Ó Indian Academy of Sciences

J Biosci Vol. 43, No. 5, December 2018, pp. 969–983
DOI: 10.1007/s12038-018-9804-z

Protein-rich extract of Musca domestica larvae alleviated
metabolic disorder in STZ-induced type 2 diabetic rat model
via hepatoprotective and pancreatic b-cell protective activities
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The study was designed to explore the beneﬁcial effect of Musca domestica larvae extract (MDLE) on a metabolic disorder
using a diabetic rat model. Streptozotocin-induced diabetic rats were treated with or without MDLE. Blood glucose, insulin
levels, lipid proﬁles, and oxidative stress markers were measured. The morphological changes in the pancreas and liver
were determined, as well as insulin expression. The expression of glucose transporter 4 (GLUT4), phospho-adenosine
monophosphate-activated protein kinase (p-AMPK)/total AMPK, superoxide dismutase 1 (SOD1), catalase (CAT), and
peroxisome proliferator-activated receptor gamma (PPARc) were detected. Compared with untreated diabetic rats, MDLEtreated rats had decreased urine volume, food intake, and water intake, along with signiﬁcantly lower levels of blood
glucose, malondialdehyde (MDA), plasma triglycerides, low-density lipoprotein (LDL), and total cholesterol. MDLEtreated rats also had higher levels of SOD activity, high-density lipoprotein (HDL), and insulin. MDLE treatment partially
restored the b-cell population, improved the liver necrosis and islet cell damage, reversed the decreased expression of
GLUT4, phospho-AMPK, SOD1, and CAT in the liver, skeletal muscle and pancreatic tissue, and also increased the
expression of PPARc in the liver and adipose tissue in diabetic rats. In conclusion, the obtained results suggest that MDLE
could possibly be used pharmacologically as an adjuvant for the treatment of diabetes.
Keywords.

AMPK; diabetes; GLUT4; MDLE treatment; PPARc

1. Introduction
Type 2 diabetes mellitus is characterized by high blood
glucose and severe metabolic abnormalities such as aberrant disturbances in lipid proﬁles, and a shortage of insulin
or insulin resistance. The most important factors contributing to insulin resistance are obesity and lipid

accumulation in the liver, which can lead to liver steatosis
and degeneration (Chen et al. 2013). Persistent and chronic
hyperglycemia can exhaust the antioxidative defense system and promote oxidative stress, which plays an important
role in pancreatic b-cell death (Baynes 1991). Currently,
the management of type 2 diabetes includes dietary
restriction, exercise, and oral administration of glucose-
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lowering drugs. Traditional Chinese medicine has been
widely used to treat chronic diseases owing to its low cost,
minimal side effects, and better patient tolerance. Recent
studies have also suggested that the antioxidant peptides
found in traditional Chinese medicines or traditional Chinese food are beneﬁcial for the treatment of diabetes (He
et al. 2011; Liu et al. 2016).
Insect-derived medicine is one of the major categories
of traditional Chinese medicine. Insect derivatives have
been widely used in folk medicine across the world since
ancient times. Musca domestica larvae, also known as
maggots, or wuguchong, are frequently used in traditional
Chinese medicine, and have been used clinically to treat
malnutrition, decubital necrosis, osteomyelitis, ecthyma,
and lip scald since the Ming/Qing Dynasty (1368 AD) in
China (Hou et al. 2007). The maggots are also an
excellent source of high-quality protein, polyunsaturated
fats, saccharides, vitamins, minerals and other nutrients for
both human and animal consumption (Ren and Shi 2002;
Ogunji et al. 2007; Chu et al. 2011). In animal models of
atherosclerosis, maggot extracts have been shown to lower
hyperlipidemia and inhibit lipopolysaccharide (LPS)-induced inﬂammation (Chu et al. 2011, 2013). Some studies
have also suggested that M. domestica maggots have
antitumor, antifungal, immunoregulatory, and antioxidative
properties (Fu et al. 2009; Ai et al. 2013; Jin et al. 2013).
However, using M. domestica larvae to alleviate the
metabolic disorder in diabetic rats has not been
demonstrated.
In the present study, we analyzed the major protein
components of M. domestica larvae extract (MDLE) using
proteomic techniques. We also investigated its beneﬁcial
effects on the metabolic disorder in a rat model of diabetes, and explored the possible molecular mechanisms
involved.

2. Materials and methods
2.1

Reagents

Streptozotocin (STZ) was purchased from Sigma Chemicals
(St Louis, MO, USA). The rat insulin enzyme-linked
immunosorbent assay (ELISA) kit was purchased from
Mercodia Diagnostics (Mercodia, Uppsala, Sweden).

2.2

Preparation of MDLE

The strain of houseﬂy (M. domestica) in our laboratory was a
generous gift from Guangdong Provincial Center for Disease
Control and Prevention, China. To obtain MDLE, M.
domestica third instar larvae were cleaned with distilled
water and disinfected with 70% ethanol. Physiological saline

was added in a mass-to-volume ratio of 1:1. This mixture
was then homogenized with a tissue homogenizer (DS-200,
Jiangyin, Jiangsu, China). The homogenate was ﬁltered
through 200-mesh gauze, and the ﬁltered liquid was vacuum-dried. A moderate amount of MDLE was freshly dissolved in physiological saline before use for daily gastric
gavage.

