the silkworms have matured. Therefore we monitored DNJ in
matured silkworms, pupae and moths, as well as their feces and urine,
to elucidate the distribution and movement of DNJ.

DNJ in matured larvae begins to obviously drop off after the 6th day
of instar V and is nearly undetectable in moths (Figure 3). During this
period, the silkworms do not take in mulberry leaves, but are excreting,
so the lost DNJ is expected to be in the excrement. As shown in Table 2,
matured larvae I that had partially excreted urine and feces were found
with DNJ levels of 0.30 + 0.03 mg/g. With more waste excreted out of the
silkworm, a consequent lower DNJ level was found in matured larvae
I1 (0.13 + 0.01 mg/g). DNJ levels in the urine and feces were 0.0044 +
0.0031 mg/g and 0.96 + 0.06 mg/g, respectively. The feces of the larvae
contain a large amount of undigested mulberry leaves, giving higher
levels of DNJ even than in the larvae. We observed a small increase in
the amount of DNJ in both the pupae and the moths before excreting
urine, compared with in the matured larvae II. This is probably owing
to the complicated nutrient changes during metamorphosis such as
water loss and fat synthesis etc. [20,21]. DNJ was not detected in the
moths, indicating they are not suitable as an edible resource of DNJ.

Analysis of DNJ based on the individual weigh of the silkworm

Silkworms go through a huge weight change over their life
cycle. Analysis of DNJ production based on the individual weight of
silkworms and corresponding DNJ concentration was performed to
establish the best stage to use as a functional food. Although the molted
larvae of instar III possess the highest level of DNJ, there is a 20-fold
weight difference between matured larvae (instar V) and the molted
larva of the 3rd instar. Therefore, the total DNJ production contributed
by the molted larva from instar III is much less than that of the
matured larvae of instar V. As shown in Table 3, the contents of DNJ
in individual silkworms increased continuously with the development
of the silkworm. It reaches its highest concentration in the 4% day of
instar V (1512.46 pg/per silkworm), followed by the 3™ day of instar V

(1499.39 pg/per silkworm). From then on DNJ begins to decrease and
reaches zero on the 2nd day after cocooning.

Discussion

DNJ in silkworms comes from mulberry leaves

The mulberry leaf is a well-known edible resource of DNJ with
hypoglycemic activity [11]. Silkworms are oligophagous insects that
feed exclusively on this plant. We did not find DNJ in newly hatched
larvae, but first detected it in the molting larva of instar I after two days
of mulberry leaf intake. This result is consistent with that of Yin H et
al. [13], who reported that DNJ was not detected in silkworms fed with
artificial feed without mulberry leaf powder, except in newly hatched
larvae. Furthermore, the results from later samples in mature silkworms
showed that DNJ levels went down sharply and diminished until the
moth stage as feeding on the mulberry leaf had stopped. It is therefore
obvious that the DNJ found in silkworms comes from mulberry leaves.
DNJ content remained at a relatively high and more stable level during
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Figure 3: DNJ dynamics during the different developmental stages of the
silkworm. Note: 20 samples were taken from different developmental stages
and numbered as follow: 1. Newly hatched larvae; 2. Molting larvae of instar I;
3. Molted larvae of instar Il; 4. Molting larva of instar Il; 5. Molted larva of the
instar Ill; 6. Molting larvae of instar Ill; 7. Molted larvae of instar IV; 8. Molting
larvae of instar 1V; 9. Molted larvae of instar V; 10. Day 1 of instar V; 11. Day
2 of instar V; 12. Day 3 of instar V; 13. Day 4 of instar V; 14. Day 5 of instar V;
15. Day 6 of instar V; 16. Matured larvae; 17. Day 1 of cocooning; 18. Day 2
of cocooning; 19. Pupae; 20. Moth. Values are expressed as the mean + S.D.
(n=3). Means without the same letters were considered significant , tested by
one-way ANOVA and Fisher’s LSD, p < 0.05.

No. Sample DNJ (mg/g)

1 matured larvae | 0.30 £0.030d

2 matured larvae Il 0.13+0.010b
3 urine of matured larvae 0.0044 +0.0031 a
4 feces of matured larvae 0.96 + 0.060 e
5 pupae 0.23+0.020 ¢
6 moths before excreting urine 0.24 £0.040 c
7 urine of moths 0.029+0.013 a
8 moths after excreting urine ND a

Note: Matured larvae | means that the matured larvae have not excreted all the
urine and excrement; Matured larvae Il means that the matured larvae have
excreted all the urine and excrement and have begun silking; ND: not detected.
Values are expressed as the means + SD (n=3). Means without the same letters
were considered significant, tested by one-way ANOVA and Fisher’s LSD, p <0.05.