2.3

HPLC-MS proteomic analysis of MDLE

MDLE (20 lg) was dissolved in buffer containing urea
(8 M) and Tris-base (40 mM). Dithiothreitol and Iodoacetic
acid reagents were added to the buffer to break disulﬁde
linkages and to block Cys-SH groups. Acetone was then
added to the mixture and left overnight at -20°C. The following day, samples were centrifuged at 14000g for 40 min
at 4°C, and the supernatant was discarded. The protein
pellets were cleaned with acetone and ethanol, lyophilized,
and digested with trypsin. The peptides obtained by enzymatic hydrolysis were ﬁltered using a 10K ﬁlter and
lyophilized.
Online high-performance liquid chromatography (HPLC)
measurements were performed on an Easy-nLC 1000 system (Thermo Fisher Scientiﬁc, Massachusetts, American)
equipped with an electrospray ionization (ESI) source.
Separation was achieved using a DL-Cl8 column
(75 lm 9 150 mm, 3 lm, Japan) at 25°C. The mobile
phase was composed of 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B). The ﬂow rate was
0.6 mL/min. The volume injected was 1.0 lg/1.5 lL and
the detection wavelength was 245 nm. To ionize the target
compound, ESI in positive-ion mode was investigated.
Eluted peptides were scanned by Orbitrap Fusion Lumos
(Thermo Fisher Scientiﬁc, Massachusetts, American) using
a scan method of full mass spectrometry (MS)-data-dependent MS/MS (ddMS2), and the capillary voltage and
ion spray voltage were set to 120.0 and 30 kV, respectively.
A normalized collision energy (NCE) of 27 was set to
cleave peptides, and dynamic exclusion time was set to
20 s. A full scan of a mass-to-charge ratio (m/z) value of
300–1500 was used to discover peptide precursor ions, and
the MS2 scan range was ﬁxed to scan start from a m/z
value of 110.
For a preliminary interpretation, the MS data was searched
against the Muscomorpha database downloaded from UniProt (Taxonomy ID: 43733, http://www.uniprot.org/) using
Proteome Discoverer 2.1 software (Thermo Fisher Scientiﬁc,
Massachusetts, American) with Sequest HT. The results
were ﬁltered with a false discovery rate (FDR) of 1% for
both peptide and protein. The experimentally modiﬁed
protein abundance index (emPAI) was used to estimate the
quantities of the major target proteins (Ishihama et al. 2005;
Bilen et al. 2017).
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2.4

Animal model of diabetes

The Guangdong Pharmaceutical University Animal Care and
Use Committee approved all protocols used in this study.
Male Sprague-Dawley rats (180–200 g) were purchased
from the Center for Experimental Animals, Guangdong
Province (Guangzhou, China).
To generate the rat model of diabetes, rats were fed a highfat and high-glucose diet (formula: 59% standard rat chow,
18% lard, 20% sucrose, 3% yolk) for 6 weeks, and were
then given a single intraperitoneal injection of STZ (30 mg/
kg). One week later, the fasting blood glucose was tested.
Rats were considered diabetic if the glucose concentration
was higher than 11.1 mmol/L.
The diabetic rats were randomly and equally apportioned
to either a MDLE group, or a diabetic control (DC) group
(n = 10/group). The MDLE rats and DC rats were continuously fed with a high-fat and high-glucose diet. In addition, a
normal control (NC) group (n = 10) consisted of rats fed
with standard chow. Considering the solubility of MDLE in
physiological saline, and its low toxicity, we chose a MDLE
dosage of 4 gkg-1d-1 administered by gastric gavage (Li
et al. 2013) for rats in the MDLE group. The extract was
given to rats in the MDLE1 group at 8 a.m. and MDLE2
group at 8 p.m. daily for 6 weeks, beginning on day 8 after
STZ injection (i.e. the baseline). The DC and NC rats were
gavaged with physiological saline.

2.5

General status observation

To test the effect of MDLE on the general status of diabetic
rats, the rats in each group were put into metabolic cages for
baseline measurements, and at the end of MDLE treatment
(6 weeks), body weight, dietary intake, and urine volume
were recorded and compared.
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using blood samples collected from the tail vein at 0, 30, 60,
and 120 min after glucose administration.

2.8

Preparation of test samples

At the end of the experiment, following a 12 h fast, the rats
were weighed and anesthetized with chloral hydrate. Blood
samples were collected from the abdominal aorta, and the
liver and pancreas were promptly removed. Portions of tissues were ﬁxed in 4% paraformaldehyde (PFA) for histological examinations, and others were stored at –80°C, until
they were required for determination of biochemical
markers.

2.9

Histological examinations

The pancreas and liver tissues dissected from the rats were
ﬁxed in 4% PFA, dehydrated, and embedded in parafﬁn. The
tissue sections (5 lm) were cut and stained with hematoxylin and eosin (H&E), and examined under a light
microscope.

2.10

Immunohistochemical procedures

For immunohistochemical (IHC) analysis, the deparafﬁnized
pancreatic sections were incubated with guinea pig anti-insulin IgG primary antibody (Dako, Carpinteria, CA) and
biotin-labeled goat anti-guinea pig IgG secondary antibody
(Bioss Biotechnology, Beijing, China). Positive immunoreactivity was detected with 3,30 -diaminobenzidine (DAB).
Sections were counter-stained with hematoxylin, and
examined under the microscope at 2009 magniﬁcation.

2.11 Determination of serum lipid proﬁles
2.6

Determination of serum glucose and insulin levels

Serum glucose levels were measured using the glucose
oxidase method (Quik-Lab, Miles, Elkhart, IN). Serum
insulin levels were determined using an ELISA kit (Mercodia, Uppsala, Sweden) in accordance with the instruction
manual. Serum glucose and serum insulin were recorded at
baseline and following 6 weeks of treatment with MDLE.

The serum concentrations of triglycerides, low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), and total cholesterol were determined
using commercially available kits (BIOSINO Biotechnology
and Science, China).

2.12 Determination of oxidative stress markers
in the serum and pancreas
2.7

Oral glucose tolerance test

In the last week of MDLE administration (week 6), an oral
glucose tolerance test (OGTT) was performed in all animals.
The rats were gavaged with glucose (2 g/kg of body weight)
after being fasted overnight. Glucose levels were measured

The activity of superoxide dismutase (SOD) and malondialdehyde (MDA) levels in the serum and pancreatic tissue
were measured using commercially available kits (Jiancheng
Bioengineering Institute, Nanjing, China) in accordance with
the manufacturer’s instructions.
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Representative MS/MS spectrum data of unique peptides and quantities of the major constituents of Musca domestica
larvae extract (MDLE): cuticle protein (A, B), catalase protein (C,
D), AhpC/TSA family protein (E, F), antibacterial peptide (G,
H) and heat shock protein (HSP) 70 (I, J). emPAI value and score
of above mentioned proteins (K, L). Figures are representative of
three separate individual experiments, and the emPAI and score
results are from three separate individual experiments. The results
showed that the matching degree of protein sequence reached up to
70%, and the detected b, y fragment ions were continuous. The
reliability of identiﬁcation and the relative contents were high.
Additional images for each protein can be found in the supplementary data (supplementary ﬁgures 1–5).

b Figure 1.

2.13

Western blotting assay

Liver, pancreas, and adipose tissues were lysed in RIPA
buffer, centrifuged at 14000g for 15 min at 4°C, and
supernatants containing the whole cell lysates were stored
at -80°C. Protein concentration was determined using a
Bradford assay (Beyotime, Shanghai, China). Total
membrane protein of skeletal muscle was extracted for
analysis of glucose transporter type 4 (GLUT4) expression. Brieﬂy, skeletal muscle was frozen in liquid nitrogen
and homogenized in buffer containing Tris (50 mmol/L),
sucrose (250 mmol/L), and edetic acid (0.2 mmol/L, pH
7.4). The homogenates were centrifuged at 9000g for
10 min at 4°C, and the supernatants were collected. The
pellet was cleaned with the above buffer and centrifuged
two additional times. All three supernatants were mixed
and centrifuged at 190,000g for 60 min at 4°C. The pellet
was resuspended as the total membrane fraction (Shih
et al. 2009). The protein extract (20 lg) was resolved by
SDS-PAGE according to standard protocols. Primary
antibodies included SOD1 and CAT (1:1000, Origene,
United States), GLUT4, peroxisome proliferator-activated
receptor gamma (PPARc), phosphorylated adenosine
monophosphate-activated protein kinase (p-AMPK), total
AMPK (Thr 172, 1:1000, CST, United States), and bactin (1:2000, Santa Cruz, United States). Secondary
antibodies included horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG or goat anti-rabbit IgG
(1:2000, CST, United States). Densitometry analysis was
performed using GraphPad Prism 5 software.

2.14

Statistical analysis

The data were expressed as mean ± standard deviation
(SD). Statistical comparisons between two groups were
analyzed using the independent sample t-test. Differences
were considered statistically signiﬁcant if P \ 0.05.

973

3. Results
3.1 MDLE contains a considerable number
of antioxidant proteins
We identiﬁed 2260 highly reliable proteins in MDLE
using HPLC-MS proteomic analysis. According to their
content, cuticle proteins had the highest expression,
except for actin and myosin. Among the top 70 most
abundant proteins, there were 13 cuticle proteins (accession number: A0A1I8N320; ﬁgure 1A, B), two catalase
proteins (accession number: T1PCG9; ﬁgure 1C, D), one
antioxidant AhpC/TSA family protein (accession number:
T1PEX1; ﬁgure 1E, F), one antibacterial peptide (accession number: G9B2K0; ﬁgure 1G, H) and one heat shock
protein (HSP), speciﬁcally HSP70 (accession number:
T1PF77; ﬁgure 1I, J). The proteins mentioned above all
have potential anti-oxidant functions, and the quantities of
each anti-oxidative protein were listed in ﬁgure 1K, L.
The data showed that most of the identiﬁed unique peptides had MS/MS spectrums with continuous b and y
fragment ions, and each protein sequence coverage was up
to 70%, which gave a high reliability of identiﬁcation.
The images in ﬁgure 1 were representative of each protein, and additional MS/MS spectrums of unique peptides
for each protein can be found in the supplementary data
(supplementary ﬁgures 1–5).