Table 2: DNJ concentration of samples from matured larvae to moths.
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Developmental stages DNJ (pg/ per silkworm) Developmental stages DNJ (ug/per silkworm)

newly hatched larvae 0.00 a 1st day of instar V 468.62 £ 13.53 i
molting larvae of instar | 3.28+0.56 a 2nd day of instar V 710.34 £+ 15.41 k
molted larvae of instar Il 291+0.38a 3rd day of instar V 1499.39 £ 20.13 m
molting larvae of instar Il 19.12+1.22b 4th day of instar V 1512.46 + 25.68 n
molted larvae of instar IlI 19.23+1.09b 5th day of instar V 990.00 +6.851
molting larvae of instar IlI 61.30+2.87e 6th day of instar V 484.55 £12.66 ij
molted larvae of instar IV 80.63+3.49¢ matured larvae 68.51 +£3.01f
molting larvae of instar IV 393.36 + 10.26 h 1st day of cocooning 39.71 £ 1.42d
molted larvae of instar V 392.72+12.45h 2nd day of cocooning 26.35+£0.98¢c

Note: Means without the same letters were considered significant, tested by one-way ANOVA and Fisher's LSD, p < 0.05.

Table 3: DNJ content of individual silkworm during different developmental stages.

the larval stage compared to that of pupal and adult stages. Moreover,
DNJ can be concentrated by silkworm through eating mulberry leaves.
In this study, we found DNJ was elevated 9.03 and 14.37-fold by
silkworm at molted larva of the instar III, and Day 3 of instar V in
terms of silkworm powder weigh, respectively. The difference of DNJ
concentration may result from the different cultivar of silkworm and
mulberry. Hence, the larval stage is the key physiological stage for DNJ
accumulation compared to the pupal and moth stages.

Effect of molt during larval stage on DNJ accumulation

Molting is a hormonally initiated process in which the old skin is
cast off and a new, larger one is produced, causing the larvae to go into
the next instar. This eating-molting cycle repeats four times during
the larval stages. The five successive larval instars are behaviorally
and morphologically separated by ecdysis (molting). After hatching
from the egg, larvae keep feeding on mulberry leaves except during
the molting period. The dynamics of DNJ during the larval stage has
not been extensively studied and the effect of molt on DNJ levels is
unknown. Korean scientists used silkworms from Day 3 of instar V
to treat diabetic mice and demonstrated its antihyperglycemic effect
[15]. Yin et al. [13] reported DNJ contents in the silkworm at different
developmental stages and tissues. However, the effect of molt during
larval stage on DNJ accumulation was still not well understood. In
this study we specifically added more sampling points before and after
each molt to give a more comprehensive data set compared to previous
studies [13,16]. We demonstrated that molting affected DNJ contents
significantly. According to our data, DNJ tends to increase after a molt,
e.g., the molted larvae of instar IT > molting larvae of instar I and the
molted larvae of instar IIT > molting larvae of instar II. As we mentioned
above, mulberry leaves are the only DNJ resource for silkworms, and
they stop feeding at the beginning of every molt. We speculated two
possible reasons for the increased DNJ levels in the molted larvae. First,
loss of water during molting [20] leads to a relative increase in DNJ
content compared to the sample before molting. Another reason could
be transformation of DNJ analogues from mulberry leaves, such as
N-methyl-DNJ, fagomine, 3-epi-fagomine and 2-o-a-D-synthesis-1-
DNJ during the physiological change, coupled with complex biomarker
transformations triggered by ecdysone [11].

Effect of metamorphosis on DNJ accumulation

Metamorphosis is a complex process that includes hyperplastic and
hypertrophic growth as well as apoptosis and histolysis of specific larval
tissues [20]. In this study, we demonstrated that DNJ levels went down
sharply and diminished until the moth stage as soon as metamorphosis
started. This result is in agreement with previous studies [13,16]. We
detected DNJ in the waste excreted by mature larvae and pupae that
were ready for metamorphosis (Table 2). Therefore, the loss of DNJ is
caused by specific physiological behavior such as excreting urine and
feces.

Harvest time for silkworms in consideration of DNJ

Silkworms develop very rapidly from age to age and increase by
several times their original weight and size in each instar. The rate of
increase varies from hatching to instar I, 4 to 5 times each at instar IT and
III, and 25 times each at instar IV and V. The total increase in weight
from hatching to the end of the instar V will be between 7000-10,000
times. The appetite increases with the age of the larvae. Of the total
ingestion during the entire larval period, nearly 85% is taken during
instars IV and V. We analyzed DNJ content in two ways, one in terms
of weight and another in terms of individual silkworms. Although the
molted larvae of instar III were found to have the highest level of DNJ
among the 20 samples. DNJ analysis in terms of individual silkworms
showed that it would be more cost-effective if we collect the larvae of
instar V, when considering total DNJ production.

From the aspect of the unit weight of silkworm powder, the DNJ
content reached its highest level in the molted larvae of instar III,
and this may result in a better effect when taking it medicinally as a
hypoglycemic functional food. However, from the aspect of individual
silkworms, the content of DNJ reached its highest level in the 4th day of
instar V (1512.46 pg/per silkworm), followed by the 3rd day of instar V
(1499.39 pg/per silkworm). DNJ content increased by 77.66 times and
76.98 times per individual silkworm when compared with the molted
larvae of instar III. In short, the silkworm of 3 and 4™ day of instar V
should be selected as the best harvest time for silkworms rich in DNJ.

Conclusion

Our data shows that the silkworm is a good edible resource of
natural DNJ with hypoglycemic activity. Molting and metamorphosis
were shown to significantly affect DNJ accumulation in silkworms
throughout their lifecycle. The 3rd and 4th day of instar V are
recommended as the best harvest times when considering total DNJ
production.
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