3.2 MDLE administration improved the general
conditions of diabetic rats
At baseline, the general conditions including body weight,
dietary intake, and urine volume in the DC, MDLE1, and
MDLE2 rats were signiﬁcantly higher compared to those
of the NC rats. After 6 weeks of MDLE treatment, general
conditions of MDLE-treated rats including both MDLE1
and MDLE2 were signiﬁcantly mitigated compared to the
non-MDLE treated DC rats. In addition, the mean body
weight of the MDLE-treated rats was signiﬁcantly higher
than that of non-MDLE-treated DC rats. The mean food
and water intake, as well as the urine volume of the
MDLE-treated rats, were signiﬁcantly less compared to
the non-treated DC rats. However, the general conditions
were similar between MDLE1 and MDLE2 rats (table 1).

3.3 Protective effect of MDLE on blood glucose
and insulin levels
The diabetic rats showed signiﬁcantly higher serum glucose levels and lower serum insulin levels compared with
the NC rats. While the initial insulin levels for the DC,
MDLE1 and MDLE2 groups were similar, after 6 weeks of

Six wk

Baseline

Six wk

Baseline

Six wk

Baseline

Six wk

Baseline

345.90
347.10
339.41
341.47
28.39
27.76
27.63
28.20
94.30
96.90
86.80
90.90
96.99
98.12
95.15
99.63
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

27.27
33.06
27.66
33.48
5.21
4.71
5.78
5.66
16.83
13.79
15.59
15.84
12.37
12.58
7.25
13.05

–
–
0.302
0.354
–
–
0.381
0.426
–
–
0.157
0.189
–
–
0.345
0.398

0.393
0.371
0.009b
0.004b
0.123
0.169
0.000b
0.000b
0.268
0.136
0.000b
0.000b
0.482
0.401
0.000b
0.000b

PDC

PMDLE1
–
0.465
–
0.441
–
0.339
–
0.413
–
0.355
–
0.283
–
0.421
–
0.179

PNC
0.019b
0.027b
0.001b
0.000b
0.000b
0.000b
0.002b
0.000b
0.000b
0.000b
0.000b
0.000b
0.000b
0.000b
0.000b
0.000b
128.31 ± 14.21

96.74 ± 11.73

136.20 ± 16.68

90.00 ± 13.52

37.81 ± 4.96

25.46 ± 5.70

303.70 ± 20.99

342.40 ± 29.54

15.92 ± 2.22
18.48 ± 4.06
16.70 ± 3.16
16.00 ± 3.27
8.42 ± 2.00

0.000b
0.000b
0.000b
0.000b
0.000b
0.000b

–
0.000b
–
0.000b
–
0.000b

7.70 ± 2.75

404.60 ± 36.47

0.000b

0.004b

321.10 ± 21.71

0.042b

PNC

–

PBaseline

Diabetic control

0.256

–

0.316

–

0.051

–

0.000b

–

Normal control
PBaseline

b

Signiﬁcant difference at P \ 0.05 analyzed by Duncan’s multiple range t-test

PBaseline, compared with baseline; PDC, compared with diabetic control; PNC, compared with normal control; MDLE1, Musca domestic larvae extract (4 gkg-1d-1) administered at 8 a.m.;
MDLE2, Musca domestic larvae extract (4 gkg-1d-1) administered at 8 p.m
a
n = 10, each group

Urine, mL/24 h

Water, mL/24 h

Food, g/24 h

Body weight, g

PBaseline

MDLE1
MDLE2

Table 1. Effect of MDLE on parameters that suggest diabetes in rats of the experimental groupsa
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Table 2. Effect of MDLE on serum insulin concentration and glucose levels in STZ-induced diabetic ratsa
MDLE1
MDLE2
PBaseline
Insulin,
ng/mL

Glucose,
mmol/L

Baseline

1.95 ± 0.47

PNC

PMDLE1
b

–

0.309

0.000

0.50
0.83
1.01
1.82

–
0.000b
0.000b
–

0.228
0.000b
0.000b
0.286

0.000b
0.000b
0.000b
0.000b

0.393
–
0.127
–

14.36 ± 2.11
10.20 ± 1.21
10.52 ± 1.50

–
0.000b
0.000b

0.426 0.000b
0.000b 0.000b
0.000b 0.000b

0.235
–
0.303

1.89
Six wk
4.15
4.64
Baseline 13.71
Six wk

PDC

Diabetic control

±
±
±
±

–

PBaseline

PNC

Normal
control
PBaseline

2.06 ± 0.49

–

0.000b 8.78 ± 0.97

–

1.81 ± 0.37

0.109

0.000b 8.88 ± 1.10

0.416

14.19 ± 1.92

–

0.000b 5.34 ± 0.31

–

17.23 ± 2.02

0.001b

0.000b 5.29 ± 0.40

0.379

PBaseline, compared with baseline; PDC, compared with diabetic control; PNC, compared with normal control; MDLE1, Musca domestic larvae
extract (4 gkg-1d-1) administered at 8 a.m.; MDLE2, Musca domestic larvae extract (4 gkg-1d-1) administered at 8 p.m
a

n = 10, each group

b

Signiﬁcant difference at P \ 0.05 analyzed by Duncan’s multiple range t-test

MDLE treatment, the insulin levels in the MDLE-treated
rats including MDLE1 and MDLE2 were dramatically
higher compared to the DC rats. Similarly, at baseline, the
blood glucose levels of the DC rats and MDLE-treated
rats were comparable, but after 6 weeks of MDLE treatment, the blood glucose levels in the MDLE-treated rats
were signiﬁcantly lower compared to the DC rats. However, the blood glucose and serum insulin of MDLE1 rats
were similar compared to the MDLE2 rats (table 2). Since
the general conditions, blood glucose levels, and serum
insulin levels were similar between MDLE1 and MDLE2

rats, we chose the MDLE1 group to complete the subsequent experiments.

3.4

Effect of MDLE on the OGTT in diabetic rats

Plasma glucose levels of rats in the DC group were higher
compared to rats in the MDLE and NC groups at 30, 60 and
120 min after glucose administration (P \ 0.01). The
MDLE treatment signiﬁcantly prevented an increase in
blood glucose 30–120 min post-glucose intake, compared
with DC group rats (P \ 0.01; ﬁgure 2).

3.5 Protective effect of MDLE on the morphology
and function of islet b-cells

Figure 2. Oral glucose tolerance test of the experimental rat
groups after 6 weeks of MDLE treatment. MDLE-administration
signiﬁcantly prevented the increase of blood glucose levels at 30,
60, 120 min following glucose intake in DC rats. #, P \ 0.01,
compared with corresponding values of NC group; *, P \ 0.01,
compared with corresponding values of DC group (by ANOVA).

We found normal acini and normal cell populations in the
islet of Langerhans in the pancreas of NC rats. By contrast,
in DC rats, degenerative and necrotic changes were consistently detected in pancreatic tissues, and the size of the islets
of Langerhans was dramatically reduced. Interestingly, in
MDLE-treated rats, these degenerative and necrotic changes
in the islet of Langerhans were less severe compared with
the untreated DC rats. In addition, fewer cells showed
hydropic degeneration, and more b-cells were preserved in
MDLE-treated rats compared to DC rats (ﬁgure 3). IHC
staining revealed that insulin immunoreactivity was strong
and widely observed in b-cells of the islets in NC rats, but
very few insulin-immunoreactive b-cells were detected in
the islets of untreated DC rats. However, insulin-immunoreactive b-cells and insulin granules in the pancreatic
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Figure 3. Representative histology of pancreatic tissue of the experimental rat groups after 6 weeks of MDLE treatment. Normal acini
and normal cell populations were found in the islets of Langerhans in the pancreas of NC rats, but almost no islets of Langerhans were
found in the DC rat pancreas, and the number of islets of Langerhans in the pancreas of MDLE rats was higher than that of DC rats.
Although the size and the cell populations of the islets of Langerhans were dramatically reduced in the DC and MDLE rats compared with
the NC rats (arrows in DC), the size and the cell populations of the islets of Langerhans in MDLE rats were increased compared to the nontreated DC rats (arrows in MDLE). Images are representative results from at least three separate individual experiments (A). Magniﬁcation:
40 9 or 2009 as indicated. The statistical results of islet area and islet cell number were obtained from at least three individual experiments
(B, C). Abbreviations: DC, diabetic control; MDLE, Musca domestica larvae extract; NC, normal control. *** P \ 0.01, compared to DC
group. ### P \ 0.01, compared to NC group.

tissue of MDLE-treated rats showed stronger staining compared to the DC rats (ﬁgure 4).

3.6

Protective effect of MDLE on liver morphology

Histopathological data revealed vacuole degenerative injuries in the livers of DC rats. However, the vacuole degeneration of the livers of the MDLE-treated rats was mitigated
(ﬁgure 5).

3.7 Protective effects of MDLE on hyperlipidemia
and oxidative stress in diabetic rats
We observed signiﬁcantly lower levels of serum triglycerides, total cholesterol, and LDL-C, as well as signiﬁcantly
higher HDL-C levels in MDLE-treated diabetic rats compared with DC rats (table 3). To examine whether MDLE
acts as an antioxidant, we measured the MDA levels in the
serum and pancreas. Our results showed that MDA levels
were signiﬁcantly higher in DC rats compared to NC rats.

Musca domestica larvae extract inhibits diabetes
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Figure 4. Immunohistochemical (IHC) staining for insulin in pancreatic tissue. Strong insulin-positive b-cells were detected in NC rats,
with very few insulin-immunoreactive b-cells in the pancreases of the DC rats. Many more insulin-positive b-cells were found in the
MDLE rats compared with the DC rats. Magniﬁcation, 2009 . Figures are representative images from at least 3 separate individual
experiments (A). The statistical results of insulin-immunoreactive b-cells were shown (B). Abbreviations: DC, diabetic control; MDLE,
Musca domestica larvae extract; NC, normal control. *** P \ 0.01, compared to DC group. ### P \ 0.01, compared to NC group.

However, MDLE treatment dramatically reduced MDA
levels in the serum and pancreas compared with that of the
non-MDLE treated DC rats. In addition, the SOD activity in
the serum and pancreas of the diabetic rats was signiﬁcantly
lower compared to that of NC rats, whereas MDLE treatment dramatically up-regulated SOD activity compared to
the untreated DC rats (table 4).

3.8 Protein expression of SOD1, CAT, GLUT4,
p-AMPK/AMPK, and PPARc
As shown in ﬁgure 6, at the end of the experiment, the
membrane expression of GLUT4 in the skeletal muscle of
DC rats was lower than that of NC rats (P \ 0.001). Interestingly, the expression of GLUT4 in MDLE-treated rats
was higher compared to DC rats (P \ 0.01). Additionally,
the level of p-AMPK/total AMPK in the liver and skeletal
muscle of DC rats was lower than that of NC rats
(P \ 0.001). Following MDLE treatment, the level of
p-AMPK/total AMPK in the liver and skeletal muscle was
signiﬁcantly increased compared with the DC group

(P \ 0.001). In addition, the expression of PPARc in the
liver and adipose tissue was higher in DC rats compared to
NC rats (P \ 0.001). Following MDLE treatment, the
expression of PPARc in the liver and adipose tissue was
signiﬁcantly decreased compared with the DC group
(P \ 0.001, P \ 0.01, respectively). As shown in ﬁgure 7,
the expression of the antioxidant enzyme SOD1 in the liver
and pancreas of DC rats was lower compared to NC rats
(P \ 0.001). However, the expression of SOD1 was
increased in MDLE-treated rats compared to DC rats
(P \ 0.001). Similarly, the hepatic and pancreatic expression
of another antioxidant enzyme, CAT, mimicked the changes
seen with SOD1 expression among the three groups.

4. Discussion
In the present study, we prepared a powder of crude MDLE
and analyzed its components using HPLC-MS. We identiﬁed
more than 2200 highly reliable proteins from the extract, and
there were 70 proteins with an exponentially modiﬁed protein abundance index (emPAI) value of more than 28.
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Figure 5. Representative histology of liver morphology in rats of the experimental groups. Normal histology in the livers of NC rats,
obvious vacuole degenerative injuries in the livers of the DC rats (arrows in DC), and slight vacuole degeneration in the livers of MDLE
rats were found (arrows in MDLE). Magniﬁcation, 2009. Arrows indicate lesions in the liver. Figures are representative images from at
least three separate individual experiments. Abbreviations: DC, diabetic control; MDLE, Musca domestica larvae extract; NC, normal
control.

Among the top 70 most abundant proteins, there were three
antioxidant proteins including two catalase proteins and one
AhpC/TSA-family protein, with content levels equivalent to
approximately 3% and 4% of actin, respectively. We also
found one antibacterial peptide and one HSP, with content
levels equivalent to approximately 3% and 3.5% of actin,
respectively. It has been reported that the antibacterial peptide and HSP70 may have antioxidant activities and serve as
members of a cellular defense system against oxidative
stress (Ai et al. 2013; Martinez de Toda and De la Fuente
2015). Meanwhile, there were 13 cuticle proteins in the top
70 abundant proteins, with content levels equivalent to
approximately 4–70% of actin. It has been reported that the
M. domestica cuticle proteins were a source of chitin and
chitosan with strong antioxidant functions (Jing et al. 2007;
Ai et al. 2013). Based on the above results, we tested the
hypothesis that the antioxidant activities in MDLE may
beneﬁt diabetes mellitus.
Effective blood glucose control is the key to prevent
diabetic complications, and to improve the quality of life for
diabetic patients. In the current study, we found that MDLE
lowered blood glucose levels in STZ-induced type 2 diabetic
rats, and the mechanism is possibly due to the regulation of
hyperlipidemia and oxidative stress, as well as b-cell protective functions. The regulation of SOD1, CAT, GLUT4,
PPARc, and p-AMPK in the liver, pancreas, adipose tissue,
and skeletal muscle by MDLE may be involved in the
improvement of the diabetic parameters analyzed.
STZ speciﬁcally induces irreversible necrosis of b-cells,
and it is widely used to establish diabetic models in animals.
In the present study, we found severe destruction of b-cells
in pancreatic tissue, and a signiﬁcant decrease of blood
insulin in diabetic rats, as well as typical symptoms of diabetes, such as increased eating and drinking, frequent urination, and reduced body weight. Interestingly, compared
with DC rats, rats in the MDLE-treated group (regardless if
the MDLE-administration time was 8 a.m. or 8 p.m.),

Figure 6. Expression levels of phospho-AMPK (Thr 172), glu- c
cose transporter 4 (GLUT4) and peroxisome proliferator-activated
receptor gamma (PPARc) in the liver, skeletal muscle and adipose
tissue of rats in the experimental groups. (A) Representative
images. (B) Quantiﬁcation of PPARc expression and the ratio of
p-AMPK to total AMPK in the liver (mean ± standard deviation
(SD), n = 10). (C) Quantiﬁcation of GLUT4 expression and the
ratio of p-AMPK to total AMPK in skeletal muscle (mean ± SD,
n = 10). (D) Quantiﬁcation of PPARc expression in adipose tissue
(mean ± SD, n = 10). Protein was separated by 12% SDS-PAGE
and detected by western blot. *** P \ 0.001, and ** P \ 0.01
compared with NC group. # P \ 0.05, ## P \ 0.01, and ###
P \ 0.001 compared with DC group. NC, normal control; DC,
diabetic control; MDLE, Musca domestic larvae extract
(4 gkg-1d-1).

showed improvement in the typical symptoms of diabetes:
signiﬁcantly reduced blood glucose levels, amelioration of
b-cell damage in pancreatic islets, and increased concentration of blood insulin. However, the body weight of DC and
MDLE rats at baseline was signiﬁcantly higher compared to
NC rats, perhaps due to their long-term high-fat and highglucose diet. After 6 weeks of MDLE-treatment, the body
weight of the MDLE rats was not different from the baseline,
while the body weight of the DC rats was signiﬁcantly lower
than baseline. The continuous deterioration of typical diabetic symptoms in untreated DC rats indicated the progression of diabetes, while the stabilization of symptoms in
MDLE-treated rats suggested that MDLE-administration
prevented the progression of the disease. More evidence
from the OGTT showed that MDLE decreased the postprandial plasma glucose level in DC rats.
The reactive oxygen species induced by chronic hyperglycemia are implicated in insulin resistance, b-cell dysfunction, the progression of type 2 diabetes, and the
development of diabetic complications (Baynes 1991;
Kayama et al. 2015; Keane et al. 2015; Kowluru and
Mishra 2015). Antioxidants, such as anthocyanins, have
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Figure 7. Expression of SOD1 and CAT in liver and pancreatic tissues of rats in the experimental groups. (A) Representative images.
(B) Quantiﬁcation of superoxide dismutase 1 (SOD1) and catalase (CAT) expression level in the liver (mean ± standard deviation (SD),
n = 10). (C) Quantiﬁcation of SOD1 and CAT expression level in the pancreas (mean ± SD, n = 10). Protein was separated by 12% SDSPAGE and detected by western blot. * P \ 0.05, ** P \ 0.01, *** P \ 0.001 compared with NC group, ### P \ 0.001 compared with DC
group. NC, normal control; DC, diabetic control; MDLE, Musca domestic larvae extract (4 gkg-1d-1).

also been reported to have protective effects on diabetes
(Zhang et al. 2011). The scavenging capability of superoxide radicals by MDLE has been reported in vivo and
in vitro (Wang et al. 2007; Ai et al. 2013; Zhi et al. 2013;
Zhu et al. 2013). In the present study, we found that
MDLE-treatment signiﬁcantly reduced MDA levels, and
increased the activity of SOD in both the serum and pancreas of the STZ-induced diabetic rats. Meanwhile, the
expression of SOD1 and CAT in the pancreas and liver of
MDLE rats was signiﬁcantly higher than that of DC rats.
These results indicated that the decreased blood glucose
levels, increased serum insulin levels, and the morphological improvement of pancreatic b-cells associated with

MDLE-treatment may be due to the protection of b-cells
from oxidative damage. The anti-oxidant proteins in MDLE
may be responsible for decreasing the oxidative cytotoxic
status in the b-cells, which leads to protection of b-cells
and therefore recovery from insulin deﬁciency (Mai et al.
2010). However, it is not known speciﬁcally which protein,
or combination of proteins, in the MDLE is exerting this
effect to alleviate oxidative stress. In future studies, we will
use the identiﬁed pure anti-oxidant proteins, such as the
antifungal peptide or HSP70, to explore their anti-diabetic
activities in diabetic animal models, and perform pharmacokinetic studies to determine the characteristics of these
proteins, such as the half-life.
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Table 3. Lipid proﬁles of the experimental groups at 6 weeksa
MDLE

TG, mmol/L
LDL-C, mmol/L
TC, mmol/L
HDL-C, mmol/L

1.32
0.82
1.45
0.59

±
±
±
±

0.32
0.18
0.18
0.11

Diabetic control

PDC

PNC

0.000b
0.000b
0.000b
0.023b

0.000b
0.000b
0.175
0.382

PNC
2.18
1.25
2.21
0.49

±
±
±
±

0.000b
0.000b
0.002b
0.008b

0.46
0.21
0.42
0.05

Normal control
0.47
0.25
1.56
0.61

±
±
±
±

0.08
0.03
0.22
0.13

PDC, compared with diabetic control; PNC, compared with normal control; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; MDLE, Musca domestic larvae extract (4 gkg-1d-1); TC, total cholesterol; TG, triglyceride
a

n = 10, each group

b

Signiﬁcant difference at P \ 0.05 analyzed by Duncan’s multiple range t-test

Table 4. Comparison of serum and pancreatic MDA and SOD at 6 weeks among the experimental groupsa
MDLE

Serum MDA, nmol/mL
Serum SOD, U/mL
Pancreas MDA, nmol/mgprot
Pancreas SOD, U/mgprot

4.30
102.99
1.35
18.89

±
±
±
±

0.83
15.56
0.18
2.31

Diabetic control

PDC

PNC

0.000b
0.000b
0.000b
0.000b

0.000b
0.000b
0.000b
0.000b

PNC
7.44
71.74
2.75
13.12

±
±
±
±

1.19
12.31
0.53
2.27

0.000b
0.000b
0.000b
0.000b

Normal control
2.72
150.98
0.93
34.45

±
±
±
±

0.44
16.54
0.15
4.78

PDC, compared with diabetic control; PNC, compared with normal control; MDA,malondialdehyde; MDLE, Musca domestic larvae extract
(4 gkg-1d-1); SOD, superoxide dismutase
a

n = 10, each group

b

Signiﬁcant difference at P \ 0.05 analyzed by Duncan’s multiple range t-test

Dyslipidemia contributes to the development of type 2
diabetes mellitus, and promotes production of diabetic lipid
peroxidation products, such as MDA (Gastaldelli et al. 2002;
Li 2007). In the present study, we showed increased serum
levels of total cholesterol, LDL, and triglycerides, as well as
decreased serum HDL levels in DC rats relative to the levels
in NC rats. Interestingly, after 6 weeks of MDLE-treatment,
we observed lower serum levels of total cholesterol, LDL,
and triglycerides, as well as higher levels of HDL, compared
with DC rats. Morphological examinations revealed that the
vacuole degeneration of livers in the MDLE rats was less
serious than that of the untreated DC rats. Therefore, MDLE
has therapeutic potential as an adjuvant in treating type 2
diabetes associated with hypertriglyceridemia and
hypercholesterolemia.
To examine the molecular mechanisms whereby MDLE
alleviates diabetic metabolic disorders, we measured the
membrane fraction of the insulin-responsive glucose transporter, GLUT4, in skeletal muscle. Our results showed that
GLUT4 expression in diabetic rats was reduced compared to
NC rats. Following MDLE-treatment, the membrane
expression of GLUT4 in skeletal muscle was signiﬁcantly
increased. These data suggested that the hypoglycemic effect

of MDLE was partly due to an enhanced insulin-responsive
glucose uptake in skeletal muscle. To conﬁrm whether
MDLE regulated AMPK activation, we examined AMPK
phosphorylation in both skeletal muscle and liver tissues. We
found that MDLE-treatment enhanced the phosphorylation
of AMPK in both liver and skeletal muscle. Activation of
AMPK can cause GLUT4 trafﬁcking to the membrane,
resulting in insulin-independent glucose uptake (Guo 2014).
Our results indicated that MDLE-treatment stimulated glucose transport activity, in part via an insulin-independent
manner in skeletal muscle of STZ-induced diabetic rats.
PPARc is abundantly expressed in adipocytes, and stimulates lipogenesis in adipose tissue (Kersten 2002). MDLEtreatment decreased PPARc expression in white adipose
tissue and the liver of diabetic rats, indicating that MDLE
could inhibit lipid accumulation at both of these locations.
Histological analysis found that MDLE-treatment reduced
ballooning degeneration of the liver in DC rats. The reduced
accumulation of lipids in the liver and adipose tissue cleared
hepatic lipid drops. These results suggest that MDLE may
protect the liver against injuries associated with diabetic
hyperlipidemia, and reduce the harmful complications of
diabetes mellitus.
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5. Conclusion
Diabetes mellitus is a lifelong disease, which needs lifelong
treatment. Therefore, the best anti-diabetic treatment should
have minimal or absent toxicity. In our previous study, we
evaluated the safety of MDLE with a 13-week repeated-dose
sub-chronic toxicity test in rats. We found no signiﬁcant
adverse effects associated with MDLE-treatment at dosages
between 13.2 and 33.0 gkg-1d-1 in male and female rats
(Li et al. 2013). Together with the results in the current
study, MDLE not only signiﬁcantly lowered blood glucose
levels, but also reduced levels of triglycerides, LDL, and
total cholesterol in the blood, while increasing levels of
HDL. MDLE relieved oxidative stress in the liver and pancreas of DC rats, which helped partly restore the insulinsecreting function of b-cell islets and reduce vacuolar
degeneration of the liver. MDLE increased the membrane
expression of GLUT4 in skeletal muscle to elevate glucose
uptake. Additionally, MDLE increased the level of
p-AMPK/total AMPK in the liver and adipose tissue. The
combination of the above results lead to a decreased blood
glucose level. MDLE also decreased hepatic steatosis
through inhibition of PPARc in the liver and adipose tissue.
In summary, our ﬁndings suggest that MDLE-administration
may be a safe and effective food adjuvant for the treatment
of type 2 diabetes mellitus.
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